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Abstract
Chronic kidney disease (CKD) is associated with increased fracture risk and skeletal deformities.
The impact of CKD on volumetric bone mineral density (BMD) and cortical dimensions during
growth is unknown. Tibia quantitative computed tomography scans were obtained in 156 children
with CKD [69 stage 2–3, 51 stage 4–5, and 36 stage 5D (dialysis)] and 831 healthy participants,
ages 5–21 years. Sex-, race-, and age- or tibia length-specific Z-scores were generated for
trabecular BMD (TrabBMD), cortical BMD (CortBMD), cortical area (CortArea) and endosteal
circumference (EndoC). Greater CKD severity was associated with higher TrabBMD-Z in younger
participants (p < 0.001), compared with healthy children; this association was attenuated in older
participants (interaction p < 0.001). Mean CortArea-Z was lower (p < 0.01) in CKD 4–5 [−0.49
(95% C.I. −0.80, −0.18)] and 5D [−0.49 (−0.83, −0.15)], compared with healthy children. Among
CKD participants, parathyroid hormone (PTH) levels were positively associated with TrabBMD-Z
(p < 0.01), and this association was significantly attenuated in older participants (interaction p <
0.05). Higher levels of PTH and biomarkers of bone formation (bone-specific alkaline
phosphatase) and resorption (β-CTX) were associated with lower CortBMD-Z and CortArea-Z,
and greater EndoC-Z (r = 0.18–0.36; all p ≤ 0.02). CortBMD-Z was significantly lower in CKD
participants with PTH levels above vs. below the upper limit of the KDOQI CKD stage-specific
target range: −0.46 ± 1.29 vs. 0.12 ± 1.14, p < 0.01. In summary, childhood CKD and secondary
hyperparathyroidism were associated with significant reductions in cortical area and CortBMD,
and greater TrabBMD in younger children. Future studies are needed to establish the fracture
implications of these alterations and to determine if cortical and trabecular abnormalities are
reversible.
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INTRODUCTION
During childhood and adolescence, skeletal development is characterized by sex- and
maturation-specific increases in trabecular and cortical bone mineral density (BMD) and
cortical dimensions.(1,2) Children with chronic kidney disease (CKD) have numerous risk
factors for impaired bone acquisition, including growth failure, delayed puberty, metabolic
acidosis, vitamin D deficiency, muscle deficits, and secondary hyperparathyroidism. In
adults, CKD has been associated with higher and lower trabecular BMD, lower cortical
BMD, smaller cortical thickness, and higher risk of fractures.(3–7) However, the impact of
CKD on trabecular and cortical BMD and cortical dimensions during growth and
development has not been established.

The majority of prior pediatric studies of BMD in CKD relied on dual energy x-ray
absorptiometry (DXA). DXA is a projection technique that summarizes total bone mass
within the projected bone area, resulting in two important limitations in childhood CKD.
First, trabecular and cortical bone mineral content (BMC) are superimposed, potentially
concealing the opposing effects of elevated parathyroid hormone (PTH) levels to increase
and decrease trabecular and cortical BMC, respectively.(8) Second, DXA provides a two-
dimensional measure of areal BMD (g/cm2) that systematically underestimates volumetric
BMD (g/cm3) in children with poor growth.(9) This effect was illustrated in a study of
pediatric renal transplant recipients: areal BMD Z-scores relative to chronological age were
one to two standard deviations lower than areal BMD Z-scores relative to height age.(10)

Accordingly, prior DXA studies in children with CKD yielded variable and inconsistent
results, reporting decreased,(11–16) normal,(17–20) or increased(15,20–22) areal BMD,
compared with controls.

Peripheral quantitative computed tomography (pQCT) is a three-dimensional technique that
distinguishes between cortical and trabecular bone, measures volumetric BMD and cortical
bone dimensions, and estimates bone strength. Among adults on hemodialysis, pQCT
measures of cortical volumetric BMD and thickness provided significantly greater fracture
discrimination compared with DXA measures of hip or spine areal BMD.(23) Prior pediatric
pQCT studies in CKD were limited by small sample sizes, heterogeneous samples
(including transplant recipients), and insufficient reference data to adjust for differences in
age, sex, and body size.(24–29) Most reported increased trabecular volumetric BMD in CKD,
few assessed cortical BMD, and the two studies of cortical dimensions were limited to
prevalent transplant recipients.(24,27)

We hypothesized that secondary hyperparathyroidism in CKD would be associated with
greater trabecular BMD, lower cortical BMD and smaller cortical bone area. We also
hypothesized that muscle deficits would be associated with smaller cortical bone area.
Therefore, the objectives of this study were (1) to assess trabecular and cortical volumetric
BMD and cortical dimensions using pQCT in children and adolescents with mild to severe
CKD, compared with a reference sample of healthy children and adolescents, and (2) to
identify correlates of bone deficits in CKD, including PTH levels, biomarkers of bone
turnover, and muscle deficits.
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MATERIALS AND METHODS
Study Participants

The study population included 156 children and adolescents ages 5 to 21 years with CKD;
104 were enrolled at the Children’s Hospital of Philadelphia (CHOP) and 52 at Cincinnati
Children’s Hospital Medical Center (CCHMC). Participants were eligible if they had an
estimated glomerular filtration rate (eGFR)less than 90 ml/min/1.73 m2. Subjects were
excluded for a history of diseases known to affect bone health, including neuromuscular
disease, inflammatory bowel disease, malignancy, or prior renal, cardiac or liver
transplantation. We recently reported that greater CKD severity was associated with
significantly greater muscle deficits (as measured by whole body DXA and tibia pQCT) in
these participants, compared with the healthy reference sample.(30)

Participants with CKD were compared to a reference group of 831 healthy children and
adolescents (762 at CHOP, 69 at CCHMC). The reference group was recruited from general
pediatrics practices in the greater Philadelphia and Cincinnati areas, and through
advertisements. Reference participants were ineligible if they had a history of illnesses or
medications that may affect growth, nutritional status, pubertal development, or bone
accrual. Race, sex, and pubertal differences in pQCT measures of cortical BMD, cortical
dimensions, and muscle area were recently reported in the CHOP reference participants.(1)

The study protocol was approved by the Institutional Review Boards at CHOP and
CCHMC. Informed consent was obtained directly from study participants older than 18
years, and assent along with parental consent from participants less than 18 years of age.

Anthropometry, Physical Maturity, and Race
Height was measured with a stadiometer (Holtain Ltd.) and weight with a digital scale
(Scale Tronix, Inc.). Tibia length was measured with a segmometer from the distal margin of
the medial malleolus to the proximal border of the medial tibia condyle. Pubertal
development stage was determined using a validated self-assessment questionnaire and
classified according to the method of Tanner.(31,32) Study participants and their parents were
asked to categorize the participant’s race according to the National Institute of Health
categories.

CKD Disease Characteristics and Medications
Medical charts were reviewed for underlying renal disease, date of CKD diagnosis, current
and prior medications, fracture history, and dialysis duration and modality. Participants and
parents were interviewed at the study visit to review the medical history and obtain
additional details regarding any fracture events. The underlying renal disease was
categorized as congenital anomalies of the kidney and urinary tract (CAKUT), including
aplasia/hypoplasia/dysplasia, obstructive uropathy, and reflux nephropathy; focal segmental
glomerulosclerosis (FSGS); systemic inflammatory disease (systemic lupus erythematosis
and Wegener’s granulomatosis); and other (cystinosis, renal ischemia, hemolytic uremic
syndrome, tubulointerstitial nephritis, membranoproliferative glomerulonephritis Type I –
III, idiopathic crescentic glomerulonephritis, membranous nephropathy, Alports syndrome,
and IgA nephropathy).

Peripheral Quantitative Computed Tomography
Bone, muscle and fat measures in the left tibia were obtained by pQCT (Stratec XCT2000
12-detector unit, Orthometrix, Inc.) with a voxel size of 0.4 mm, slice thickness of 2.3 mm,
and scan speed of 25 mm/sec. All scans were analyzed with Stratec software version 5.50 at
CHOP. A scout view was obtained to place the reference line at the proximal border of the
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distal tibia growth plate in participants with open growth plates and at the proximal border
of the distal endplate in participants with fused growth plates. The bone measurements were
obtained at 3% and 38% of tibia length proximal to the reference line. At the 3%
metaphyseal site, scans were analyzed for trabecular volumetric BMD (mg/cm3). At the
38% diaphyseal site, scans were analyzed for cortical volumetric BMD (mg/cm3), periosteal
circumference (mm), endosteal circumference (mm), and cortical cross-sectional area
(mm2). Muscle and fat area (mm3) were assessed at a site 66% proximal to the distal physis.
The manufacturer’s hydroxyapatite phantom was scanned daily for quality assurance. In our
laboratory, the coefficient of variation (CV) for short-term precision ranged from 0.5 to
1.6% for pQCT outcomes in children and adolescents.

Partial volume effects may result in an underestimate of cortical volumetric BMD in bones
with a thin cortex, such as in children or disorders characterized by cortical thinning. The
38% tibia site was used in this study, as opposed to the radius or a more distal tibia site, to
minimize these effects, as the cortex is thicker at this site. A prior study based on phantom
measurements suggested that accurate results for cortical volumetric BMD can be obtained
at cortical thickness greater than 2 mm.(33) None of the CKD or reference participants
reported in this manuscript had a cortical thickness less than 2 mm.

A single European Forearm Phantom was scanned on the pQCT devices at CHOP and
CCHMC. Only cortical BMD differed significantly between devices: cortical BMD was
0.06% greater at CHOP. A correction based on linear regression was applied to the CCHMC
cortical BMD results to adjust for site differences.

Laboratory Studies
Non-fasting blood samples were collected during the study visit in CKD participants and the
healthy reference group. The timing of specimen collection was not standardized. Serum
creatinine and bicarbonate were measured in CKD participants only. Serum creatinine (mg/
dl) was measured by spectrophotometric enzymatic assay (Vitros, Johnson & Johnson Co.)
with a CV of 1–5%. Estimated GFR (eGFR, ml/min/1.73 m2) was calculated from height
and serum creatinine using the pediatric estimating equations recently reported by the
Prospective Cohort Study of Kidney Disease in Children.(34) Participants were categorized
into CKD stages according to the National Kidney Foundation definitions:(35) CKD stage 2
= eGFR 60 to 89 (n = 15); CKD stage 3 = eGFR 30 to 59 (n = 54); CKD stage 4 = eGFR 15
to 29 (n = 31); CKD stage 5 = eGFR < 15 (n = 20); and CKD 5D = maintenance dialysis (n
= 36). Serum bicarbonate (mmol/L) was measured by reflectance spectrophotometry with a
CV of 3–8%.

Plasma PTH was quantified by radioimmunoassay with 125I-labeled antibody (Scantibodies
Clinical Laboratory). This assay generates measures of intact PTH (iPTH) and the bioactive
1–84 PTH molecule. The intra-assay CV for iPTH was 3–5%, and for 1–84 PTH was 3–
10%.(36) Bone biomarkers were measured at Quest Diagnostics Laboratory: serum bone
specific alkaline phosphatase (BSAP, μg/L) was measured as a marker of bone formation
using a two-site immunoradiometric assay (CV 8%). Serum C-terminal telopeptide of type I
collagen (β-CTX, pg/mL) was measured as a marker of bone resorption using the Roche
Cobas E170 electrochemiluminescent assay (CV 5%). The following assays were performed
using the same methods in a subset of the CHOP and CCHMC healthy reference participants
based on the availability of serum and their inclusion in other concurrent studies of nutrition
and bone health. BSAP was performed in all 470 healthy participants that agreed to
phlebotomy. Serum β-CTX and PTH levels were available in 250 and 116 healthy
participants, respectively.

Wetzsteon et al. Page 4

J Bone Miner Res. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical Analysis
Stata 11.0 (Stata Corp., College Station, TX) was used for all statistical analyses. A p-value
of < 0.05 was considered statistically significant, and two-sided tests of hypotheses were
used throughout. Group differences were assessed using Student’s t-test, or the Wilcoxon
Rank Sum test if the data were not normally distributed. Correlations between continuous
variables were assessed by Pearson product moment correlations or Spearman rank
correlations, where appropriate. Differences in proportions were assessed using the chi-
square test.

The CKD categories for these analyses were defined as CKD 2–3 (n = 69), CKD 4–5 (n =
51), and CKD 5D (n = 36). Age- and sex-specific height and BMI Z-scores (standard
deviation scores) were calculated using National Center for Health Statistics 2000 Center for
Disease Control growth data.(37) The pQCT outcomes were converted to Z-scores using the
LMS method, as previously described.(38,39) This method accounts for the non-linearity,
heteroscedasticity and skew of bone data in growing children.(40) All of the pQCT Z-scores
were sex- and race-specific (black versus all others) and were generated using the LMS
Chartmaker Program version 2.3 in the healthy reference group from CHOP.(41) The pQCT
density outcomes (trabecular and cortical BMD) were assessed relative to age. The pQCT
cortical geometry and muscle and fat outcomes were highly correlated with tibia length
[cortical area r = 0.88, periosteal circumference r = 0.91, endosteal circumference r = 0.70,
muscle area r = 0.83, and fat area r = 0.38; all p < 0.0001]; therefore, the Z-scores for these
parameters were generated relative to tibia length. The LMS method does not allow for
simultaneous adjustment for age and tibia length. Therefore, the Z-scores generated relative
to tibia length were subsequently adjusted for both age and tibia length using linear
regression in order to capture the differences in the joint distributions of age and tibia length
in children with CKD compared with the reference group.

In order to determine if the associations between cortical volumetric BMD, CKD severity,
and PTH levels were confounded by partial volume effects, the cortical BMD models were
repeated with adjustment for cortical thickness and in models limited to participants with
cortical thickness greater than 3 mm. Cortical thickness was not significant in any of these
models and the results were unchanged in these additional analyses (data not shown).

Initial multivariable regression models examined pQCT outcomes in CKD using a dummy
variable for the three CKD categories, compared with the reference group. The variability in
pQCT BMD Z-score and laboratory outcomes was significantly greater in CKD, compared
with the reference group (all p < 0.01). Therefore, the linear regression models included the
heteroscedasticity-consistent correction to account for the unequal variances.(42)

A prior pQCT study reported an inverse association between trabecular BMD and age in
children on dialysis.(26) To determine if the associations between CKD severity and
trabecular BMD Z-scores depended on age, an age-by-CKD stage interaction term was
assessed in the regression models. The lincom procedure in Stata was used to estimate the
expected difference in trabecular BMD-Z between each CKD stage versus the reference
group, for children at several ages. Similar methods were used to determine if associations
between trabecular BMD Z-scores and PTH levels differed according to age.

Serum PTH and biomarkers of bone turnover (BSAP and β-CTX) were natural log
transformed to achieve normal distributions. Analyses of PTH effects examined both the
iPTH and bioactive 1–84 PTH level. Linear regression models were used to compare the
PTH and bone turnover biomarker levels in the three CKD groups, compared with the
reference group. The analyses of bone biomarker levels and CKD stage were adjusted for
age, sex, Tanner stage and a sex by Tanner interaction, as previously described.(43)
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Advanced CKD may be associated with progressive skeletal resistance to PTH, and the
associations between bone Z-scores and PTH levels may not be linear. Therefore, bone Z-
scores were compared between participants with iPTH levels above vs. below the upper
limits of the Pediatric Kidney Disease Outcome Quality Initiative (KDOQI) CKD stage-
specific target ranges:70 pg/mL for CKD stages 2–3, 110 pg/mL for CKD stage 4, and 300
pg/mL for CKD stage 5 and 5D.(44)

Secondary analyses were limited to the 96 CKD participants with CAKUT, compared with
the reference group in order to examine the effects of CKD independent of underlying
inflammation and immunosuppressive therapies.

RESULTS
Participant and Disease Characteristics

Characteristics of CKD and reference group participants are summarized in Table 1.
Overall, pubertal maturation was delayed in CKD: within Tanner stages 2, 3 and 4, CKD
participants were significantly older (p < 0.001) than the reference group, adjusted for sex
and race. Compared with the reference group, height Z-scores were significantly lower in all
CKD groups (all p < 0.0001). The CKD 5D participants had lower BMI Z-scores compared
to the reference group (p < 0.05), as previously described.(30)

CKD characteristics are summarized in Table 2. The interval since CKD diagnosis did not
differ significantly across groups. CAKUT accounted for the majority of cases, and FSGS
was the second leading cause. The distributions of the underlying renal disease varied across
CKD groups. The greater history of glucocorticoid use among the CKD 5D participants was
due to the greater proportions with FSGS, systemic inflammatory disease, and primary
glomerulonephritis. Current and previous calcitriol use was significantly greater in more
advanced CKD.

Overall, 39 of the 156 CKD participants reported a prior fracture. Of these, 3 reported three
fractures, 12 reported two fractures and 24 reported one fracture. Radius and clavicle
fractures were most common, accounting for 38 and 15% of fractures, respectively. The
majority of the fractures were remote. The median interval since the most recent fracture
was 2.9 years, and only 6 of the 39 subjects reported a fracture within the 12 months prior to
the study visit. Furthermore, the most recent fracture preceded the diagnosis of CKD in 14
of the 39 participants.

Laboratory Results
Laboratory data are shown in Table 3. Intact PTH, 1–84 PTH, and β-CTX levels were
positively associated with greater CKD severity (all p < 0.001); serum BSAP levels were
not. Within CKD participants, serum iPTH levels were significantly and positively
associated with β-CTX (r = 0.58; p < 0.0001) and BSAP (r = 0.17; p < 0.02) levels. The
correlation between iPTH and β-CTX levels was significantly greater (p < 0.0001) than the
correlation between iPTH and BSAP levels. The same relations were observed using 1–84
PTH rather than iPTH. Within CKD participants, lower serum bicarbonate levels were
associated with greater β-CTX levels (r =−0.23; p < 0.01) but not BSAP levels (r =−0.09; p
= 0.27). The significant associations between serum bicarbonate, bone biomarker and PTH
levels persisted (all p < 0.01) after adjustment for CKD severity.

Trabecular Volumetric BMD Z-Scores
Within the CKD participants, trabecular BMD Z-scores were inversely associated with age
overall (r = −0.33, p < 0.001); however, this relation varied according to CKD severity
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(Figure 1). The inverse association between trabecular BMD Z-score and age was
significantly more pronounced among participants with greater CKD severity (test for
interaction: p < 0.001). For example, the mean (95% C.I.) trabecular BMD Z-scores in 6, 12
and 18 year old participants in CKD stage 5D (estimated from linear combinations of
estimators) were 2.53 (1.60, 3.46), 1.03 (0.56, 1.49), and −0.47 (−0.97, 0.03), respectively.
Within CKD stages 4–5 the results were 1.56 (0.86, 2.26), 0.84 (0.50, 1.19), and 0.13
(−0.38, 0.63), respectively. And, within CKD stages 2–3, the results were 0.56 (0.00, .1.12),
0.03 (−0.26, 0.33), and −0.49 (−0.92, −0.06), respectively. Adjustment for Tanner stage did
not attenuate CKD effects. When the analyses were limited to CKD participants with
CAKUT (i.e. excluding participants with underlying inflammation or glucocorticoid therapy
for CKD), the same interactions between age and CKD severity were observed. In the subset
of older participants (age > 13 years) with CKD secondary to CAKUT, trabecular BMD Z-
scores did not differ compared with the reference group.

In univariate analyses, trabecular BMD Z-scores were not associated with iPTH levels.
However, adjustment for age revealed that iPTH levels above the KDOQI target range were
associated with significantly greater trabecular BMD Z-scores, compared with iPTH levels
below the upper limit (p < 0.01), and this positive association was attenuated in older
participants (test for interaction: p < 0.05). For example, the predicted mean (95% C.I.)
difference in trabecular BMD Z-scores between participants with iPTH levels above vs.
below the upper limit was 1.66 (0.43, 2.89) for age 6 years, 0.78 (0.19, 1.37) for age 12
years, and −0.10 (−0.85, 0.65) for age 18 years. Similar significant results were observed
when iPTH or 1–84 PTH level was analyzed as a continuous variable (data not shown).

Trabecular BMD Z-scores were not associated with prior or current recombinant human
growth hormone (rhGH) or calcitriol treatment, age at diagnosis, or interval since CKD
diagnosis, adjusted for CKD severity category. Concurrent glucocorticoid therapy was not
associated with trabecular BMD Z-scores; however, a history of glucocorticoid therapy
(current or prior) was associated with significantly lower trabecular BMD Z-scores [−0.69
(95% C.I. −0.30, −0.08), p<0.05], adjusted for CKD severity and age.

Cortical Volumetric BMD Z-Scores
The relations between cortical BMD Z-scores and CKD severity category are shown in
Table 4. Compared with the reference group, mean cortical BMD Z-scores were not
significantly different for CKD stages 2–3 or 5D, but were significantly lower in CKD
stages 4–5. Adjustment for Tanner stage or cortical thickness did not attenuate CKD effects.
Similar results were obtained when the analyses were limited to participants with CAKUT.

Among the CKD participants, greater 1–84 PTH (r = −0.24, p < 0.01), iPTH (r = −0.22, p
<0.01), BSAP (r = −0.18, p < 0.05) and β-CTX (r = −0.19, p < 0.02) levels were associated
with lower cortical BMD Z-scores. Each association remained significant adjusted for CKD
severity and cortical thickness. The lower mean cortical BMD Z-score observed in CKD
stages 4–5, compared with the reference group was no longer significant when adjusted for
PTH levels. Figure 2A demonstrates that cortical BMD Z-scores were significantly lower
among CKD participants with iPTH levels above vs. below the upper limit of the iPTH
target: −0.46 + 1.29 vs. 0.12 + 1.14, p < 0.01.

Cortical BMD Z-scores were not associated with serum bicarbonate levels. Cortical BMD Z-
scores did not differ according to the underlying renal diagnosis or CKD duration, adjusted
for CKD severity. Cortical BMD Z-scores were not associated with calcitriol, rhGH or
glucocorticoid therapy, independent of CKD severity, or with dialysis duration or modality.
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Cortical Dimensions Z-scores
Cortical bone area Z-scores were lower in CKD, compared with the reference group (Table
4). The lower cortical bone area Z-scores in CKD stages 4–5 and 5D were characterized by
smaller periosteal circumference and larger endosteal circumference Z-scores, compared
with the reference group; however, these differences were not statistically significant (data
not shown). Adjustment for Tanner stage moderately attenuated the deficits in cortical
dimensions in CKD. For example, the mean cortical area Z-score in CKD stages 4–5
improved from −0.49 (Table 4) to −0.41 (95% C.I. −0.73, −0.05; p < 0.05) when adjusted
for Tanner stage.

Lower cortical bone area and greater endosteal circumference Z-scores were significantly
associated with higher levels of 1–84 PTH (cortical area r = −0.18, p < 0.05; endosteal
circumference r = 0.30, p < 0.001), iPTH (cortical area r = −0.17, p < 0.05; endosteal
circumference r = 0.29, p < 0.001), BSAP (cortical area r = −0.32, p=0.001; endosteal
circumference r = 0.27, p < 0.01) and β-CTX (cortical area r = −0.25, p < 0.01; endosteal
circumference r = 0.36 p < 0.0001) and lower levels of serum bicarbonate (cortical area r =
0.19, p < 0.05; endosteal circumference r = −0.24, p < 0.01) within the CKD participants.
The associations remained significant adjusted for CKD severity category. Figure 2B
demonstrates that endosteal circumference Z-scores were significantly greater among CKD
participants with iPTH levels above vs. below the upper limit of the iPTH target range: 0.39
± 1.23 vs. −0.30 ± 1.12, p < 0.001. Periosteal circumference Z-scores were not significantly
associated with any of these laboratory parameters.

A longer duration since the diagnosis of CKD was associated with significantly lower
cortical area and periosteal circumference Z-scores (all p < 0.05), adjusted for age and CKD
severity. Glucocorticoid or calcitriol therapies, underlying renal diagnosis, and dialysis
duration and modality were not associated with measures of cortical geometry. Similar
results were observed when the analyses were limited to participants with CAKUT.

Muscle and Fat Area Z-scores
Advanced CKD was associated with significantly lower muscle area and fat area Z-scores,
compared with the reference group (Table 4), as previously described.(30) Within the CKD
participants, muscle area and cortical area Z-scores were positively correlated (r = 0.37, p <
0.0001). Adjustment for muscle area Z-scores did not attenuate the significant deficits in
cortical area Z-scores observed in CKD stages 4–5, compared with the reference group.
However, the lower cortical area Z-scores observed in CKD 5D were no longer significant
after adjustment for muscle area Z-score.

DISCUSSION
This study is the first to examine trabecular and cortical volumetric BMD and cortical
dimensions across the full spectrum of CKD severity in children or adults. These data
demonstrated that secondary hyperparathyroidism in CKD was associated with lower
cortical BMD, greater endosteal circumference and smaller cortical area, independent of
CKD severity. These associations are consistent with known PTH effects to increase cortical
porosity and decrease cortical thickness through loss of endocortical bone.(8) Elevated PTH
levels were associated with greater trabecular BMD in younger participants; however, this
association was absent in the older adolescents.

To our knowledge, six prior studies used pQCT to examine bone density and structure in
children with CKD.(24–29) Four of these reported significantly greater trabecular BMD in
CKD compared with controls; however, the very small sample sizes and sparse reference
data precluded assessment of age effects.(24–26,28) Of note, in a study of 21 children on
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peritoneal dialysis, trabecular BMD was significantly greater in the children with CKD,
compared with adult controls (p < 0.0001) and trabecular BMD was greater in younger
children.(26) Studies of pQCT trabecular BMD in adults with CKD compared with controls
are limited to a recent high-resolution pQCT study in older adults (age > 50 yr) with CKD
stages 2–4.(49) The authors reported that CKD was associated with lower trabecular BMD
compared with controls. However, the investigators excluded the 45% of male and 55% of
female controls with DXA BMD T-scores < −1.0, effectively excluding controls with
normal age-related bone loss. It is not stated if the CKD participants differed from the
control sample as a whole.

The etiology of the markedly elevated trabecular BMD Z-scores in our younger CKD
participants is unclear, and is unique to CKD. Prior studies by our group in nephrotic
syndrome,(39) Crohn disease,(38) and juvenile idiopathic arthritis(46) demonstrated consistent
reductions in trabecular BMD Z-scores associated with systemic inflammation and/or
glucocorticoid therapy across the entire pediatric age range. We anticipated that trabecular
BMD Z-scores would be elevated in CKD due to an anabolic effect of PTH.(8) Although this
association was present in the younger CKD participants, it was absent in the older
adolescents. We hypothesize that the elevated trabecular BMD in the younger children and
in prior pediatric pQCT studies (24–26,28) is due to CKD and PTH effects on the metaphysis.
Mehls, et al reported that transformation of metaphyseal spongiosa into diaphyseal
spongiosa is disturbed in advanced CKD in children, such that dense metaphyseal spongiosa
is encountered further along the shaft of the bone.(45) We do not believe that the elevated
trabecular BMD represents an artifact of the abnormal growth plate morphology in pediatric
CKD(50,51) because the pQCT reference line was positioned at the proximal margin of the
distal growth plate in all CKD and control participants. The resolution of pQCT is
insufficient to define individual trabeculae.(52) In the metaphysis, pQCT measures of
trabecular volumetric BMD are a function of the bone volume fraction and the material bone
mineral density distribution within the individual trabeculae. It is not known if the
differences observed here between CKD and reference participants were due to differences
in trabecular microarchitecture or material density. Future studies are needed in children
with CKD using high-resolution pQCT to assess trabecular microarchitecture and
compartment BMD along the entire metaphysis.

It is well-established that hyperparathyroidism results in increased bone turnover with
endocortical bone loss and increased cortical porosity.(8,53,54) The extent of cortical bone
loss in adults on maintenance dialysis was demonstrated in a bone biopsy study.(7)

Regardless of the histological classification, the major structural abnormality in the skeleton
was generalized thinning of cortical bone due to increased net endocortical resorption.
Limited pQCT studies have been conducted in adults on hemodialysis,(55–57) children on
dialysis(26) and children following transplantation, (24,27) demonstrating reductions in
cortical volumetric BMD and/or cortical thickness. In the study here, the positive association
of endosteal circumference Z-scores with PTH levels and bone turnover biomarkers was
consistent with PTH effects on endocortical bone, and the association with low serum
bicarbonate and high bone resorption markers was consistent with reports that chronic
acidosis also contributes to cortical bone loss.(58) Of note, many of the estimated
correlations between laboratory parameters and cortical bone Z-scores were weak (r = 0.18
to 0.36). However, when assessed as a group, the cumulative evidence supported the
hypothesis that secondary hyperparathyroidism resulted in increased bone turnover,
endocortical bone loss and decreases in cortical BMD in CKD. Secondary analyses adjusted
for cortical thickness or limited to subjects with cortical thickness greater than 3 mm
confirmed that these observations were not due to partial volume effects.(33)
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Given the strong associations between muscle mass and cortical bone strength during
growth and development, investigators have advocated a two-staged algorithm to assess (1)
muscle mass relative to body size, and (2) bone outcomes relative to muscle mass in
children with chronic disease.(59) This ‘functional muscle-bone unit’ approach is intended to
distinguish between primary bone disorders (muscle mass is normal and bone mass is low
relative to muscle), as opposed to bone disorders that are secondary to muscle deficits
(muscle mass is reduced but bone mass is ‘adequate’ for the reduced muscle mass). In this
study, we reported that cortical area deficits in CKD stage 5D were no longer significant
after adjustment for muscle deficits. However, this does not prove a causal relationship. This
close association may be mediated by nutritional, hormonal or inflammatory factors that
directly influence both muscle and bone.(60)

The greatest limitation of this study was the cross-sectional design. BMD and cortical
dimensions reflect cumulative bone accrual and disease activity throughout growth and
development, while the medication and laboratory data presented here represent a snapshot
in time. The heterogeneity of the underlying renal diseases is another important limitation.
However, this study of 156 children is the largest pediatric pQCT study to date (the largest
prior study enrolled 22 children). Importantly, the secondary analyses conducted within the
96 CAKUT participants reduced the heterogeneity and confirmed the key findings. Last, this
study is limited by lack of bone biopsy data. Despite these limitations, this study provides
important and novel insights into the structural effects of CKD and secondary
hyperparathyroidism on bone development.

In summary, this study is the first to examine trabecular and cortical volumetric BMD and
cortical dimensions across the full spectrum of CKD severity in children or adults.
Furthermore, the healthy reference group constitutes the largest reference population used in
the assessment of the skeletal effects of CKD in children and adolescents, facilitating
adjustment for age, sex, race, pubertal maturation, and tibia length. This study is the first to
provide Z-score estimates of the magnitude of the cortical volumetric BMD and cortical area
deficits in the growing skeleton, and the first to identify that the associations of trabecular
BMD with CKD severity and PTH levels vary according to age. Future studies are needed to
establish the fracture implications of these alterations, to determine if cortical and trabecular
abnormalities are reversible, and to identify therapies to improve bone quality in children
with CKD.
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Figure 1. Trabecular BMD Z-scores Relative to Age, According to CKD Category
Trabecular volumetric BMD Z-scores were inversely associated with age in the CKD
participants and this relation varied according to CKD category. The inverse association was
significantly more pronounced among participants with greater CKD severity (test for
interaction: p < 0.001). A: CKD Stage 2–3; B: CKD Stage 4–5; and C: CKD Stage 5D.
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Figure 2. Cortical Volumetric BMD and Endosteal Circumference Z-scores according to iPTH
Level
A. Cortical volumetric BMD Z-scores were significantly lower in participants with iPTH
levels above the target range, compared to those with iPTH levels below the upper limit of
the target range (p < 0.01).
B. Endosteal Circumference Z-scores were significantly greater in participants with iPTH
levels above the target range, compared to those with iPTH levels below the upper limit of
the target range (p < 0.001).
These data represent all CKD categories combined and were not adjusted for any covariates.
The symbols above and below the box plots represent outliers.
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Table 1

Characteristics of CKD Participants and the Healthy Reference Group

Variable Healthy Reference Group CKD Stage 2–3 CKD Stage 4–5 CKD Stage 5D

N 831 69 51 36

Age, years 11.9 13.2 14.1 14.9

Median (range) (5.0 to 21.9) (5.5 to 20.8) (5.7 to 20.7) (6.5 to 20.8)

Sex, n (%) Male 393 (47) 39 (57) 36 (71) 21 (58)

Race, n (%)

 White 395 (48) 52 (75) 36 (71) 24 (67)

 Black 347 (42) 14 (20) 13 (25) 11 (30)

 Asian 20 (2) 0 (0) 1 (2) 1 (3)

 Other 69 (8) 3 (4) 1 (2) 0 (0)

Tanner, n (%) Stage 1–2 375 (50) 28 (41) 18 (35) 11 (31)

Height Z-score (Range) 0.29 ± 0.91 (−2.33 to 3.26) −0.29 ± 1.26 (−3.73 to
2.57)

−1.19 ± 1.34 (−4.87 to
1.54)

−0.97 ± 1.32 (−3.2 to
1.66)

BMI Z-score (Range) 0.37 ± 1.00 (−2.17 to 2.99) 0.34 ± 1.11 (−2.30 to
2.64)

0.29 ± 1.26 (−2.36 to
2.56)

0.02 ± 1.36 (−3.37 to
2.17)

All values are means ± SD, unless otherwise noted.
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Table 2

Disease and Treatment Characteristics of the CKD Participants

Variable CKD Stage 2–3 CKD Stage 4–5 CKD Stage 5D

Age at Diagnosis, years Median (IQR) 4.1 (0 to 10.0) 2.4 (0 to 10.5) 9.8 (1.2 to 14.1)

Interval Since Diagnosis, years Median (IQR) 7.1 (5.1 to 11.9) 7.4 (3.0 to 12.3) 3.0 (1.6 to 11.4)

Estimated GFR, ml/min/1.73 m2 Median (IQR) 47 (39 to 57) 19 (13 to 26)

On Medication at Visit, n (%)

 Glucocorticoids 5 (7) 2 (4) 5 (14)

 Recombinant Growth Hormone 4 (6) 3 (6) 5 (14)

 Calcitriol 16 (23) 36 (71) 29 (81)

On Medication Ever, n (%)

 Glucocorticoids 12 (17) 9 (18) 18 (53)

 Recombinant Growth Hormone 6 (9) 15 (29) 8 (22)

 Calcitriol 18 (26) 39 (76) 36 (100)

Underlying Renal Disease, n (%)

 CAKUT 49 (71) 35 (69) 12 (30)

 FSGS 4 (6) 9 (18) 15 (38)

 Systemic Inflammatory 5 (7) 1 (2) 5 (13)

 Other 11 (16) 6 (12) 8 (20)

Duration of Dialysis, months Median (IQR) ----- ----- 5.9 (1.9 to 13.6)

Hemodialysis, n (%), vs Peritoneal Dialysis ----- ----- 24 (67)

IQR: interquartile range

GFR: Glomerular filtration rate

CAKUT: Congenital anomalies of the kidney and urinary tract

FSGS: Focal segmental glomerulosclerosis
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