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Abstract
Glucocorticoid (GC) effects on skeletal development have not been established. The objective of this
pQCT study was to assess volumetric BMD (vBMD) and cortical dimensions in childhood steroid-
sensitive nephrotic syndrome (SSNS), a disorder with minimal independent deleterious skeletal
effects. Tibia pQCT was used to assess trabecular and cortical vBMD, cortical dimensions, and
muscle area in 55 SSNS (age, 5−19 yr) and >650 control participants. Race-, sex-, and age-, or tibia
length–specific Z-scores were generated for pQCT outcomes. Bone biomarkers included bone-
specific alkaline phosphatase and urinary deoxypyridinoline. SSNS participants had lower height Z-
scores (p < 0.0001) compared with controls. In SSNS, Z-scores for cortical area were greater (+0.37;
95% CI = 0.09, 0.66; p = 0.01), for cortical vBMD were greater (+1.17; 95% CI = 0.89, 1.45; p <
0.0001), and for trabecular vBMD were lower (−0.60; 95% CI, = −0.89, −0.31; p < 0.0001) compared
with controls. Muscle area (+0.34; 95% CI = 0.08, 0.61; p = 0.01) and fat area (+0.56; 95% CI =
0.27, 0.84; p < 0.001) Z-scores were greater in SSNS, and adjustment for muscle area eliminated the
greater cortical area in SSNS. Bone formation and resorption biomarkers were significantly and
inversely associated with cortical vBMD in SSNS and controls and were significantly lower in the
34 SSNS participants taking GCs at the time of the study compared with controls. In conclusion,
GCs in SSNS were associated with significantly greater cortical vBMD and cortical area and lower
trabecular vBMD, with evidence of low bone turnover. Lower bone biomarkers were associated with
greater cortical vBMD. Studies are needed to determine the fracture implications of these varied
effects.
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INTRODUCTION
GLUCOCORTICOID (GC) MEDICATIONS are highly effective and widely prescribed for
the treatment of varied inflammatory conditions in children and adults. However, GC therapy
in children is associated with multiple adverse side effects, including obesity, impaired linear

Address reprint requests to: Mary B Leonard, MD, MSCE Children's Hospital of Philadelphia 34th Street & Civic Center Boulevard
CHOP North, Room 1564 Philadelphia, PA 19104, USA E-mail: E-mail: leonard@email.chop.edu.
The authors state that they have no conflicts of interest.

NIH Public Access
Author Manuscript
J Bone Miner Res. Author manuscript; available in PMC 2009 April 27.

Published in final edited form as:
J Bone Miner Res. 2009 March ; 24(3): 503–513. doi:10.1359/jbmr.081101.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



growth, and increased fracture rates.(1,2) Numerous studies in adults and animal models have
shown that GCs result in preferential trabecular bone loss.(3,4) The effects of GCs on cortical
volumetric BMD (vBMD) and dimensions have not been established. Studies have consistently
shown that GCs result in sustained reductions in bone formation because of decreased
osteoblast differentiation and activity and increased osteoblast and osteocyte apoptosis.(5)
However, studies of GC effects on bone resorption have produced conflicting results. GCs
promote osteoclastogenesis and inhibit osteoclast apoptosis(4); however, GCs also directly
impair osteoclast adherence to bone and bone degradation,(6) resulting in a state of low bone
turnover. The growing skeleton may be particularly vulnerable to the detrimental effects of
chronic GC therapy on bone metabolism.

Inflammation, the target of GC therapy, has multiple deleterious effects on bone metabolism.
Similar to the effects of GCs, pro-inflammatory cytokines, such as TNF-α and interleukin-6
(IL-6), inhibit osteoblast differentiation and function and promote osteoblast and osteocyte
apoptosis.(7,8) These cytokines also promote osteoclastogenesis and bone resorption.(9,10)
Therefore, studies of the effects of GC therapy on bone metabolism, density, and structure in
patients with chronic inflammatory conditions may be confounded by these underlying
cytokine effects.

Most childhood diseases that are treated with chronic GCs, such as inflammatory bowel disease
and juvenile idiopathic arthritis, are characterized by persistent inflammation and elevated
cytokine levels. In contrast, childhood steroid sensitive nephrotic syndrome (SSNS) responds
promptly and completely to GC therapy, and the nephrotic state is quiescent during high-dose
GC therapy. Unfortunately, SSNS relapses in the majority of children when the GCs are
reduced, resulting in protracted, repeated courses of GCs. The standard prednisone dose for
relapses is 2 mg/kg/d,(11) far exceeding the 5 mg/d considered a risk factor for GC-induced
osteoporosis in adults.(12) Although SSNS relapses are associated with transient increases in
cytokines, these abnormalities promptly resolve with GC therapy and disease remission.(13)
Therefore, we propose SSNS as a clinical model, without significant systemic inflammation,
to examine the independent effects of GCs on the growing skeleton.

We previously used DXA to examine GC effects on bone and body composition in children
with SSNS.(14,15) These studies showed modest deficits in BMC in the lumbar spine but
greater whole body BMC and femoral shaft dimensions in the SSNS participants compared
with controls. The greater whole body BMC and femoral shaft dimensions were attributed to
the greater body mass index (BMI; kg/m2) and lean mass observed in SSNS. However, DXA
is a 2D imaging technique that does not provide estimates of trabecular and cortical vBMD or
bone dimensions. Therefore, the impact of chronic GCs on these parameters has not been
established.

In contrast, pQCT provides 3D estimates of cortical and trabecular compartment vBMD and
cortical geometry that are highly correlated with fracture load.(16,17) pQCT also provides
measures of muscle and fat cross-sectional area (CSA). The objectives of this study were (1)
to use SSNS as a clinical model to determine the effects of chronic high-dose GCs on pQCT
measures of trabecular and cortical vBMD and cortical dimensions in children and adolescents,
and (2) to determine the effects of GC-associated alterations in body composition on bone
outcomes. Secondary analyses examined differences in DXA lumbar spine areal BMD, vitamin
D status, and bone biomarkers in SSNS compared with controls.

Wetzsteon et al. Page 2

J Bone Miner Res. Author manuscript; available in PMC 2009 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS AND METHODS
Study participants

Children and adolescents diagnosed with SSNS, as defined by the International Society of
Kidney Disease in Children,(18) were identified through a systematic review of the medical
records in the Division of Nephrology at the Children's Hospital of Philadelphia. Inclusion
criteria included age 5−21 yr, normal glomerular filtration rate (GFR; >90 ml/min/1.73 m2) as
estimated by the Schwartz formula,(19) at least a 6-mo interval since SSNS diagnosis, and a
history of systemic GC therapy for SSNS within the prior 12 mo. Participants were excluded
for illnesses or medications, unrelated to SSNS, that may impact growth, nutritional status,
pubertal development, or bone accrual. A total of 61 eligible participants were enrolled;
however, the data presented here are limited to the 55 subjects in documented urinary remission
at the time of the study visit to avoid overestimates of muscle mass and BMI caused by edema.

Participants with SSNS were compared with reference data from healthy controls, ages 5−21
yr. The control participants were recruited from general pediatrics practices in the greater
Philadelphia area and through newspaper advertisements. Control participants were ineligible
if they had a height or BMI below the third percentile for age and sex or a history of illnesses
or medications that may affect growth, nutritional status, pubertal development, or bone
accrual. Because of changes in the scanning protocols over the study interval and exclusion of
scans with movement or other artifacts, DXA scans of the lumbar spine and pQCT measures
of muscle and fat were available for comparison with participants with SSNS in 803−865
control participants, whereas pQCT measures of trabecular and cortical bone outcomes were
available in 652−676 control participants. A total of 909 control participants provided pQCT
and/or DXA reference data. The distributions of age, sex, race, height, and BMI did not differ
across the reference groups contributing data for each measurement.

The study protocol was approved by the Institutional Review Board at the Children's Hospital
of Philadelphia. Informed consent was obtained directly from study participants >18 yr of age
and assent along with parental consent from participants <18 yr of age.

Anthropometry, physical maturity, and race
Height was measured with a stadiometer (Holtain, Crymych, UK) and weight with a digital
scale (Scaletronix, White Plains, NY, USA). The stage of pubertal development was
determined using a validated self-assessment questionnaire and classified according to the
method of Tanner.(20,21) A questionnaire regarding menstrual histories was administered.
Study participants and their parents were asked to categorize the participant's race according
to the NIH categories.

SSNS disease characteristics and medications
The medical charts were reviewed for date of diagnosis of SSNS, prior therapies, and current
medications. Participants and parents were interviewed at the study visit to confirm current
medications and the date of the last dose of oral or intravenous GC therapy.

Bone and muscle assessment by pQCT
Bone and muscle measures in the left tibia were obtained by pQCT using a Stratec XCT2000
device (Orthometrix, White Plains, NY, USA) with a 12-detector unit, voxel size of 0.4 mm,
slice thickness of 2.3 mm, and scan speed of 25 mm/s. Scans were analyzed with Stratec
software version 5.50. A scout view was obtained to place the reference line at the proximal
border of the distal tibia growth plate, and 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 vBMD (TrabBMD, mg/cm3). At the 38% diaphyseal site, scans were analyzed for
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cortical vBMD (CortBMD, mg/cm3), cortical content (CortBMC, mg), cortical CSA (mm2),
periosteal circumference (mm), endosteal circumference (mm), polar section modulus (Zp,
mm3), and polar strength strain index (SSIp, mm3). The Zp is a function of the cortical
periosteal and endosteal dimensions and is strongly associated with bone failure load.(16) SSIp,
another commonly reported correlate of failure load, is the integrated product of the Zp and
cortical vBMD.(22) Muscle CSA (mm2) and fat CSA (mm2) were evaluated at the 66% site.
The manufacturer's hydroxyapatite phantom was scanned daily for quality assurance. In our
laboratory, the CV for short-term precision ranged from 0.5% to 1.6% for pQCT outcomes in
children and adolescents.

DXA
DXA scans of the spine were performed using a Delphi/Discovery (Hologic, Bedford, MA,
USA) densitometer with a fan beam in the array mode, and analyzed with software version
12.3. DXA scans of the posteroanterior (PA; L1–L4) and lateral lumbar spine (L2–L4) were
obtained using standardized positioning techniques in the supine position. Measures of areal
BMD (g/cm2) were derived from the PA scan of L1–L4. Because of rib interference with L2
in 31% of participants and iliac crest interference with L4 in 17% of participants on the lateral
scans, the lateral scan results were limited to L3. Paired PA-lateral DXA scans of lumbar
vertebrae L3 were used to derive width-adjusted BMD (WA BMD; g/cm3).(23) This technique
incorporates the dimensions of the vertebral body on the PA and lateral scans to estimate
vertebral volume. Vertebral body BMC is measured on the lateral scan, thereby excluding the
cortical spinous processes, and is divided by the estimate of vertebral volume to generate WA-
BMD.

PA spine scans of a lumbar spine phantom were performed daily. In our institution, the in vitro
CV for PA spine scans was <0.6% and the in vivo CV in adults was 1.0%. Precision data for
the lateral spine are not available in children; however, in adults, the CV for supine lateral
L3 measurements was 1−4%.(24,25)

Laboratory studies
Nonfasting blood and urine specimens were collected at the time of the study visit. Serum
bone-specific alkaline phosphatase (BSALP; μg/liter) was measured as a marker of bone
formation in the participants with SSNS and in the 409 controls that agreed to phlebotomy.
BSALP was performed at Quest Diagnostics Laboratories (San Juan Capistrano, CA, USA)
using a two-site immunoradio-metric assay with an interassay CV of 8.5%. The ratio of urinary
deoxypyridinoline to creatinine (DPD; nmol/mmol creatinine) in a nonfasting spot sample was
used as a marker of bone resorption in the SSNS participants and in 612 controls. Urine DPD
was assayed using high-performance liquid chromatography at Quest Diagnostics
Laboratories, with an interassay CV of 7.8%.

Serum 25(OH)D and 1,25(OH)2D were quantified by radioimmunoassay with I125-labeled
tracer; the interassay CV ranged from 2% to 9%.(26) Vitamin D deficiency was defined as a
25(OH)D level <15 ng/ml. Intact PTH (iPTH) levels were measured with the Nichols
chemiluminescence assay, with an interassay CV of 7−9%. Serum vitamin D and iPTH levels
in the controls that were assayed with the same method used in the SSNS participants were
available in 207 and 554 participants, respectively.

Statistical analysis
Stata 9.0 (Stata Corp., College Station, TX, USA) 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
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sum test if the data were not normally distributed. Differences in proportions were assessed
using the χ2 test.

Age- and sex-specific Z-scores (SD scores) for height and BMI were calculated using National
Center for Health Statistics 2000 Center for Disease Control growth data.(27) Obesity was
defined as a BMI greater than the 95th percentile for age and sex.(28) The pQCT and DXA
outcomes were converted to Z-scores using the LMS method,(29) which accounts for the
nonlinearity, heteroscedasticity, and skew of bone data in growing children. All of the DXA
and pQCT Z-scores were sex and race specific (black versus all others) and were generated
using the LMS Chartmaker Program version 2.3 based on the data in the healthy controls.
(30) The pQCT density outcomes (TrabBMD and CortBMD) and the DXA spine outcomes
(PA areal BMD and WA BMD) were assessed relative to age. The remaining pQCT outcomes
(CortBMC, cortical CSA, endosteal and periosteal circumference, Zp, SSIp, muscle CSA, and
fat CSA) were highly correlated with tibia length (all p < 0.0001); therefore, the Z-scores for
these parameters were generated relative to tibia length. The LMS method fits three parameters
(LMS) as cubic splines by nonlinear regression. The three parameters represent the median
(M), SD (S), and power in the Box-Cox transformation (L) that vary as a function of age (for
BMD measures) or tibia length (for cortical dimensions, muscle, and fat measures). The LMS
method does not allow for simultaneous adjustment for age and tibia length. Therefore, the Z-
scores that were generated relative to tibia length were subsequently adjusted for age using
linear regression analyses with age2 also included, as indicated. Tanner stage was not
significant, independent of age, and was not included in these models.

To determine whether alterations in BMI or body composition contributed to alterations in
bone outcomes in the participants with SSNS, multivariate linear regression models were
adjusted for BMI or body composition Z-scores. Tanner stage was not significant in these
models and was not included.

The biomarkers of bone turnover (BSALP and DPD), serum iPTH, and vitamin D levels were
natural log transformed to achieve normal distributions using the lnskew0 function in Stata 9.0.
Linear regression models were used to compare the bone turnover biomarkers in SSNS,
compared with controls, adjusted for age, sex, Tanner stage, and the significant sex × Tanner
interaction,(31) and to examine associations between bone biomarkers and BMD Z-scores,
adjusted for age, sex, Tanner stage, and the sex × Tanner interaction. Multivariate logistic
regression models were used to determine the odds of vitamin D deficiency in the participants
with SSNS, compared with controls, adjusted for age, race, winter season, and BMI Z-score.
(32)

RESULTS
Participant and disease characteristics

Demographic and anthropometric characteristics of the participants with SSNS and the
reference population are summarized in Table 1. Pubertal maturation was not significantly
delayed (assessed as age relative to Tanner stage) in the SSNS participants compared with
controls. The proportion of males was significantly greater in participants with SSNS consistent
with the demographics of childhood SSNS.(33) The significantly lower height Z-scores, greater
BMI Z-scores, and greater prevalence of obesity in the SSNS participants were consistent with
GC effects. Among the five girls >12 yr of age, three were menarcheal. The two that had not
yet achieved menarche were 12.3 and 13.7 yr of age and Tanner stages 3 and 2, respectively.
Among the three menarcheal girls, two reported regular menses and one reported irregular
menses; however, she was only 6 mo postmenarcheal.

Wetzsteon et al. Page 5

J Bone Miner Res. Author manuscript; available in PMC 2009 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The SSNS disease characteristics are summarized in Table 2. At the time of the study visit, 34
(62%) participants were taking oral GC therapy. Seven participants were taking daily
prednisone (median dose [range]: 40 mg/d [36−80 mg/d]) and 25 participants were taking
alternate day prednisone (median dose [range]: 25 mg on alternate days [6−80 mg on alternate
days]). GC data were incomplete in two participants. The majority of the remaining participants
had been treated with GCs in the prior 3-mo interval. Twenty-four (44%) participants had been
treated with steroid-sparing therapies including cyclophosphamide, mycophenolate mofetil,
and/or cyclosporine A. Among these, four participants had been treated with two medications
and four with all three medications in the past. At the time of the study visit, two participants
were taking cyclosporine A and five were taking mycophenolate mofetil. No participants were
taking diuretics at the time of the study visit. Overall, 6 and 23 SSNS participants had a history
of prior short-term therapy with thiazide diuretics or furosemide, respectively.

pQCT and DXA outcomes
The Z-scores for the pQCT and DXA outcomes in the participants with SSNS are summarized
in the first column in Table 3; the p value represents the comparison with the controls. The
greatest differences were observed for pQCT measures of trabecular and cortical vBMD.
TrabBMD Z-scores were significantly lower (p < 0.0001) and CortBMD Z-scores were
significantly greater (p < 0.0001) in SSNS compared with controls. The distributions of the
absolute values (mg/cm3) and the Z-scores for CortBMD (Fig. 1) and TrabBMD (Fig. 2) in
SSNS and controls are shown relative to age. The figures depicting the absolute values are
limited to white males given sex and racial differences in these parameters. Among the
participants with SSNS, CortBMD Z-scores were inversely correlated with age (R = −0.46, p
< 0.001) and were marginally greater in participants with lower height Z-scores (R = −0.26,
p = 0.06). Adjustment of CortBMD Z-scores for cortical thickness or cortical CSA did not alter
the results, confirming that group differences were not affected by CT partial volume effects.
(34) TrabBMD Z-scores in the participants with SSNS were not associated with age or with
height Z-scores. CortBMD Z-scores were comparable in males and females with SSNS (1.13
± 1.19 versus 1.25 ± 1.15; p = 0.70), respectively. There were no significant sex differences in
any of the bone parameters presented in Table 3. However, TrabBMD Z-scores were lower in
the males compared with females (−0.84 ± 1.53 versus −0.18 ± 1.07; p = 0.09). Height Z-scores
and SSNS disease characteristics (age at diagnosis, interval since diagnosis, and GC dose) did
not differ between males and females.

The cortical CSA Z-scores were significantly greater in the SSNS participants compared with
controls (p = 0.01). The periosteal circumference Z-scores were also greater in SSNS
participants compared with controls (0.22; 95% CI, −0.07, 0.51); however, the difference was
not significant (p = 0.13). The endosteal circumference Z-scores were comparable in SSNS
participants compared with controls (−0.03; 95% CI, −0.28, 0.27; p = 0.98). Both muscle CSA
(p = 0.01) and fat CSA (p < 0.001) Z-scores were greater in the participants with SSNS and
were highly correlated with BMI Z-scores (muscle: R = 0.53, p < 0.0001; fat: R = 0.85, p <
0.0001).

DXA PA areal BMD Z-scores were comparable in participants with SSNS and controls.
However, the WA BMD Z-scores were significantly lower in SSNS (p = 0.002). Although the
mean Z-scores for pQCT measures of TrabBMD and DXA measures of WA BMD were
comparable in magnitude, the correlation between these measures was only moderate (R =
0.34, p = 0.01).

Within the control participants, greater muscle and BMI Z-scores were each significantly and
positively associated with the Z-scores for all of the pQCT and DXA bone outcomes (all p <
0.0001), with the exception of CortBMD (p = 0.34). Given the associations between muscle,
BMI, and bone outcomes, each of the bone outcome Z-scores in Table 3 was adjusted for
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muscle CSA Z-score or BMI Z-score. The second column in Table 3 shows the effects of
adjusting the pQCT and DXA outcomes for muscle CSA Z-scores. Consistent with the positive
association between muscle and all of the bone Z-scores (except CortBMD) observed in the
controls, adjustment for the greater muscle CSA Z-scores in the SSNS subjects decreased the
point estimates of all of the bone Z-scores (except CortBMD). When the models were adjusted
for muscle CSA Z-scores and fat CSA Z-scores simultaneously, the muscle CSA Z-scores
remained significant, but fat CSA Z-scores were not significant in each model (independent
of muscle), and inclusion of fat CSA Z-scores in the models did not alter the point estimates
for the SSNS effects (data not shown).

Adjustment for BMI Z-score yielded results for pQCT TrabBMD and DXA WA BMD Z-scores
that were similar to the effects of adjustment for muscle CSA Z-score. For the CortBMC,
cortical CSA, Zp, and SSIp Z-scores, the adjustment for BMI Z-score yielded point estimates
for the SSNS effects that were intermediate between the unadjusted estimates and the models
adjusted for muscle Z-scores.

Biomarkers of bone turnover
When the participants with SSNS were compared with controls, BSALP and DPD levels were
marginally lower (BSALP: β coefficient [95% CI]: −0.04 [−0.09, 0.01], p = 0.09; DPD: −0.15
[−0.30, 0.01], p = 0.06), adjusted for age, sex, and Tanner stage. However, when the analyses
were limited to the SSNS participants that were taking GCs at the time of the study visit,
adjusted BSALP and DPD levels were significantly lower compared with controls (BSALP:
−0.06 [−0.12, −0.001], p = 0.04; DPD: −0.32 [−0.52, −0.12], p = 0.002).

Vitamin D and iPTH levels
The proportion of SSNS participants with vitamin D deficiency (25%) was not significantly
greater compared with controls (18%). However, multivariate logistic regression showed that
the odds of vitamin D deficiency in SSNS were significantly greater compared with controls
(OR = 3.21; 95% CI = 1.26, 8.14; p = 0.014) when adjusted for age, black race, and season.
Serum 1,25(OH)2 vitamin D levels were also significantly lower in the participants with SSNS
compared with controls (median, 34.6 versus 38.8; p = 0.008) and were not associated with
age, race, or season. Furthermore, iPTH levels relative to 25(OH)D and relative to 1,25
(OH)2D were significantly lower in SSNS compared with controls (p < 0.001 and p < 0.01,
respectively), as evaluated by linear regression. Vitamin D and iPTH levels were not associated
with the bone or body composition Z-scores in the healthy controls. However, 25(OH)D levels
were positively associated with TrabBMD Z-scores in the SSNS participants (R = 0.34, p <
0.02). TrabBMD Z-scores were significantly lower in SSNS participants with 25(OH)D levels
<15 ng/ml compared with those >15 ng/ml (−1.32 ± 0.92 versus −0.35 ± 1.35; p < 0.02);
however, TrabBMD Z-scores did not differ according to 25(OH)D levels less than versus
greater than 30 ng/ml. Within the controls, TrabBMD and CortBMD Z-scores were not
associated with 25(OH)D levels.

None of the SSNS participants were prescribed calcium, vitamin D, or other bone protective
treatments. However, 23 of the 55 SSNS participants were taking a multivitamin that contained
vitamin D. The vitamin D dose administered as a multivitamin varied from 40 to 400 IU/d.
Serum 25(OH)D levels were significantly greater in the 16 SSNS participants taking 400 IU/
d compared with those taking <400 IU/d or no vitamin D (median vitamin D level: 27 versus
19 ng/ml, p = 0.006), independent of age.

Sixteen of the SSNS participants were taking a multivitamin or supplement that contained
calcium. Of these, six were taking at least 200 mg/d, with one participant taking 500 mg and
one taking 1000 mg. None of the pQCT or laboratory measures differed between the six
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participants taking at least 200 mg/d compared with the remaining participants. iPTH levels in
the SSNS participants were not associated with prior diuretic use or current calcium or vitamin
D supplementation.

Associations between GCs, disease characteristics, and pQCT and DXA outcomes
Within the SSNS participants, concurrent GC therapy at the time of the study visit was not
associated with height, BMI, muscle CSA, or fat CSA Z-scores. Duration since disease
diagnosis was significantly and positively associated with fat CSA Z-score (R = 0.33, p =
0.016).

Participants with SSNS that were treated with GCs at the time of the study visit had lower
TrabBMD Z-scores compared with the SSNS participants not currently taking GCs (−0.87 ±
1.50 versus −0.13 ± 1.113, p = 0.06). A greater duration since disease diagnosis was associated
with significantly lower TrabBMD Z-scores (R = −0.39, p = 0.003). Current or prior
cyclosporine A therapy and prior diuretic therapy were not associated with TrabBMD Z-scores.
WA BMD Z-scores were not associated with concurrent GC therapy but were associated with
SSNS disease duration (R = −0.29, p = 0.04). PA areal BMD Z-scores were not associated with
concurrent GC therapy but were negatively associated with greater SSNS disease duration
(R = −0.31, p = 0.02). However, this relation did not persist when adjusted for height Z-scores,
consistent with the confounding effect of skeletal size on areal BMD Z-scores.

Participants with SSNS that were treated with GCs at the time of the study visit had greater
CortBMD Z-scores compared with the SSNS participants off GCs (1.38 ± 1.20 versus 0.84 ±
1.04); however, the difference was not significant (p = 0.10). CortBMD Z-scores were not
associated with disease duration, independent of age, at the time of the study visit. Current GC
therapy and the interval since SSNS diagnosis were not associated with any of the other cortical
outcomes.

Associations between iPTH levels, bone biomarkers, and vBMD Z-scores
Multivariable regression models showed that CortBMD Z-scores were inversely and
significantly associated with BSALP levels both within the healthy controls (each unit decrease
in log transformed BSALP was associated with a 1.18 SD greater CortBMD Z-score, β =
−1.18, 95% CI: −1.77, −0.59; p < 0.001) and within the SSNS participants (β = −3.00, 95%
CI: −5.23, −0.78; p = 0.009), adjusted for sex and Tanner stage. To determine whether these
relations were affected by growth, the models were further adjusted for height Z-scores.
Adjustment for height Z-scores did not attenuate the significant negative associations between
BSALP levels and cortical vBMD Z-scores within the controls (β = −1.17, 95% CI: −1.77,
−0.58; p < 0.001) or SSNS participants (β = −2.84, 95% CI: −5.18, −0.51; p = 0.018). Similar
associations were observed with DPD levels: DPD levels were inversely and significantly
associated with cortical vBMD Z-scores both within the healthy controls (β = −0.16, 95% CI:
−0.31, −0.02; p = 0.028) and within the SSNS participants (β = −1.18, 95% CI: −1.87, −0.49;
p = 0.001), adjusted for sex and Tanner stage. When adjusted for height Z-scores, these
associations persisted in the SSNS participants (β = −1.18, 95% CI: −1.84, −0.53; p < 0.001)
and were marginal in the controls (β = −0.15, 95% CI: −-0.29, 0.00; p = 0.05). Bone biomarkers
were not associated with TrabBMD Z-scores in SSNS or controls.

In multivariable log-transformed models adjusted for sex and Tanner stage, iPTH levels were
positively correlated with BSALP (β = 0.09, 95% CI: 0.05, 0.13; p < 0.0001) and DPD (β =
0.15, 95% CI: −0.01, 0.30; p = 0.07) levels within the control subjects. These relations were
not evident within the SSNS participants (BSALP: β = 0.06, 95% CI: −0.05, 0.16; p = 0.3;
DPD: β = 0.02, 95% CI: −0.30, 0.34; p = 0.9).
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In multivariate analyses, iPTH levels were not significantly associated with CortBMD Z-scores
within the SSNS subjects or controls, adjusted for sex and Tanner stage. In contrast, iPTH
levels were negatively associated with TrabBMD Z-scores in the SSNS subjects (β = −0.84;
95% CI: −1.62, −0.07; p = 0.03); this relation was not observed in the controls (β = −0.23; 95%
CI: −0.51, 0.05; p = 0.10). Adjustment for iPTH levels eliminated the positive association
observed between 25(OH)D levels and TrabBMD Z-scores in the SSNS participants.

DISCUSSION
This study extends the findings of previous studies(14,15,35) by evaluating the effects of GCs
on pQCT estimates of cortical and trabecular vBMD, cortical structure and biomarkers of bone
metabolism in children and adolescents with SSNS. These data showed significant, but
divergent, alterations in trabecular and cortical vBMD. Despite the greater muscle area and
BMI Z-scores in the SSNS participants compared with controls, cortical dimensions did not
differ significantly, with the exception of modest elevations in cortical CSA. Finally,
biomarkers of bone turnover were inversely associated with CortBMD in SSNS participants
and controls and were lower in SSNS participants treated with GCs at the time of the study
visit compared with controls.

Our previous DXA studies in an earlier cohort of children and adolescents with SSNS showed
that the greater whole body BMC relative to height in SSNS was associated with GC-induced
increases in BMI Z-scores.(14) Similarly, the greater femoral shaft dimensions in SSNS were
associated with greater whole body lean mass.(15) These findings were consistent with our
prior reports in otherwise healthy obese children that greater BMI and lean mass were
associated with greater whole body BMC and femoral shaft dimensions.(2,36,37) However,
the pQCT data presented here did not show significantly greater cortical dimensions in this
cohort of SSNS participants compared with controls, with the exception of moderate increases
in cortical CSA. The significantly greater CortBMC Z-scores in SSNS were predominantly
caused by the significantly greater CortBMD. Although these two populations of children and
adolescents with SSNS were recruited from the same nephrology clinic with comparable
enrollment criteria, the elevation in mean BMI Z-scores in this more recent cohort was less
pronounced (0.81 ± 1.05 versus 1.24 ± 1.00) compared with the prior cohort. The greater use
of steroid-sparing therapies in recent years may have attenuated GC-induced obesity and
consequent increases in bone dimensions.

The greatest alterations in bone outcomes in SSNS were observed for trabecular and cortical
vBMD. pQCT measures of vBMD reflect “compartment density”: the amount of mineral
divided by the volume of the trabecular or cortical compartment. The resolution of pQCT is
insufficient to define individual trabeculae or cortical canals and lacunae. Rather, the trabecular
compartment includes the marrow space, and the cortical compartment includes Haversian
canals, canaliculi, and lacunae.(38) In the metaphysis, the trabecular compartment vBMD is a
function of the bone volume fraction and the material BMD distribution (BMDD) within the
individual trabeculae. In the diaphysis, the cortical compartment vBMD is a function of the
volume occupied by canals, canaliculi, and lacunae, as well as the material BMDD of the
compact bone. To our knowledge, no studies have examined the impact of GC on the material
BMDD of cortical or trabecular bone.

As described by Dalle Carbonare et al.,(39) bone mineralization occurs in phases. After the
osteoblasts replace the bone within each bone-remodeling unit, secondary mineralization
progressively increases the mineral content of the bone matrix. Newer techniques, such as
quantitative backscattered electron imaging, have shown that the BMDD reflects bone turnover
because new bone within the bone-remodeling unit is less mineralized.(40) For example, higher
bone turnover in postmenopausal osteoporosis is associated with lower BMDD, and reductions
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in bone turnover caused by antiresorptive therapy result in an increase in BMDD.(41)
Therefore, GC-induced reductions in bone resorption and formation could extend the phase of
secondary mineralization, increasing the cortical and trabecular BMDD.

Our finding of significantly lower trabecular compartment vBMD in SSNS participants is
consistent with prior histomorphometric reports that GCs result in preferential trabecular bone
loss with reductions in bone volume fraction, trabecular thickness, and trabecular connectivity.
(3) Trabecular compartment vBMD measures cannot distinguish between alterations in bone
volume fraction and BMDD. We hypothesize that the lower trabecular vBMD observed here
is not caused by lower BMDD; rather it is more likely caused by reductions in bone volume
fraction, perhaps because of a greater reduction in bone formation relative to the reduction in
bone resorption over time. Given the greater muscle CSA Z-scores in SSNS participants, it is
unlikely that decreased physical activity contributed to the trabecular vBMD deficits. The sex
differences in TrabBMD observed here require further study.

The lower trabecular vBMD is largely consistent with prior QCT studies of trabecular outcomes
in SSNS. Hegarty et al.(35) reported that trabecular vBMD was significantly reduced in the
distal radius in 34 adults with a history of childhood SSNS. Similarly, a study of 26 children
with SSNS reported lower radius trabecular vBMD.(42) A longitudinal spine QCT study in 20
children with SSNS showed that prednisone was associated with a 12% reduction in spine
BMC over 1 yr.(43) In contrast, one series of 16 children with SSNS did not show significant
reductions in radius trabecular vBMD, likely because of the small sample size and
heterogeneous sample.(44)

This study is the first to report that GC therapy was associated with significantly greater cortical
compartment vBMD. However, the few prior studies of GC effects on cortical bone were likely
confounded by the effects of the underlying inflammatory disease and proresorptive cytokines.
The only bone biopsy study to examine cortical bone histomorphometry in participants treated
with GCs reported greater cortical porosity and greater numbers of Haversian canals, with a
lower proportion of actively remodeling canals, compared with controls.(45) Cortical thickness
was not affected. The authors attributed the greater cortical porosity to an early transient
increase in activation frequency coupled with low bone formation, followed by a chronic phase
of low bone turnover. The degree of matrix mineralization was not reported. As the
investigators noted, the effects of the underlying inflammatory disease may have contributed
to the observed changes in cortical porosity. Lian et al.(46) assessed cortical vBMD by QCT
in the proximal femur in GC-treated osteoporotic postmenopausal women on hormone
replacement therapy compared with osteoporotic postmenopausal controls. Whereas the GC-
treated participants had significantly lower cortical vBMD and endocortical thinning in the
femoral neck and trochanter, they had long-standing (13 yr, on average) underlying chronic
inflammatory conditions, chiefly rheumatoid arthritis, systemic lupus erythematosus, or
vasculitis, which likely contributed to cortical bone loss.(47)

Cortical vBMD was examined in one study of children with SSNS(42); however, the pQCT
scans were obtained in the distal metaphysis and the vBMD was likely underestimated because
of partial volume effects in the thin cortical shell at this site.(34) Whereas cortical vBMD was
reduced in SSNS participants overall, cortical vBMD was higher in the subjects treated with
high cumulative GC doses compared with those with lower doses. Of note, the study of adults
with a history of childhood SSNS reported reduced trabecular vBMD but normal total bone
vBMD in the distal metaphysis,(35) suggesting that greater cortical vBMD may have offset
trabecular bone deficits.

Our finding of greater cortical compartment vBMD may represent greater cortical BMDD or
lower cortical porosity. We hypothesize that chronic GC therapy in SSNS resulted in low bone
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turnover (as suggested by the bone biomarker results), effectively resulting in older bone within
the bone remodeling unit, with greater secondary mineralization. This hypothesis is further
supported by the significant associations between lower bone biomarkers and higher CortBMD
within the SSNS participants and the healthy controls. Newly formed bone is less mineralized
than mature bone. Therefore, potential adverse GC effects on bone modeling (linear growth,
periosteal bone accrual, and endocortical resorption) may also contribute to the greater
CortBMD Z-scores observed in the SSNS participants. However, given that cortical CSA Z-
scores were greater in the SSNS participants compared with controls, it is unlikely that
impairment of modeling contributed to the elevated CortBMD Z-scores observed in the
participants with SSNS. It has also been reported that accelerated linear growth during growth
hormone therapy is associated with declines in cortical vBMD in children.(48) Therefore, the
greater CortBMD Z-scores observed in SSNS may be caused, in part, by GC-induced
impairment in growth. However, adjustment for height Z-scores did not attenuate the
significant inverse relations between bone biomarkers and CortBMD in SSNS participants or
controls.

It is not known if the greater cortical vBMD and SSIp in SSNS results in greater bone strength,
or alternatively, indicates poor quality bone with reduced strength. Whereas greater bone
mineralization imparts greater stiffness to bone, too great a degree of mineralization can induce
fragility through a decrease in toughness (the energy needed to cause a fracture).(49,50)
Furthermore, low turnover conditions are associated with an increase in crystal size, resulting
in bones that are more prone to breaking because of brittleness.(51) For optimal bone strength,
there should be a wide distribution of crystal size, as seen under conditions of normal bone
remodeling.(49) Animal studies have shown that denser bones are more brittle and susceptible
to microdamage accumulation,(52) and a study in cadaveric human tibias confirmed these
findings.(53) Similarly, composite pQCT cortical bone measurements that incorporate
structure and density (e.g., SSIp) are less accurate in the prediction of radius failure load than
measurements assessing structure alone.(22)

The DXA lumbar spine results in this study showed that SSNS was associated with significantly
lower WA BMD Z-scores compared with controls; however, conventional areal BMD Z-scores
did not differ. WA BMD includes a lateral projection that measures BMC contained with the
predominantly trabecular vertebral body, excluding the cortical spinous process. Given the
opposing effects of GCs on trabecular and cortical vBMD reported here, the normal PA areal
BMD Z-scores may be caused by superimposed cortical and trabecular bone within the
projected bone area. We recently reported similar patterns of WA BMD and PA areal BMD
Z-scores in children with juvenile idiopathic arthritis.(54) We concluded that WA BMD may
be more sensitive to disease and GC effects in children because it selectively measures the
trabecular rich vertebral body and is independent of growth-related changes in the BMC of the
dense cortical spinous processes. These conclusions are consistent with reports that WA BMD
provides greater fracture discrimination than PA areal BMD or estimates of vBMD based on
the PA scans alone (i.e., bone mineral apparent density [BMAD]) in adults,(24) and use of
lateral scans provides a more sensitive indicator of GC-induced bone loss.(55)

Last, this study showed that SSNS was associated with greater odds of vitamin D deficiency
and lower 1,25(OH)2D levels. However, the lower vitamin D levels were not associated with
the expected compensatory elevation in iPTH levels compared with controls. It is possible that
the lower vitamin D levels in SSNS were caused by chronic urinary losses of vitamin D binding
protein with maintenance of normal free (unbound) vitamin D levels, as previously described.
(56) The association between trabecular vBMD Z-scores and vitamin D levels may also reflect
greater GC therapy and greater urinary losses of vitamin D binding protein in subjects with
more frequent or sustained relapses, rather than a mineralization defect caused by vitamin D
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deficiency. Given the substantially elevated CortBMD Z-scores observed here, it is unlikely
that vita-min D deficiency results in impaired mineralization in SSNS.

iPTH levels were positively correlated with bone bio-markers within controls subjects. These
relations were not evident within the SSNS participants, likely because of the smaller sample
size or potentially because of direct GC effects on bone remodeling and modeling. The etiology
of the lower iPTH levels in the SSNS participants compared with controls is not known. Recent
studies reported that proinflammatory cytokines (IL-6 and IL-1β) upregulated calcium-sensing
receptor gene transcription, resulting in decreased circulating PTH and 1,25(OH)2D levels.
(57,58) To our knowledge, no studies have assessed the effects of glucocorticoids on the
calcium-sensing receptor.

The greatest limitations of this study are the cross-sectional design and the absence of dynamic
bone histomorphometry to assess bone remodeling rates and mineralization. However, this is
the first study to examine cortical vBMD in the diaphysis in children and adolescents with
SSNS and the first pQCT study to use a large, robust control population to adjust for age, sex,
race, bone length, and body composition. Furthermore, this is the first study to show a
significant inverse relation between levels of biomarkers of bone metabolism and CortBMD
Z-scores. Despite the established adverse effects of GCs on bone formation by osteoblasts, this
study did not show any deficits in cortical bone cross-sectional geometry, suggesting bone
modeling on the periosteal and endosteal surfaces relative to bone length was not adversely
affected. The greater muscle CSA in the SSNS participants may have exerted a protective effect
on bone modeling because of greater biomechanical loading. The low TrabBMD Z-scores in
the SSNS participants are consistent with established GC effects. Future longitudinal studies
are needed to determine the associations between concurrent GC exposure, and changes in
bone histomorphometry, microarchitecture, BMDD, and fracture rates in children and
adolescents.
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FIG. 1.
Distributions of (A) absolute CortBMD (mg/cm3) and (B) CortBMD Z-scores are shown
relative to age in SSNS participants and healthy controls. The absolute CortBMD data in A are
limited to white males, given race and sex effects on CortBMD. The age-, sex-, and race-
specific CortBMD Z-scores in B are shown for all SSNS and control participants. Absolute
CortBMD values increase with age in the healthy controls, as expected. The age-specific
CortBMD Z-scores do not increase with age in the healthy controls, as expected.
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FIG. 2.
Distributions of (A) absolute TrabBMD (mg/cm3) and (B) TrabBMD Z-scores are shown
relative to age in SSNS participants and healthy controls. The absolute TrabBMD data in A
are limited to white males, given race and sex effects on TrabBMD. The age-, sex-, and race-
specific TrabBMD Z-scores in B are shown for all SSNS and control participants. Absolute
TrabBMD values increase with age in the healthy controls, as expected. The age-specific
TrabBMD Z-scores do not increase with age in the healthy controls, as expected.
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Table 1
SSNS and Control Participant Characteristics

Variable SSNS Healthy controls p

N 55 903*

Age (yr) 10.3 ± 4.05 11.8 ± 3.89 0.004

Range 5.11−19.0 5.00−22.0

Sex [n (%) male] 34 (62) 435 (48) 0.04

Race [n (%)] 0.09

    White 34 (62) 428 (48)

    Black 14 (25) 387 (43)

    Asian 2 (4) 19 (2)

    American Indian/Alaskan Native 0 (0) 9 (1)

    Other 5 (9) 52 (6)

Tanner stage (n for stages 1, 2, 3, 4, 5) 29,8,10,4,4 321,110,122,188,162 0.009

Height Z-score −0.27 ± 0.89 0.27 ± 0.92 <0.0001

    Range −2.65−1.44 −2.59−3.26

BMI Z-score 0.80 ± 1.05 0.36 ± 1.02 0.002

    Range −2.79−2.62 −3.45−2.99

Obese [n (%)] 15 (27) 89 (10) <0.0001

All values are means ± SD, unless otherwise noted.

*
pQCT reference data were available in 652−676 subjects; pQCT body composition and DXA spine reference data were available in 803−865 subjects.
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Table 2
SSNS Disease Characteristics

Variable

Age at diagnosis (yr) 3.7 (0.5−14.9)

interval since diagnosis (yr) 5.1 (0.5−16.2)

On GCs at visit [n (%)] 34 (62)

Days since last GC dose (for those not on GCs at visit) 77 (5−298)

Months since last GC dose [n (%)] (for those not on GCs at visit)

    0−3 mo 13 (24)

    3−6 mo 3 (5)

    6−9 mo 2 (4)

    9−12 mo 3 (5)

History of other immunosuppressant therapy [n (%)] 24 (44)

    Cyclophosphamide 19 (35)

    Mycophenolate mofetil 9 (16)

    Cyclosporine A 8 (15)

Continuous data are presented as median (range).

Categorical data are presented as n (%).
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