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Abstract

Summary We analyzed volumetric bone mineral density, by 3D analysis, in 76 people with Down syndrome and 76 controls.
People with Down syndrome, particularly men, have a lower hip volumetric bone mineral density than the general population.
Besides, volumetric bone mineral density declines more rapidly in Down syndrome.

Introduction People with Down syndrome (DS) have a lower areal bone mineral density (aBMD) estimated by dual-energy X-
ray absorptiometry (DXA). However, they have smaller-sized bones, which could influence the measurements. Therefore, our
objective was to determine volumetric BMD in these patients.

Materials and methods We included 76 outpatients with DS and 76 control healthy volunteers matched for age and sex
distribution. Clinical data were obtained with a standardized interview and physical exam, including age, sex, height, weight,
and body mass index (BMI). aBMD was measured by dual-energy X-ray at the femoral neck (FN) and total hip (TH). The 3D-
SHAPER® software (version 2.8, Galgo Medical, Barcelona, Spain) was used to derive 3D analysis from participants’ hip DXA
scans.

Results DS femurs had a similar 3D geometry, compared with the femurs of controls. However, 3D analysis showed that
participants with DS had smaller cortical thickness (1.84 mm=0.17 vs. 2.02+0.20 mm; p <0.0001), cortical vBMD (777 +
49 mg/em® vs. 809 +43 mg/cm®; p <0.0001), and cortical SBMD (143 + 19 mg/cm? vs. 164 +22 mg/em?®; p <0.0001). After
adjustment for age and BMI, all 3D measurements remained lower in DS than in controls. These differences were more marked in
men than in women. vBMD decreased with age in controls and DS, but the decline was greater in DS for all 3D parameters.
Conclusion People with DS, particularly men, have a lower hip vBMD than the general population. Besides, vBMD declines
more rapidly in DS.
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Introduction

Down syndrome (DS) is the most frequent chromosomal dis-
order in live newborns and the first cause of congenital intel-
lectual disability [1]. Several studies reported that people with
DS have a lower areal bone mineral density (aBMD) [2-5].
However, skeletal size differences can be responsible for the
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apparent differences in aBMD, estimated by dual-energy X-
ray absorptiometry (DXA), between people with DS and gen-
eral population [6]. Few studies have analyzed volumetric
bone mineral density (vBMD) in DS, the majority of them
using quantitative computed tomography (QCT) or published
formulas [7]. Recently, 3-dimensional (3D)-DXA modeling
methods were proposed to overcome the limitations of
DXA. 3D measurements obtained by DXA were validated
against QCT [8, 9]. QCT has demonstrated to be valuable to
predict fracture risk [10—14].

The aim of the present study was to evaluate vVBMD and
bone geometry at the proximal femur in people with DS using
DXA-based 3D modeling methods, and to compare DS pa-
tients with healthy controls to deepen our knowledge of the
bone mass status in DS.
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Materials and methods
Study population

We included 152 individuals (76 with DS and 76 controls;
50% male) over 18 years of age. Patients with DS were re-
cruited from our DS clinic at the University Hospital Marqués
de Valdecilla and the Down Syndrome Foundation of
Cantabria (Spain). A convenience control group was recruited
among volunteers matched for age and sex distribution. All
participants were studied in the same period (November—
December 2015). Their standard DXA measurements have
been previously published [6]. Exclusion criteria were the
refusal to participate in the study, pregnancy, previous osteo-
porosis treatment, or physical disability that did not allow the
realization of the densitometry. Data were obtained with a
standardized interview and physical exam, including age,
sex, height (cm), weight (kg), and body mass index (BMI;
kg/m?). The study protocol was approved by the
Institutional Review Board and all patients gave written in-
formed consent.

DXA measurements

At baseline, BMC (bone mineral content in g), area (cmz), and
aBMD (g/cm?) were measured by DXA (Hologic QDR 4500,
Waltham, MA) at the femoral neck (FN) and total hip (TH)
regions. In vivo precision was 0.47% in FN and 0.42% in TH.

DXA-based 3D modeling

The 3D-SHAPER® software (version 2.8, Galgo Medical,
Barcelona, Spain) was used to derive 3D analysis from
participants’ hip DXA scans. Briefly, the method uses a
3D statistical shape and density model that is registered
onto the DXA scan to obtain a patient-specific 3D model
of the proximal femur (femoral shape and 3D bone den-
sity image) [8]. The cortex is segmented on the 3D image
by fitting a function of the cortical thickness and density,
the location of the cortex, the density of surrounding tis-
sues, and the imaging blur to the density profile computed
along the normal vector at each node of the proximal
femur surface mesh [15]. The software outputs 3D mea-
surements at the total femur region of interest, including
the trabecular and integral (i.e., cortical plus trabecular)
volumetric BMD (vBMD, in mg/cm3), and the cortical
surface BMD (cortical SBMD, in mg/cmz, computed as
the multiplication of the cortical vBMD in mg/cm® and
the cortical thickness in cm). The accuracy and precision
of 3D-SHAPER measurements were evaluated against
QCT in previous works [10, 16].
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Statistical analysis

Results were expressed as mean (SD) or percentages, as
appropriate. Student’s ¢ test was used to analyze the
differences between groups for continuous variables.
The Mann Whitney U test was used when the variable
did not follow a normal distribution. The chi-squared
test or Fisher’s exact test was used to identify differ-
ences in categorical variables. The analysis of variance
(ANOVA) was used to adjust by age and BMI. A value
of p<0.05 was considered statistically significant. All
analyses were performed using the SPSS software ver-
sion 20 for Windows (IBM corp., Armonk, NY, USA).

Results

The mean age was 33 = 10 years, both in DS and controls. DS
individuals had lower height (151 +£6 cm vs. 169+8 cm;
p<0.0001) and lower weight (60.3+11.0 kg vs. 69.2+
13.3 kg; p<0.0001) than controls, but they have higher
BMI (26.4+4.4 kg/m® vs. 24.0 £ 3.4 kg/m?; p <0.0001).
The values of BMC (g), area (cm?), and aBMD (g/cmz) hip
(FN and TH) were lower in DS than in controls (Table 1). The
patients with DS had more comorbidities than the control
group. We found higher prevalence of treated hypothyroidism
(37 in DS vs. 0% in controls; p <0.001), congenital heart
disease (21 vs. 7%; p=0.009), epilepsy (7 vs. 0%; p=
0.028), cataracts (12 vs. 1%; p=0.008), and skin disorders
(12 vs. 0%; p=0.001). Those results are in agreement with
those previously published [6].

Figure 1 shows that, although smaller in size, DS femurs
had a similar 3D geometry, compared with the femurs of con-
trols. In particular, both groups showed similar geometry at
the femoral neck. The 3D analysis showed that participants
with DS had lower cortical thickness (1.84 mm+0.17 vs.
2.02+0.20 mm; p <0.001), cortical vBMD (777 +£49 mg/
cm® vs. 809 +£43 mg/em®; p <0.0001), and cortical SBMD
(143 £ 19 mg/em? vs. 164 +22 mg/cm?; p < 0.0001). The dif-
ferences in integral and trabecular vBMD were not significant
(Table 1). The anatomical distribution of the differences at the
cortex between DS and controls is shown in Fig. 2.

After the adjustment for age and BMI, all 3D mea-
surements were lower in DS than in controls (Table 2).
The sex-stratified analysis showed that men with DS
had lower values than controls in all 3D parameters,
whereas women with DS only showed significant differ-
ences in the cortical parameters (Table 2).

vBMD decreased with age both in DS and controls, but the
decline was greater in DS (p value of the interaction 0.003 for
trabecular vBMD, 0.002 for integral vBMD, and 0.001 for
cortical vBMD) (Fig. 3).
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Table 1 DXA and 3D-DXA

measurements in both groups Down syndrome Controls p
N=176 N=76

DXA measurements
BMC FN (g) 3.41 (0.63) 4.38 (0.91) <0.0001
Area FN (cm?) 4.53(0.49) 5.20 (0.55) <0.0001
aBMD FN (g/cm?) 0.756 (0.128) 0.838 (0.115) <0.0001
BMC TH (g) 25.15(0.33) 34.24 (9.10) <0.0001
Area TH (cm?) 30.35 (4.12) 35.74 (5.98) <0.0001
aBMD TH (g/em?) 0.826 (0.116) 0.947(0.127) <0.0001

3D-DXA measurements
Trabecular vVBMD (rng/cms) 203 (48) 216 (40) 0.088
Integral vBMD (mg/cm3) 329 (63) 345 (51) 0.084
Cortical VBMD (mg/cm’) 777 (49) 809 (43) <0.0001
Cortical SBMD (mg/cm?) 143 (19) 164 (22) <0.0001
Cth (mm) 1.84 (0.17) 2.02 (0.20) <0.0001

Mean (SD), DXA dual-energy X-ray absorptiometry, aBMD areal bone mineral density, N femoral neck, 7H total
hip, 3D-DXA three-dimensional dual-energy X-ray absorptiometry, vBMD volumetric bone mineral density,
Cortical sBMD cortical surface BMD, Cth cortical thickness

Discussion

A lower aBMD in people with DS has been described. People
with DS have several potential risk factors for low BMD, such
as less physical activity, sarcopenia, poor calcium and vitamin

Fig. 1 Comparison between mean geometry of Down syndrome (red)
and controls (gray)

D intakes, anti-epileptic medication use, frequent comorbidity,
and lower peak bone mass [17-19]. However, few studies
have analyzed vBMD, despite the important fact that the size
of bone is lower in these people. The DS population has
growth retardation and a limited growth span, resulting in a
shorter height [20]. The cause is likely related to the excess
copy of some genes located on chromosome 21, and a role of
the dual-specificity tyrosine-(Y)-phosphorylation regulated
kinase 1A (DYRKI1A) gene has been suggested, but it has
not been confirmed yet [21]. Whatever the mechanisms in-
volved might be, patients with DS have smaller bones, which
may influence areal BMD measurements. Some studies did
not find differences between DS and controls after correcting
for the bone size [22—24], but others reported that people with
DS have lower vBMD [25, 26]. In people with DS, we previ-
ously published diverging results of areal and vBMD calcu-
lated by several mathematical formulas [6]. Now, we have
analyzed vBMD in hip using a DXA-based 3D modeling
technique and we can see that these people have lower values
in all components analyzed (— 6.0% in trabecular vBMD, —
4.6% in integral vBMD, and — 8.9% in cortical vBMD) and
also have smaller cortical thickness (—8.9%) and cortical
sBMD (—3.9%) than general population. These results could
be relevant and finally contribute to clarifying the controversy
in this topic. In our study, the differences in parameters of
vBMD between DS and controls are more pronounced in
men. This population seems to be especially vulnerable to
osteoporosis. The high prevalence of hypogonadism and
hypoandrogenism in men with DS can contribute to explain
those findings [20]. As previously reported, these men with
DS had lower serum testosterone levels than controls (4.3
(1.6) ng/ml vs. 5.3 (2.0) ng/ml; p = 0.02) publication [6].
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Fig. 2 Anatomical distribution of
mean differences in cortical
surface BMD between DS and
controls. Non-significant
differences are left in gray

Several studies suggested differences in hip morphology
between DS and controls. The spectrum of skeletal anatomical
abnormalities at hip included increased femoral anteversion
and coxa valga, insufficient posterior acetabular coverage,
and acetabular retroversion [27-29]. This was of particular
importance, for differences in the morphology and geometry
of the femur in people with DS could interfere with a correct
measurement. However, we confirmed that the shape of the
measurement area was similar in DS and controls, thus assur-
ing the feasibility of the 3D analysis.

In this work, we also found that values of vBMD hip de-
creased with age in a more pronounced way in DS than in the

Table 2 3D measurements in both groups after adjustment for age and
BMI
3D-DXA measurements Down syndrome Controls  p
All N=176 N=176
Trabecular vVBMD (mg/cm3) 199 (4) 220 (4) 0.001
Integral vBMD (mg/cm®) 323 (5) 351 (5) 0.001
Cortical vVBMD (mg/em®) 772 (5) 814 (5) <0.0001
Cortical SBMD (mg/cm?) 141 (2) 166 (2) <0.0001
Cth (mm) 1.82 (0.02) 2.04 (0.02) <0.0001
Men N=38 N=38
Trabecular vBMD (mg/cm3 ) 191 (5) 217 (5) 0.001
Integral vVBMD (mg/cm®) 311 (7) 342 (7) 0.004
Cortical vVBMD (mg/cm3) 774 (7) 816 (7) 0.0001
Cortical sSBMD (mg/cmz) 141 (3) 170 (3) <0.0001
Cth (mm) 1.81 (0.26) 2.08 (0.27) <0.0001
Women N=38 N=38
Trabecular vVBMD (mg/cm3) 208 (6) 222 (6) 0.19
Integral vBMD (mg/cm®) 338 (9) 359 (8) 0.11
Cortical vVBMD (mg/em®) 768 (7) 814 (7) 0.0002
Cortical sSBMD (mg/cm?) 142 (3) 162 (3) 0.00023
Cth (mm) 1.84 (0.00) 1.98 (0.03) 0.004

Mean (SD), 3D-DXA three-dimensional dual-energy X-ray absorptiome-
try, vBMD volumetric bone mineral density, Cth cortical thickness, p
adjustment for age (years) and BMI (body mass index kg/m?)
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general population. Other authors showed similar results [18].
However, the prevalence of osteoporotic fractures in DS is
controversial [30]. In our previous study, the prevalence of
fractures was similar in DS and controls (11% vs. 12%; p =
0.35), and most of these occur in the long bones (9 vs. 14%;
p=0.23) [6].

This study has some limitations, such as the sample size
and the cross-sectional design. Also, the validation of the ac-
curacy and precision of the D modeling method used in this
study did not include patients with DS. Although the 3D
modeling process converged in all subject included in the
current study, the accuracy and precision of 3D modeling
methods in assessing DS patients should be investigated in
future work. This study is the first analysis with DXA-3D in
a cohort of adults with DS. We report a lower vBMD in hip
especially in men with DS. The decline with age is more
pronounced in these people.

Compliance with ethical standards

The study protocol was approved by the Institutional Review Board and
all patients gave written informed consent.

Conflict of interest L. Humbert is stockholder and employee of Galgo
Medical. Marta Garcia Hoyos, José A. Riancho, and Carmen Valero
declare that they have no conflicts of interest.

References

1. Roizen NJ, Patterson D (2003) Down’s syndrome. Lancet. 361:
1281-1289

2. Garcia-Hoyos M, Riancho JA, Valero C (2017) Bone health in
Down syndrome. Med Clin (Barc) 149:78-82

3. Angelopoulou N, Souftas V, Sakadamis A, Mandroukas K (1999)
Bone mineral density in adults with Down’s syndrome. Eur Radiol
9:648-651

4. Angelopoulou N, Matziari C, Tsimaras V, Sakadamis A, Souftas V,
Mandroukas K (2000) Bone mineral density and muscle strength in
young men with mental retardation (with and without Down syn-
drome). Calcif Tissue Int 66:176-180

5. Guijarro M, Valero C, Paule B, Gonzalez-Macias J, Riancho JA
(2008) Bone mass in young adults with Down syndrome. J
Intellect Disabil Res 52:182—189

6. Garcia-Hoyos M, Garcia-Unzueta MT, de Luis D, Valero C,
Riancho JA (2017) Diverging results of areal and volumetric bone
mineral density in Down syndrome. Osteoporos Int 28:965-972

7. Katzman DK, Bachrach LK, Carter DR, Marcus R (1991) Clinical
and anthropometric correlates of bone mineral acquisition in
healthy adolescent girls. J Clin Endocrinol Metab 73:1332—1339

8. Humbert L, Martelli Y, Fonolla R, Steghofer M, Di Gregorio S,
Malouf J, Romera J, Barquero LM (2017) 3D-DXA: Assessing
the femoral shape, the trabecular macrostructure and the cortex in
3D from DXA images. IEEE Trans Med Imaging 36:27-39

9. ClotetJ, Martelli Y, Di Gregorio S, Del Rio Barquero LM, Humbert
L (2018) Structural parameters of the proximal femur by 3-
dimensional dual-energy X-ray absorptiometry software: compari-
son with quantitative computed tomography. J Clin Densitom 21:
550-562

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Langsetmo L, Peters KW, Burghardt AJ, Ensrud KE, Fink HA,
Cawthon PM, Cauley JA, Schousboe JT, Barrett-Connor E,
Orwoll ES, Osteoporotic Fractures in Men (MrOS) Study
Research Group (2018) Volumetric bone mineral density and fail-
ure load of distal limbs predict incident clinical fracture independent
HR-pQCT BMD and failure load predicts incident clinical fracture
of FRAX and clinical risk factors among older men. J Bone Miner
Res 33:1302-1311

Sornay-Rendu E, Boutroy S, Duboeuf F, Chapurlat RD (2017)
Bone microarchitecture assessed by HR-pQCT as predictor of frac-
ture risk in postmenopausal women: The OFELY Study. J Bone
Miner Res 32:1243-1251

Torres GHF, Guzman LFE, Alvarenga JC, Lopes NHM, Pereira
RMR (2019) Association of moderate/severe vertebral fractures
with reduced trabecular volumetric bone density in older women
and reduced areal femoral neck bone density in older men from the
community: A cross-sectional study (SPAH). Maturitas. 120:61-67
Kral R, Osima M, Borgen TT, Vestgaard R, Richardsen E,
Bjernerem A (2017) Increased cortical porosity and reduced corti-
cal thickness of the proximal femur are associated with
nonvertebral fracture independent of fracture risk assessment tool
and Garvan estimates in postmenopausal women. PLoS One 12:
e0185363

Borggrefe J, de Buhr T, Shrestha S, Marshall LM, Orwoll E, Peters
K, Black DM, Gliier CC (2016) Osteoporotic Fractures in Men
(MrOS) Study Research Group. Association of 3D geometric mea-
sures derived from quantitative computed tomography with hip
fracture risk in older men. J Bone Miner Res 31:1550-1558
Humbert L, Hazrati Marangalou J, Del Rio Barquero LM, van
Lenthe GH, van Rietbergen B (2016) Technical note: cortical thick-
ness and density estimation from clinical CT using a prior
thickness-density relationship. Med Phys 43:1945-1954

Humbert L, Winzenrieth R, Di Gregorio S, Thomas T, Vico L,
Malouf J, Del Rio Barquero LM (2018) 3D Analysis of cortical
and trabecular bone from hip DXA: precision and trend assessment
interval in postmenopausal women in press. J Clin Densitom 22:
214-218

Costa R, De Miguel R, Garcia C, de Astia DR, Castafeda S,
Moldenhauer F, Suarez C (2017) Bone mass assessment in a cohort
of adults with down syndrome: a cross-sectional study. Intellect
Dev Disabil 55:315-324

Costa R, Gullon A, De Miguel R, de Astia DR, Bautista A, Garcia
C, Suarez C, Castafieda S, Moldenhauer F (2018) Bone mineral
density distribution curves in spanish adults with Down syndrome.
J Clin Densitom 21:493-500

Coelho-Junior HJ, Villani ER, Calvani R, Carfi A, Picca A, Landi F,
Bernabei R, Onder G, Marzetti E (2019) Sarcopenia-related param-
eters in adults with Down syndrome: a cross-sectional exploratory
study. Exp Gerontol 119:93-99

Sakadamis A, Angelopoulou N, Matziari C, Papameletiou V,
Souftas V (2002) Bone mass, gonadal function and biochemical
assessment in young men with trisomy 21. Eur J Obstet Gynecol
Reprod Biol 100:208-221

Blazek JD, Abeysekera I, Li J, Roper RJ (2015) Rescue of the
abnormal skeletal phenotype in Ts65Dn Down syndrome mice
using genetic and therapeutic modulation of trisomic Dyrkla.
Hum Mol Genet 24:5687-5696

Wu J (2013) Bone mass and density in preadolescent boys with and
without Down syndrome. Osteoporos Int 24:2847-2854
Gonzalez-Agiiero A, Vicente-Rodriguez G, Moreno L, Casajus J
(2011) Bone mass in male and female children and adolescents with
Down syndrome. Osteoporos Int 22:2151-2157

Riancho JA, Valero C, Hernandez JL, Olmos JM, Paule B,
Zarrabeitia A, Gonzalez-Macias J (2007) Biomechanical indices
of the femoral neck estimated from the standard DXA output:
age- and sex-related differences. J Clin Densitom 10:39—45

@ Springer



98

Page 6 of 6

Arch Osteoporos (2019) 14:98

25.

26.

217.

28.

Carfi A, Liperoti R, Fusco D, Giovannini S, Brandi V, Vetrano DL,
Meloni E, Mascia D, Villani ER, Manes Gravina E, Bernabei R,
Onder G (2017) Bone mineral density in adults with Down syn-
drome. Osteoporos Int 28:2929-2934

Tang JYM, Luo H, Wong GHY, Lau MMY, Joe GM, Tse MA, Ip P,
Wong ICK, Lum TYS (2019) Bone mineral density from early to
middle adulthood in persons with Down syndrome. J Intellect
Disabil Res 18

Woolf SK, Gross RH (2003) Posterior acetabular wall deficiency in
Down syndrome. J Pediatr Orthop 23:708-713

Bulat E, Maranho DA, Kalish LA, Millis MB, Kim YJ, Novais EN
(2017) Acetabular global insufficiency in patients with Down

@ Springer

syndrome and hip-related symptoms: a matched-cohort study. J
Bone Joint Surg Am 99:1760-1768

29. Abousamra O, Bayhan 1A, Rogers KJ, Miller F (2016) Hip insta-
bility in Down syndrome: a focus on acetabular retroversion. J
Pediatr Orthop 36:499-504

30. Tannenbaum TN, Lipworth L, Baker S (1989) Risk of fractures in
an intermediate care facility for persons with mental retardation.
Am J Ment Retard 93:444-51. 52

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Analysis of volumetric BMD in people with Down syndrome using DXA-based 3D modeling
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study population
	DXA measurements
	DXA-based 3D modeling
	Statistical analysis

	Results
	Discussion
	References


