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Low bone mineral density (BMD) disproportionately affects people with sickle cell disease

Key Points

(SCD). Growth faltering is common in SCD, but most BMD studies in pediatric SCD cohorts

• Despite adjusting for
short stature, low BMD
remains highly prevalent in adolescents with
SCD.

fail to adjust for short stature. We examined low BMD prevalence in 6- to 18-year-olds
enrolled in the Sickle Cell Clinical Research and Intervention Program (SCCRIP), an ongoing
multicenter life span SCD cohort study initiated in 2014. We calculated areal BMD for
chronological age and height-adjusted areal BMD (Ht-aBMD) z scores for the SCCRIP cohort,
using reference data from healthy African American children and adolescents enrolled

• Low BMD independently associates with
chronic pain and hip
osteonecrosis in
pediatric SCD.

in the Bone Mineral Density in Childhood Study. We deﬁned low BMD as Ht-aBMD z scores
less than or equal to –2 and evaluated its associations with demographic and clinical
characteristics by using logistic regression analyses. Of the 306 children and adolescents
in our study cohort (mean age, 12.5 years; 50% female; 64% HbSS/Sb0-thalassemia genotype;
99% African American), 31% had low areal BMD for chronological age z scores and 18%
had low Ht-aBMD z scores. In multivariate analyses, low Ht-aBMD z scores associated with
adolescence (odds ratio [OR], 7.7; 95% conﬁdence interval [CI], 1.94-30.20), hip osteonecrosis
(OR, 4.0; 95% CI, 1.02-15.63), chronic pain (OR, 10.4; 95% CI, 1.51-71.24), and hemoglobin
(OR, 0.74; 95% CI, 0.57-0.96). Despite adjusting for height, nearly 20% of this pediatric SCD cohort
still had very low BMD. As the SCCRIP cohort matures, we plan to prospectively evaluate the
longitudinal relationship between Ht-aBMD z scores and markers of SCD severity and morbidity.

Introduction
Sickle cell disease (SCD) affects ;100 000 people in the United States1 and millions in the developing
world.2 SCD is characterized by recurrent vaso-occlusive episodes (VOEs), which occur when dense
aggregates of lysis-prone sickled red blood cells, activated leukocytes, and platelets adhere to the
microvascular endothelium and impair perfusion to tissues and organs downstream from the
obstruction.3 In preclinical studies of sickle cell mice exposed to repeated hypoxia-reperfusion stress
(a proxy for recurrent VOEs), osteoclast-driven bone resorption markers increased while osteoblastmediated bone formation markers decreased.4 Adults with SCD also exhibited increased plasma and
urine markers of bone resorption at baseline, compared with age-matched non-SCD control subjects.5,6
Urinary bone resorption markers increased during painful VOEs in adults with SCD, above already
elevated baseline levels.7 This ongoing perturbation in bone homeostasis predisposes, in part, to low
bone mineral density (BMD) in SCD.
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The natural history of low BMD and osteoporosis in SCD has
not been described. Low BMD reportedly affects 30% to 40%
of children and adolescents with SCD,8-10 compared with an
estimated 2.3% prevalence in age-specific reference populations.11
However, low BMD prevalence rates in pediatric SCD were
primarily derived from small, cross-sectional studies, and contributing disease-related factors are not well established. The potential impact on bone density from clinical complications of SCD,
including chronic hemolysis, red blood cell transfusion-associated
iron overload, pubertal delay, low lean muscle mass, and vitamin D
deficiency or behavioral factors such as low dietary calcium intake
and physical inactivity due to chronic pain,12-14 require further
investigation in a large SCD cohort.
Dual-energy X-ray absorptiometry (DXA) scans estimate areal bone
mineral density (aBMD) from 2-dimensional projections of bone;
aBMD does not account for bone depth and is therefore subject to
size-related artifacts. In children, aBMD is converted to age- and
sex-specific z scores indicating the number of standard deviations above or below reference population means. Height-adjusted
aBMD z scores can correct the aforementioned size-related
artifacts in aBMD assessment and further estimate the degree to
which a low aBMD z score may be attributed to short stature.15
Adjusting aBMD z scores for height also accounts, in part, for
pubertal timing through the effects of delayed or advanced puberty
on height (ie, children with delayed puberty are typically short for
age and vice versa).16
Growth delay commonly affects children and adolescents with
SCD.9,13,17-20 The goal of the present study was to estimate low
aBMD prevalence in a large longitudinal pediatric SCD cohort,
determine the degree to which growth faltering affects low
aBMD prevalence, and evaluate its association with clinical
features of SCD. We analyzed aBMD from DXA scans of children
and adolescents with SCD enrolled in the Sickle Cell Clinical
Research and Intervention Program (SCCRIP), a lifetime cohort
study of SCD maintained at St. Jude Children’s Research
Hospital.21 We hypothesized a high prevalence of low bone
density in our study participants, even after adjusting for low
height.9,10,22-24 We also report on the clinical characteristics and
laboratory abnormalities associated with low aBMD z scores in
this pediatric SCD cohort.

Methods
This study included all pediatric SCCRIP participants who had
undergone a screening DXA scan at steady state. Briefly, SCCRIP
was initiated in April 2014 and comprises retrospective and
longitudinal data on clinical, neurocognitive, geospatial, psychosocial, and health outcomes from all children, adolescents, and adults
with SCD recruited from the 5 participating centers.21 Biological
samples are banked for future genomics and proteomics studies.
SCD-related outcomes, such as frequency of painful VOEs,
emergency department visits or hospitalizations, exposure to
disease-modifying therapy (eg, hydroxyurea, erythrocyte transfusions), end-organ function assessment (brain and skeletal
imaging, transthoracic echocardiogram, and urinalysis), and
overall mortality data are retroactively collected from time of
enrollment and at prespecified intervals thereafter. St. Jude
Children’s Research Hospital’s institutional review board approved of SCCRIP, and this study was conducted in accordance
with the Declaration of Helsinki.
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SCCRIP BMD cohort selection
Asymptomatic SCCRIP pediatric subjects are screened for low
aBMD with DXA scans of the posterior anterior spine and whole
body from age $6 years, which is when most children can comply
with the positioning required for the study. Per protocol, children
and adolescents not meeting the International Society for Clinical
Densitometry criteria for osteoporosis at baseline continue with
surveillance DXA scans every 6 years thereafter. We selected
our study cohort from SCCRIP participants aged 6 to18 years at
the time of their first screening DXA study and stratified them,
according to chronological age, into 2 predefined developmental
stages: early school-age (6 to ,12 years) and adolescents
(12-18 years).21 For those with multiple DXA scans, only the
initial screening DXA scan was included in the analysis.

DXA scans and reference data
DXA scans of the total body less head (TBLH) were obtained by
using a Hologic QDR-4500A device (Hologic Inc., Bedford, MA).
All DXA scans included in this study were acquired between
20 May 2014 and 31 December 2017. Our reference population
comprised healthy, typically developing African American children
and young adults, aged 5 to 20 years, enrolled in the Bone Mineral
Density in Childhood Study (BMDCS), a multicenter study that
generated BMD reference curves from African American and
non–African American control subjects across the United States.25

Clinical and laboratory variables
Pertinent clinical variables extracted from birth up to the DXA scan
date included frequency of VOEs (defined as painful episodes,
dactylitis, acute chest syndrome, or priapism requiring administration of IV analgesia in the clinic, emergency department, or
inpatient setting), hydroxyurea exposure, duration of hydroxyurea
treatment, chronic erythrocyte transfusions (defined as $4 erythrocyte transfusions per year), symptomatic hip osteonecrosis (confirmed on centrally reviewed magnetic resonance imaging of the
hip joint), severity of hip osteonecrosis (based on the percentage of
femoral head volume occupied by the necrotic lesion26), and chronic
pain (defined as pain that recurs or persists for .6 months, partly
based on consensus guidelines for chronic SCD pain).27
We included laboratory data obtained at steady state and within
30 days (often on the same day) of the DXA scan dates such as
complete blood cell counts, quantitative fetal hemoglobin, serum
creatinine, blood urea nitrogen, calcium, lactate dehydrogenase,
liver function tests, high-sensitivity C-reactive protein, serum ferritin,
25-hydroxyvitamin D (25[OH]D), and parathyroid hormone levels.
Because there is lack of consensus on optimal circulating concentrations of 25(OH)D, we defined vitamin D status as follows: normal,
25(OH)D $30 ng/mL; insufficient, 20 ng/mL #25(OH)D ,30 ng/mL;
and deficient, 25(OH)D ,20 ng/mL. These definitions were based
on thresholds recommended by the Endocrine Society28,29 and the
Society for Adolescent Health and Medicine.30

Statistical analyses
We calculated age-, sex-, and ancestry-specific aBMD z scores, as
well as height-adjusted aBMD z scores (Ht-aBMD z scores) using
formulas generated from BMDCS reference data. TBLH aBMD
z scores were used as the primary bone density assessment for the
study cohort. Per the International Society for Clinical Densitometry
criteria, aBMD was categorized as low (aBMD-for-age or Ht-aBMD
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z scores less than or equal to 22) or normal (aBMD-for-age or
Ht-aBMD z scores greater than 22).31 Summary statistics were
reported for all patients by using count and frequency for categorical variables, and mean, standard deviation, median, and range
for continuous variables. Results of the analyses were stratified
according to age category, sex, and BMD status. Differences
were compared between groups by using Fisher’s exact test or
x2 test for categorical variables, and a 2-sample Student t test or
Wilcoxon rank sum test for continuous variables. We assessed data
normality on continuous variables by using the Shapiro Wilk test.
The McNemar test was used to compare proportions of patients
with low BMD by using the aforementioned categorical values for
aBMD z scores and Ht-aBMD z scores.
Univariate logistic regression models were used to evaluate the
association between low aBMD vs normal aBMD and covariates
of interest. We then conducted multivariate logistic regression
analyses on those covariates with a nominal association level of
0.1 from the univariate analyses, based on a step-wise model
selection strategy. The same analyses were repeated on a subset of children and adolescents with HbSS/HbSb0-thalassemia
genotype, who typically have a more severe disease course. All
data were analyzed by using R 3.2.5 software (R Foundation
for Statistical Computing, Vienna, Austria), and P , .05 was
considered statistically significant throughout the study.

Results
Of the 1084 people enrolled in SCCRIP as of 31 December 2017,
a total of 332 had undergone at least 1 routine DXA scan. To
reduce sample heterogeneity, we excluded people without TBLH
BMD results, those who were aged .18 years at the time of their
first DXA scan, and those with rare sickle genotypes. The final BMD
study cohort comprised 306 school-age children and adolescents
with 323 DXA scans. Fourteen subjects had .1 DXA scan, but we
only included their initial studies to ensure all study participants
were measured at baseline.

Participant characteristics
Table 1 shows the characteristics of the entire SCCRIP BMD
cohort (N 5 306), stratified according to age category and sex.
SCD genotype, race/ethnicity, and exposure to disease-modifying
therapy did not differ between children and adolescents. Ninety-six
(31%) of the 306 subjects had low BMD, based on standard aBMD
z scores. Using Ht-aBMD z scores, however, 56 (18%) of the 306
met low BMD criteria. Differences in Ht-aBMD z scores between
school-age children and adolescents persisted after stratification
according to sex. Low BMD prevalence using Ht-aBMD z scores
was statistically significantly lower compared with estimates from
standard aBMD z scores (18% vs 31%; P 5 2 3 1028) according
to the McNemar test.
Low BMD was more prevalent in male subjects than in female
subjects according to either standard aBMD z scores (33%
male vs 29% female) or Ht-aBMD z scores (20% male vs 16%
female). Overall, adolescent male subjects had the highest prevalence of low BMD according to both standard aBMD z scores
(38%) and Ht-aBMD z scores (28%) (Table 1). Figure 1A-B
illustrates the height distribution of the study cohort, stratified according to sex, compared with stature-for-age growth
charts from the US National Center for Health Statistics (race/
ethnicity nonspecific). Approximately 58% of the SCCRIP study
1478

ADESINA et al

cohort fell below the 50th percentile (z score 5 0) curve for
stature-for-age (P 5 .007). Figure 1C-D illustrates the TBLH
aBMD distribution of the study cohort (stratified according to
sex), compared with healthy African American control subjects
from BMDCS. TBLH aBMD curves are not corrected for height
because the BMDCS height adjustment formulas apply to aBMD
z scores only. Figure 2 juxtaposes standard aBMD z scores
with Ht-aBMD z scores to illustrate how adjusting for height in
children and adolescents with SCD significantly decreases low
BMD prevalence.
Supplemental Table 1 summarizes the baseline characteristics of
children and adolescents with HbSS/HbSb0-thalassemia genotype
only (n 5 196 [64% of the entire study cohort]). We found similar
results in the HbSS/HbSb0-thalassemia subgroup, compared with
the entire BMD cohort. However, the differences between those with
normal vs low BMD in this subgroup analysis were more marked:
49% adolescent male subjects with HbSS/HbSb0-thalassemia met
low BMD criteria per standard aBMD z scores, compared with
35% using Ht-aBMD z scores (P 5 .003). Supplemental Figure 1
compares the age distribution of aBMD z scores (panels A-B)
and Ht-aBMD z scores (panels C-D), stratified according to sex,
for the HbSS/HbSb0-thalassemia subgroup.

Clinical correlates of height-adjusted BMD
Table 2 compares clinical differences between study subjects with
and without low Ht-aBMD z scores, stratified according to sex.
HbSS/HbSb0/1-thalassemia genotype, older age, adolescence,
duration of hydroxyurea treatment, chronic pain, and hip osteonecrosis
(both severe and less severe grades) statistically significantly
associated with low Ht-aBMD z scores. School age category and
HbSC genotype inversely associated with low Ht-aBMD z scores.
The dose-dependent association between vitamin D status and
low BMD in female subjects approached statistical significance
(52% vitamin D deficient, 40% vitamin D insufficient, and 8%
vitamin D replete) (P 5 .053).
In the HbSS/HbSb0-thalassemia subgroup, low BMD associated
with older age, adolescent age category, fewer average VOEs
per year, and hip osteonecrosis; only the association with age and
adolescence in male subjects remained statistically significant after
stratification according to sex (supplemental Table 2). In female
subjects with HbSS/HbSb0-thalassemia, low BMD correlated
with vitamin D status at almost identical prevalence rates as those
observed in the overall cohort: 53%, 37%, and 11% of female
subjects with low BMD were vitamin D deficient, insufficient, and
replete, respectively (P 5 .10).

Laboratory correlates of height-adjusted low
bone density
Low Ht-aBMD z scores significantly associated with lower
hemoglobin, higher total/indirect bilirubin, and lower calcium in
the entire cohort; these associations only remained statistically
significant in male subjects after stratification according to sex
(Table 3). In female subjects, low Ht-aBMD z scores significantly
associated with lower vitamin D levels (P 5 .039). In the HbSS/
HbSb0-thalassemia subgroup, hemoglobin no longer correlated
with low Ht-aBMD z scores (supplemental Table 3). However,
higher total and indirect bilirubin, lower fetal hemoglobin, and lower
calcium associated with low Ht-aBMD z scores. Indirect bilirubin
and fetal hemoglobin remained statistically significantly different in
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54 (56.2)

20.12 6 1.07

Height-for-age z scores

20.80 6 0.69*

4 (4.2)*

Data are presented as n (%) or mean 6 standard deviation.
Hb, hemoglobin; RBC, red blood cell.
*P , .05 between school-age vs adolescent values.
†Defined as $4 RBC transfusions per year.

TBLH Ht-aBMD z score

Low

Normal

TBLH Ht-aBMD z score

92 (95.8)*

21.36 6 1.05*

52 (24.8)*

158 (75.2)*

21.60 6 1.25*

21.14 6 1.03*

TBLH aBMD z score

73 (34.8)

Low

137 (65.2)

73 (76.0)

23 (24.0)

Normal

TBLH aBMD z score

0.86 6 0.11*

20.21 6 1.11

122.2 6 9.74*

Height, cm

0.58 6 0.07*

160.0 6 11.53*

1 (1.0)

TBLH aBMD, g/cm2

8 (3.8)

95 (99.0)

Yes

202 (96.2)

127 (60.5)

83 (39.5)

0 (0)

210 (100.0)

14.8 6 2.16*

22 (10.5)

52 (24.8)

136 (64.8)

No

Chronic RBC transfusions†

42 (43.8)

Yes

2 (2.1)

94 (97.9)

7.2 6 1.13*

7 (7.3)

No

Hydroxyurea use

Other

African American

Race/ethnicity

Age at DXA, y

HbSb1-thalassemia

61 (63.5)

28 (29.2)

HbSC

Adolescent (n 5 210 [68.6%])

All (N 5 306)

School-age (n 5 96 [31.4%])

HbSS/Sb0-thalassemia

SCD genotype

Variable

27 (58.7)

20.81 6 0.72*

2 (4.4)*

44 (95.6)*

21.07 6 1.06*

11 (23.9)

35 (76.1)

0.57 6 0.06*

20.19 6 0.96

120.7 6 7.97*

0 (0)

46 (100)

25 (54.4)

21 (45.6)

2 (4.4)

44 (95.6)

7.0 6 0.78*

3 (6.5)

16 (34.8)

21.34 6 1.02*

23 (21.5)*

84 (78.5)*

21.54 6 1.20*

34 (31.8)

73 (68.2)

0.85 6 0.09*

20.14 6 1.09

158.1 6 8.51*

6 (5.6)

101 (94.4)

63 (58.9)

44 (41.1)

0 (0)

107 (100)

14.9 6 2.16*

10 (9.4)

30 (28.0)

67 (62.6)

Adolescent (n 5 107 [69.9%])

Female (n 5 153)
School-age (n 5 46 [30.1%])

Table 1. Baseline demographic characteristics and DXA results for the SCCRIP BMD Cohort

34 (68.0)

20.80 6 0.67*

2 (4.0)*

48 (96.0)*

21.20 6 1.01*

12 (24.0)

38 (76.0)

0.59 6 0.08*

20.05 6 1.17

123.5 6 11.03*

1 (2.0)

49 (98.0)

29 (58.0)

21 (42.0)

0 (0)

50 (100)

7.4 6 1.37*

4 (8.0)

12 (24.0)

21.37 6 1.08*

29 (28.2)*

74 (71.8)*

21.65 6 1.30*

39 (37.9)

64 (62.1)

0.86 6 0.14*

20.29 6 1.13

161.9 6 13.77*

2 (1.9)

101 (98.1)

64 (62.1)

39 (37.9)

0 (0)

103(100)

14.7 6 2.17*

12 (11.6)

22 (21.4)

69 (67.0)

Adolescent (n 5 103 [67.3%])

Male (n 5 153)
School-age (n 5 50 [32.7%)

B

A

Height: Male

Height: Female
3rd
10th
50th
90th
97th

180

160

Height (cm)

160

Height (cm)

3rd
10th
50th
90th
97th

180

140

140

120

120

100

100
6

8

10

12

14

16

6

18

8

10

14

16

18

D

C

Total Body Less Head BMD: Male

Total Body Less Head BMD: Female
2nd
10th
50th
90th
98th

1.2

Total body less head BMD (gm/cm2)

Total body less head BMD (gm/cm2)

12

Age (years)

Age (years)

1.0

0.8

0.6

0.4

2nd
10th
50th
90th
98th

1.2

1.0

0.8

0.6

0.4
6

8

10

12

14

16

18

Age (years)

6

8

10

12

14

16

18

Age (years)

Figure 1. Sex differences in height-for-age and TBLH aBMD-for-age curves in the SCCRIP pediatric cohort. Stature-for-age curves for female subjects (A) and male
subjects (B) in the SCCRIP pediatric cohort, compared with reference data from healthy children and adolescents from the US National Center for Health Statistics. TBLH aBMD
vs chronological age for female subjects (C) and male subjects (D) in the SCCRIP pediatric cohort. The TBLH aBMD reference curves were obtained from healthy African American
control subjects, ages 6 to 18 years, enrolled in the BMDCS. The 50th percentile (green line) represents the mean value-for-age (z score 5 0) of the reference populations.

Univariate and multivariate analyses for correlates of
height-adjusted low bone density

cohort (supplemental Table 4). In the HbSS/HbSb0-thalassemia
subgroup, only older age, adolescence, and hip osteonecrosis
significantly associated with low Ht-aBMD z score. Lower hemoglobin, higher total and indirect bilirubin, and lower serum calcium
significantly correlated with low Ht-aBMD z scores in the entire study
cohort. In the HbSS/HbSb0-thalassemia subgroup, higher total and
indirect bilirubin, lower fetal hemoglobin, and lower serum calcium
were significantly associated with low Ht-aBMD z scores.

HbSS/HbSb0-thalassemia genotype, older age, adolescent age
category, chronic pain, hip osteonecrosis, hydroxyurea use (ever),
and hydroxyurea exposure for 5 to 10 years were all statistically
significantly associated with low Ht-aBMD z scores in the entire study

In multivariate logistic regression analysis, low Ht-aBMD z scores
significantly associated with adolescence, hip osteonecrosis,
chronic pain, and low hemoglobin concentration (Table 4). In the
HbSS/HbSb0-thalassemia subgroup, low Ht-aBMD z scores only

female subjects, whereas only calcium levels significantly differed
in male subjects. Female subjects with HbSS/HbSb0-thalassemia
genotype and low Ht-aBMD z scores had significantly lower mean
25(OH)D concentrations, compared with those with normal heightadjusted bone density.
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Figure 2. TBLH aBMD-for-age z scores vs Ht-aBMD
z scores in the SCCRIP pediatric cohort.

Ht–aBMD Z score –2
(25% Adolescents, 4% School Age)

TBLH aBMD–for–age Z scores

0

–2

–4

aBMD–for–age Z scores  – 2
(35% Adolescents, 24% School Age)
Adolescent
School Age

–6
–4

–2

0

TBLH Ht–aBMD Z–scores

associated with adolescent age category, although its association
with chronic pain and indirect hyperbilirubinemia approached significance. In our entire study cohort, children and adolescents with
chronic pain, compared with those without chronic pain, had 10 times
increased odds (95% confidence interval, 1.51-71.24) of having
low Ht-aBMD z scores. Similarly, those with hip osteonecrosis had
4 times increased odds of having low Ht-aBMD z scores, compared
with those without hip osteonecrosis (95% confidence interval, 1.0215.63). Within the HbSS/HbSb0-thalassemia subgroup, low BMD
prevalence was not statistically significantly different between those
with and without hip osteonecrosis.

Discussion
Rationale for height-adjusted BMD in pediatric SCD
Low BMD is prevalent in SCD, but many studies fail to account for low
height when assessing BMD in children with SCD. Meeuwes et al24
compared aBMD z scores in 27 children and young adults with HbSS
genotype in northeast Brazil (56% female; ages 7-28 years) vs a
healthy reference population of similar chronological age, ethnicity, and
sex.32 They found low BMD in 41% of their subjects and reported an
association between low BMD and low height-for-age, weight-for-age,
and body-mass-index-for-age. The authors surmised that delayed
growth in children and adolescents with sickle cell anemia increased
risk for low BMD. Others criticized the study by Meeuwes et al for
failing to correct aBMD z scores for short stature because growth
failure and delayed puberty are well-recognized complications of
SCD.9,33 In a similar study from the United States, Lal et al10 reported
on low BMD prevalence in 25 children with the HbSS genotype (52%
female; ages 10.2-19.8 years) recruited from Children’s Hospital
(Oakland, CA) compared with age-, sex-, and ethnicity-specific normal
reference curves.34 The authors found low BMD in the proximal femur
in 8 (33%) and lumbar spine in 14 (56%) study participants.
Two more recent case-control studies reported on low BMD
prevalence in children with and without SCD, using standard
reference curves from the National Health and Nutrition Examination
Survey, corrected for chronological age and sex. Bordbar et al35
compared aBMD z scores from DXA scans of the lumbar spine and
14 MAY 2019 x VOLUME 3, NUMBER 9

femoral neck in 70 Iranian children with SCD (51% male; mean age,
11.4 6 5.8 years; 59% HbSS genotype) vs 70 age- and sex-matched
healthy control subjects. The authors found low BMD in 33% to 34%
of the SCD group, compared with 13% to 15% of the control group.
Mokhtar et al36 studied low BMD prevalence in a cohort of Egyptian
children with HbSS/HbSb0-thalassemia genotype (n 5 30; 40%
female; mean age, 10.7 6 3.9 years) and their siblings with sickle cell
trait (n 5 17; 41% female; mean age, 10.2 6 3.0 years) compared
with age- and sex-matched healthy control subjects (n 5 32; 50%
female; mean age, 11.8 6 3.2 years). Using aBMD z scores from DXA
scans of the lumbar spine and femoral neck, the authors found that low
BMD affected ;37% of children with sickle cell anemia and 12% with
sickle cell trait, compared with none of the healthy control subjects.
We addressed some of the limitations of previous studies by
comparing the height and TBLH aBMD of our large study cohort vs
a well-described national reference group of the same age, sex, and
race11,15 by using standard aBMD z scores and Ht-aBMD z scores
(Figure 1). Similar to previously published studies, we found low aBMD
z scores in 24% of children and 35% of adolescents in our SCCRIP
study cohort. After height correction, low BMD prevalence rates
decreased significantly to 4% in children and 26% in adolescents
(Figure 2). In the HbSS/HbSb0-thalassemia subgroup, 28% of children
and 43% of adolescents had low aBMD z scores, compared with 7%
and 30% with low Ht-aBMD z scores. In our pediatric SCD cohort, low
BMD prevalence in children markedly decreased after correcting for
short stature; low BMD remained highly prevalent in adolescents,
although at a significantly lower rate than previously described.

Low BMD correlates with older age, hemolysis, and
chronic pain
In our study, low BMD prevalence increased from early childhood
to adolescence, as previously reported.10,24,35,36 The association
between adolescent age category and low BMD likely reflects
the length of time required for bone deficits to arise from the
cumulative vascular insults of SCD. In the univariate logistic
regression, any hydroxyurea exposure or hydroxyurea exposure for
5 to 10 years significantly associated with low BMD (supplemental
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All (N 5 306)

0.71 6 1.70

VOEs per year (total)

VOEs per year (2 y to DXA)

63 (25.2)
46 (18.4)

.10 times

141 (56.4)

Yes

Hydroxyurea duration, y

8 (3.2)*

Severe

5 (8.9)*

2 (3.6)*

7 (12.5)*

49 (87.5)

1 (0.8)

1 (0.8)

2 (1.6)

126 (98.4)

3 (2.3)

125 (97.7)

3 (2.3)

125 (97.7)

2.8 6 3.88

9 (7.0)

22 (17.2)

97 (75.8)

71 (55.5)

57 (44.5)

18 (14.1)

43 (33.6)

67 (52.3)

0.47 6 1.48

0.21 6 0.37

84 (65.6)*

44 (33.9)*

12.2 6 4.18

9 (7.1)*

44 (34.4)*

75 (58.6)*

Data are presented as n (%) or mean 6 standard deviation.
*P , .05 between low vs normal BMD per variable.
†Defined as RBC transfusions $4 times/year.
‡Less severe, necrotic lesion #30% femoral head volume; severe, necrotic lesion .30% femoral head volume.
§Normal, 25(OH)D, .30 ng/mL; insufficient, 25(OH)D 20 to 30 ng/mL; and deficient, 25(OH)D ,20 ng/mL.

3 (1.2)*
5 (2.0)*

Less severe

Hip osteonecrosis grade‡

242 (96.8)

5 (8.9)*

6 (2.4)*

Yes

51 (91.1)

No

Hip osteonecrosis

Yes

No

4 (7.1)

52 (92.9)

244 (97.6)

5 (2.0)

Chronic pain

245 (98.0)

No

4.1 6 4.31*

2.9 6 3.95*

Yes

Chronic RBC transfusions†

15 (27.8)
7 (12.5)

41 (16.4)

34 (60.7)

40 (71.4)

16 (28.6)

10 (17.9)

11 (19.6)

22 (8.8)

5-10 y

.10 y

187 (74.8)

,5 y

Hydroxyurea duration

109 (43.6)

No

Hydroxyurea use

141 (56.4)

,5 times

5-10 times

35 (62.5

0.22 6 0.48

0.25 6 0.44

0.58 6 2.12

Adolescent

VOEs total (categorical)

52 (92.9)*

92 (36.8)*
158 (63.2)*

School-age

4 (7.1)*

14.5 6 2.75*

11.9 6 4.09*

Age category

Age at DXA, y

7 (12.5)*

22 (8.8)*

4 (7.1)*

76 (30.4)*

45 (80.4)*

HbSb1-thalassemia

152 (60.8)*

1 (4.0)

0 (0)

1 (4.0)

24 (96.0)

1 (4.0)

24 (96.0)

3 (12.0)

22 (88.0)

3.6 6 3.88

2 (8.0)

7 (28.0)

16 (64.0)

17 (68.0)

8 (32.0)

5 (20.0)

3 (12.0)

17 (68.0)

0.56 6 1.23

0.27 6 0.59

23 (92.0)*

2 (8.0)*

14.2 6 2.77

4 (16.0)*

2 (8.0)*

19 (76.0)*

Low BMD (n 5 25 [16.3%])

Female (n 5 153)

Normal BMD (n 5 250 [81.7%]) Low BMD (n 5 56 [18.3%]) Normal BMD (n 5 128 [83.7%])

HbSC

HbSS/Sb0-thalassemia

SCD genotype

Variable

Table 2. Clinical correlates of low BMD in the SCCRIP BMD cohort
Male (n 5 153)

4 (3.3)*

2 (1.6)*

6 (4.9)*

116 (95.1)

3 (2.5)*

119 (97.5)

2 (1.6)

120 (98.4)

3.1 6 4.03

13 (10.7)

19 (15.6)

90 (73.6)

70 (57.4)

52 (42.6)

28 (22.9)

20 (16.4)

74 (60.7)

0.69 6 2.54

0.29 6 0.50

74 (60.7)*

48 (39.3)*

11.7 6 3.98*

13 (10.7)*

32 (26.3)*

77 (63.1)*

4 (12.9)*

2 (6.5)*

6 (19.3)*

25 (80.7)

4 (12.9)*

27 (87.1)

1 (3.2)

30 (96.8)

4.4 6 4.66

5 (16.1)

8 (25.8)

18 (58.1)

23 (74.2)

8 (25.8)

5 (16.1)

8 (25.8)

18 (58.1)

0.84 6 2.57

0.19 6 0.39

29 (93.6)*

2 (6.5)*

14.7 6 2.77*

3 (9.7)*

2(6.4)*

26 (83.9)*

Normal BMD (n 5 122 [79.7%]) Low BMD (n 5 31 [20.3%])

6 (23.1)
Data are presented as n (%) or mean 6 standard deviation.
*P , .05 between low vs normal BMD per variable.
†Defined as RBC transfusions $4 times/year.
‡Less severe, necrotic lesion #30% femoral head volume; severe, necrotic lesion .30% femoral head volume.
§Normal, 25(OH)D, .30 ng/mL; insufficient, 25(OH)D 20 to 30 ng/mL; and deficient, 25(OH)D ,20 ng/mL.

13 (52.0)
19 (37.3)
Deficient

77 (32.6)

37 (30.3)

40 (35.1)

13 (50.0)

7 (26.9)
37 (32.5)

37 (32.5)

2 (8.0)

10 (40.0)

31 (25.4)

54 (44.3)

9 (17.7)

23 (45.1)

68 (28.8)

91 (38.6)

Normal

Insufficient

25 (80.6)
116 (95.1)
24 (96.0)
126 (98.4)
49 (87.5)
242 (96.8)
None

Vitamin D status§

Male (n 5 153)

Normal BMD (n 5 122 [79.7%]) Low BMD (n 5 31 [20.3%])
Low BMD (n 5 25 [16.3%])

Female (n 5 153)
All (N 5 306)

Normal BMD (n 5 250 [81.7%]) Low BMD (n 5 56 [18.3%]) Normal BMD (n 5 128 [83.7%])
Variable

Table 2. (continued)

Table 4). Despite this finding, those with low BMD had lower fetal
hemoglobin levels, which may be due to poorer hydroxyurea adherence and/or decreased fetal hemoglobin response in older children
and adolescents. All hydroxyurea variables fell out of the multivariate
models. However, this finding may possibly be due to confounding;
that is, hydroxyurea improves hemoglobin concentrations, decreases
VOE frequency, and may reduce progression to chronic pain.

14 MAY 2019 x VOLUME 3, NUMBER 9

The association of anemia and indirect hyperbilirubinemia with low
BMD supports the hypothesis that chronic hemolysis increases
erythropoietic drive, bone marrow expansion, and cortical thinning,
which subsequently decrease bone mass.37 Recurrent acute painful
episodes can coexist with chronic sickle cell pain, typically reported in
older adolescents and adults.38,39 Six of the 15 imaging-confirmed
cases of hip osteonecrosis, a major cause of chronic SCD pain,27,40
also met our criteria for chronic pain. In our multivariate regression
analysis, however, both hip osteonecrosis and chronic pain independently associated with low BMD. The estimated high magnitude of
effect between low BMD and chronic pain has not been previously
reported. Mechanical loading from muscle mass and physical activity
aid bone accrual and skeletal strength.41,42 Chronic pain and hip
osteonecrosis both can limit physical activity in children and
adolescents with SCD. Because physical activity data are not currently
collected in SCCRIP, we lack sufficient evidence to assert that physical
inactivity impaired bone accretion in our study cohort. Opioids, the
main treatment of chronic pain in SCCRIP, may suppress bone
formation by osteoblasts43 and increase the risk for low BMD in people
who chronically use opioids.44,45 Although SCCRIP data are collected
retrospectively and prospectively, our study was a cross-sectional
examination of existing BMD data; therefore, we cannot infer causality
between low BMD and chronic pain or hip osteonecrosis at this time.
Chronic pain in this pediatric SCD cohort significantly associated with low Ht-aBMD z scores in those with HbSS/HbSb0thalassemia, not HbSC and HbSb1-thalassemia, suggesting that
low BMD further complicates the more severe SCD genotypes.

Sex differences with vitamin D deficiency and
low BMD
Vitamin D deficiency in SCD has been well described46-55; some
studies have further investigated its association with low BMD.56-60
Bordbar et al35 found that 60% of their HbSS/HbSb0-thalassemia
cases had vitamin D deficiency, compared with 83% of the healthy
age- and sex-matched control cases. Based on the clinical practice at
St. Jude Children’s Research Hospital, all infants with SCD were
screened for vitamin D deficiency; those with low vitamin D levels
were prescribed cholecalciferol 2000 IU by mouth daily, and those
with normal vitamin D levels received cholecalciferol 1000 IU by
mouth daily for maintenance. Universal vitamin D supplementation
may have precluded us from finding an association between
vitamin D deficiency and low BMD in the overall study cohort.
We found a nonsignificant association between hypovitaminosis D
and low BMD in female subjects (Table 2). Concurrent vitamin D
insufficiency or deficiency could plausibly increase female
subjects’ susceptibility to low BMD. At St. Jude Children’s
Research Hospital, preferred contraceptive methods include an
intrauterine device with progesterone and abstinence. None of the
female subjects in our study cohort were on oral contraceptive pills,
and only 2% were exposed to depot medroxyprogesterone,
a parenteral contraceptive known to impair bone accrual
in growing children. Because so few girls received depot
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4.4 6 0.31
142.5 6 59.77
34.8 6 12.29
9.4 6 0.31*
0.5 6 0.13
7.0 6 2.07
22.5 6 8.35

4.4 6 0.27

34.8 6 15.17

9.5 6 0.37*

0.5 6 0.16

7.5 6 2.67

25.0 6 11.13

AST/SGOT, U/L

Calcium, mg/dL

Creatinine, mg/dL

BUN, mg/dL
24.8 6 10.85*

7.2 6 2.16

0.5 6 0.15

9.4 6 0.38

32.1 6 15.14

140.4 6 72.30

4.4 6 0.27

15.0 6 10.85

2.0 6 0.96

1.7 6 1.09

374.8 6 149.96

323.4 6 158.85

10.0 6 1.45

9.0 6 3.92

19.6 6 8.17*

6.7 6 2.26

0.5 6 0.11

9.4 6 0.28

31.4 6 11.22

128.1 6 62.48

4.5 6 0.25

11.7 6 7.64

2.6 6 1.58

2.4 6 1.72

369.9 6 143.80

388.0 6 196.77

9.5 6 1.31

9.5 6 4.37

Low BMD (n 5 25 [16.3%])

Female (n 5 153)
Normal BMD (n 5 128 [83.7%])

25.3 6 11.46

7.9 6 3.08

0.5 6 0.18

9.5 6 0.35*

37.5 6 14.78

176.4 6 67.50

4.5 6 0.28

15.6 6 10.46

2.1 6 1.41*

2.0 6 1.44*

449.9 6 196.30

363.9 6 188.42

10.3 6 1.74*

9.7 6 4.13

25.2 6 7.70

7.1 6 1.93

0.5 6 0.15

9.3 6 0.34*

37.6 6 12.62

154.3 6 55.81

4.4 6 0.35

14.2 6 7.95

2.6 6 1.44*

2.7 6 1.55*

461.6 6 170.24

378.8 6 172.07

9.5 6 1.58*

9.6 6 3.14

Low BMD (n 5 31 [20.3%])

Male (n 5 153)
Normal BMD (n 5 122 [79.7%])

Data are presented as mean 6 standard deviation.
ALP, alkaline phosphatase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; LDH, lactate dehydrogenase; SGOT, serum glutamic-oxaloacetic transaminase; WBC, white blood cell count.
*P , .05 for normal vs low BMD values, per variable.

Vitamin D, ng/mL

ALP, U/L

Albumin, g/dL

158.4 6 72.09

2.6 6 1.48*
13.1 6 7.82

Indirect bilirubin, mg/dL

Fetal hemoglobin, %

2.1 6 1.21*

2.6 6 1.62*

15.3 6 10.64

420.9 6 164.17

1.9 6 1.28*

LDH, U/L

411.0 6 177.51

9.5 6 1.45*
383.0 6 182.02

10.2 6 1.60*

343.5 6 174.97

Hemoglobin, g/dL

Platelets, 3109/L

Total bilirubin, mg/dL

9.6 6 3.71

Low BMD (n 5 56 [18.3%])

All (N 5 306)

Normal BMD (n 5 250 [81.7%])

9.3 6 4.03

WBC, 3109/L

Variable

Table 3. Laboratory parameters in the SCCRIP BMD cohort

Table 4. Multivariate regression of low BMD correlates in the SCCRIP

cohort
HbSS/Sb0-thalassemia
subgroup

Total cohort
P

Adjusted OR (95% CI)

P

Adolescent category

7.7 (1.94-30.20)

.0037

4.7 (1.23-18.17)

.023

Hip osteonecrosis

4.0 (1.02-15.63)

.046

3.7 (0.69-20.11)

.13
.053

Variable

Adjusted OR (95% CI)

Chronic pain

10.4 (1.51-71.24)

.017

9.3 (0.97-88.70)

Hemoglobin

0.74 (0.57-0.96)

.022

NA

NA

NA

NA

1.4 (0.99-1.90)

.055

Indirect bilirubin

CI, confidence interval; NA, variable not selected in final model.

medroxyprogesterone, we cannot assert an association between
exposure to this drug and low BMD, regardless of vitamin D status.

Strengths and limitations
Our study highlights the importance of height adjustment when
assessing BMD in children and adolescents with SCD or other
chronic illnesses, which can adversely affect bone accrual and skeletal
maturation. Although our definition of chronic pain was similar to that
used in other chronic pain studies in children and adolescents,61,62
the chronic pain prevalence rate in our cohort was much lower than
those reported in SCD pain diary studies.38,39 The retrospective
ascertainment of chronic pain likely limited our ability to detect all
cases. Despite the paucity of chronic pain and hip osteonecrosis in
our cohort, the large sample size allowed us to measure associations
between low BMD and both chronic SCD complications that had not
been previously described. We were unable, however, to retrospectively verify a key criterion of the chronic SCD pain consensus that
required physical and/or radiographic studies of affected areas.27
Although the chronic SCD pain consensus criteria stem from the
International Association for the Study of Pain’s well-established
definitions of chronic pain,63-67 they still require prospective validation.
Delayed puberty and low lean muscle mass are well-recognized risk
factors for low BMD in children and adolescents with SCD.9,19
Nutritional status, physical activity, comorbid asthma, and concurrent systemic steroid use also affect pediatric bone health. None
of these variables factored into our BMD analyses because they
are not currently collected in SCCRIP. Because we have not yet
performed repeated DXA scans in our study cohort, we cannot
determine if low BMD preceded or coincided with the onset of
chronic pain or hip osteonecrosis.

matures, we plan to study the between-incident low BMD (at various
anatomic sites) and other SCD end points (eg, osteonecrosis of the
femoral or humeral heads, onset of chronic pain). Our collaborators in the SCCRIP Pain Working Group plan to validate the
chronic SCD pain consensus criteria using SCCRIP data. We also
plan to assess longitudinal bone health outcomes in the SCCRIP
cohort, stratified according to sex, SCD genotype, age at hydroxyurea
initiation, and hydroxyurea adherence. Using self-reported fracture
histories and vertebral fracture analyses obtained at the time of DXA
scans, we can also estimate the prevalence and cumulative incidence
of fractures as the SCCRIP cohort matures into adulthood.
In conclusion, height adjustment results in a more conservative
estimate of low BMD prevalence in children with SCD. Despite
correcting for short stature, however, low BMD remains highly
prevalent in adolescents. The association between low BMD
and hip osteonecrosis in this pediatric cohort warrants further
investigation into the role that physical activity plays in bone
accrual in children with SCD. Access to the SCCRIP data set
offers investigators a unique opportunity to longitudinally assess
BMD as the study cohort matures and to definitively study the
effect of low BMD on clinically relevant end points such as hip
osteonecrosis, chronic pain, and fractures in people with SCD.
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