
Skeletal Dynamics of Down Syndrome: A Developing 
Perspective

Jonathan M. LaCombe, Randall J. Roper1

Department of Biology, Indiana University-Purdue University Indianapolis

Abstract

Individuals with Down syndrome (DS) display distinctive skeletal morphology compared to the 

general population, but disparate descriptions, methodologies, analyses, and populations sampled 

have led to diverging conclusions about this unique skeletal phenotype. As individuals with DS are 

living longer, they may be at a higher risk of aging disorders such as osteoporosis and increased 

fracture risk. Sexual dimorphism has been suggested between males and females with DS in which 

males, not females, experience an earlier decline in bone mineral density (BMD). Unfortunately, 

studies focusing on skeletal health related to Trisomy 21 (T21) are few in number and often too 

underpowered to answer questions about skeletal development, resultant osteoporosis, and sexual 

dimorphism, especially in stages of bone accrual. Further confounding the field are the varied 

methods of bone imaging, analysis, and data interpretation. This review takes a critical look at the 

current knowledge of DS skeletal phenotypes, both from human and mouse studies, and presents 

knowledge gaps that need to be addressed, differences in research methodologies and analyses that 

affect the interpretation of results, and proposes guidelines for overcoming obstacles to understand 

skeletal traits associated with DS. By examining our current knowledge of bone in individuals 

with T21, a trajectory for future studies may be established to provide meaningful solutions for 

understanding the development of and improving skeletal structures in individuals with and 

without DS.
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1. Introduction: all individuals with Down syndrome have bone 

abnormalities

Down syndrome (DS) resulting from trisomy of chromosome 21 (Trisomy 21 or T21) is the 

most viable trisomy and occurs in about one in 800 live births [1]. All individuals with DS 

have hallmark skeletal defects such as craniofacial abnormalities and short stature resulting 

from disproportionately shortened legs [2-4]. They are also predisposed to reduced bone 

mineral density (BMD), increased fracture risk, increased atlanto-odontoid distance, and 

stenosis, which may cause apnea and dysphagia [2, 5, 6]. In this review, we critically 

examine the current literature on the appendicular skeleton of individuals with DS due to its 

translational value in terms of fracture risk assessment and breakage. We highlight gaps in 

understanding, identify shortcomings in research strategies and methodologies, review 

current and potential treatment strategies, discuss models of DS used to study skeletal 

abnormalities, recommend guidelines for analysis, and propose future research directions. 

Craniofacial features are not discussed because of the significant differences between the 

development of craniofacial and appendicular bone: a large part of craniofacial skeleton 

develops from paraxial mesoderm and neural crest whereas the appendicular skeleton is 

formed from somitic lateral plate mesoderm. The study of the skeleton in individuals with 

DS is limited compared to other bone disorders in normal individuals such as osteosarcoma, 

postmenopausal osteoporosis, and osteopenia. Studying differences in the skeleton caused 

by T21 will not only benefit those with DS, the lessons learned may be applied to bone 

deficiencies that affect the general population.

Medical advances and increased standards of care have contributed significantly to 

increasing the expected lifespan of individuals with DS from 9 years of age in 1929 

compared to over 60 years of age currently [7, 8]. Infant mortality of T21 has been 

substantially reduced, one-year survival significantly increased, and survival into adulthood 

considerably increased. Increased lifespan is attributed to improvements in correcting 

congenital heart conditions occurring in about 40% of individuals with DS, the widespread 

availability of antibiotics to treat respiratory infections common in individuals with DS due 

to immune dysregulation, improved home care, and fewer individuals with T21 residing in 

institutions [7, 9-11]. Complications such as fracture and nonunion will likely rise with 

increased life expectancy within this population.

Skeletal studies of DS appear disparate and heterogenous in their methodology. Features 

unique to DS, such as shortened long bones, absent or rudimentary 12th thoracic rib pairs, 

short stature, and small digits are not always reported [2, 4, 12, 13]. Methods to measure 

unique skeletal features associated with DS, including dual x-ray absorptiometry (DXA) 

postnatally and ultrasonography in utero, also differ widely between studies. Heterogeneity 

and lack of data reported adds confusion to the field; reports may include raw or adjusted 

values, T- or Z-scores, or percentiles, and rarely utilize biochemical analysis or cellular 

studies to analyze bone formation and resorption.
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2. Unique features of skeletal abnormalities in DS

The most noticeable feature of the appendicular skeleton in individuals with DS is short 

stature. Individuals with DS have a shorter period of bone growth than normal individuals 

and maximal height in individuals with DS is attained at ~15 and ~16 years in females and 

males with DS, respectively, compared to ~17 and ~18 years in females and males in the 

general population, respectively [14-17]. Puberty is both precocious and incomplete in 

individuals with DS with peak height velocity occurring at an earlier stage of puberty for 

both males and females. The mean age of menarche in females with DS does not seem to 

significantly differ from normal individuals [18]. Individuals with DS attain peak bone mass 

at an earlier age and experience bone loss sooner and at a higher rate than the general 

population [19].

The early development of bone abnormalities and anticipated extended lifespan of 

individuals with DS may predispose them to age-related complications such as increased 

fracture risk [20, 21]. Studies in the past were often too underpowered to discern age- or sex-

related defects in the skeleton. These studies were not directed toward ages when bone 

accrual and growth mechanisms are affected by T21 and also utilized large age ranges. 

While bone defects such as short stature are outwardly apparent, the mechanisms causing 

structural and strength differences in bone are not completely understood nor explored in 

human studies. The most comprehensive studies to date show significant differences in 

BMD between individuals with DS beginning in their second and third decades of life but do 

not include enough individuals older than 60 or younger than 20 years of age to draw 

meaningful conclusions about bone health at those ages [22, 23]. Deficits in bone formation 

at younger ages may place individuals with DS at significant risk of bone-related 

complications at older ages. As opposed to age-related osteoporosis in the general 

population, skeletal defects in DS arise due to dysregulated developmental processes. One 

study showed that bone resorptive processes mediated by osteoclasts were unaffected in 

individuals with DS, while bone formation processes mediated by osteoblasts were 

significantly reduced [24]. These data suggest bone formation processes may drive the 

skeletal abnormalities associated by DS [24]. Understanding genetic, molecular, and cellular 

mechanisms governing skeletal development in DS is critical to prevent skeletal deficits 

from forming.

3. Methods to quantify bone in individuals with DS

Dual X-ray Absorption (DXA) is used to measure bone density and other bone parameters 

noninvasively, including whole body or areas of interest such as the lumbar spine, wrist, or 

femoral neck. DXA provides a measure of bone mineral content (BMC) that is divided by 

the two-dimensional area of the bone to yield areal BMD, as opposed to computed 

tomography (CT) which yields a volumetric BMD measure [25]. BMD measurements 

obtained from DXA that are adjusted to account for the size of the bone are reported as bone 

mineral apparent density (BMAD) [19, 24]. Control BMD measurements to compare with 

individuals with DS are often obtained from cohorts of normal individuals at peak bone 

mass. Without adjusting for the reduced size of the bones of individuals with DS, the data 

can be deceiving. For example, Costa et al. 2018 reports a downward trend in lumbar spine 
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BMD from age 15-64 while Carfi et al. 2017 reports little or no decline in lumbar spine 

BMAD from age 20-69 [19, 22]. Garcia-Hoyos et al. reported that areal BMD was 

significantly lower than age-matched individuals in the general population but volumetric 

(v)BMD fell into normal range [26]. A subsequent study of the same population by Garcia-

Hoyos using 3D-DXA found that individuals with DS had lower vBMD than age matched 

controls [27]. While the trends of areal BMD and vBMD are similar between age-matched 

adult studies (reduced in the DS population compared to general population), adjusted BMD 

(vBMD or BMAD) has a stronger correlation to bone strength than areal BMD and should 

be the preferred measurement [28]. The BMD value from individuals with DS should be 

adjusted depending on the age and size of the subjects to draw accurate conclusions.

The most frequently reported measurements of BMD in individuals with DS are of the 

lumbar spine (vertebral fractures are the most common manifestation of osteoporosis) and 

femoral neck (hip fractures are the most debilitating manifestation of osteoporosis) [29]. 

Total hip BMD is generally considered the least reliable measurement of BMD, compared to 

the lumbar spine or femoral neck, due to inconsistencies in change between measurements 

[30, 31]. The part of bone analyzed must also be carefully considered. Trabecular BMD is a 

more valuable measure for predictive calculations such as fracture risk or ultimate load [28], 

and hand X-rays are valuable for assessing skeletal age [25].

Two methods are predominantly used to determine if significant bone deficits exist in 

individuals with DS as compared to the general population. Both have advantages and 

drawbacks depending on the comparison, which may add to the confusion about DS bone 

measurements. T-scores are calculated by comparing the mean BMD of the individual with 

DS to a subset of the healthy general population between 25 and 30 years of age of the same 

ethnicity. This measurement is valuable because it assesses how far off an individual’s BMD 

is from their maximum potential BMD. Normal BMD T-scores are >−1, osteopenic BMD is 

between −2.5 and −1, and osteoporotic BMD is <−2.5. Z-scores are calculated to compare 

the BMD of an individual with DS to a subset of the healthy general population with a 

similar age and sex. This measurement is valuable because it assesses how different an 

individual’s BMD is from healthy people of the same age and sex. T-scores are valuable for 

assessing when individuals with DS attain peak bone mass and the degree of bone loss, 

while Z-scores are valuable for assessing the effect of trisomy on bone compared to the 

general population [19]. Comparing studies with T- and Z-scores may be difficult because of 

the different emphases of these scores.

While DXA is a convenient and powerful tool, it cannot provide cellular related 

measurements for bone accrual, remodeling, or homeostasis. Bone biopsies and postmortem 

samples would reveal much about the cellular activity in the bones of individuals with DS, 

but the invasive nature of collecting a sample may be both stressful and painful. To date, a 

single report of a postmortem histological evaluation of a lumbar spine sample from a 49-

year old male with DS reported that there were no osteoclasts present in the cross-section 

and surmised that bone resorption was impaired [32]. This report is often cited as if it were a 

study of many individuals with DS, but because it only sampled one individual and because 

of known variability in individuals with DS, more biopsies and postmortem samples should 

be performed in individuals with DS to validate the findings.
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Biomarkers such as procollagen 1 amino-terminal peptide (P1NP) and C-terminal 

telopeptide (CTx) are used to measure bone formation and resorption, respectively. Before 

being conjugated into the bone matrix, the N- and C-terminals of procollagen are cleaved 

through enzymatic reactions in the osteoblast resulting in deposition of collagen and release 

of P1NP into the bloodstream. P1NP is a reliable bone formation biomarker and is currently 

being developed for clinical application. CTx, on the other hand, is released into the blood 

stream by osteoclastmediated degradation of collagen. While CTx is a specific and sensitive 

biomarker for bone resorption, measurements must be obtained in a fasting state because 

food intake decreases serum CTx concentrations [33]. P1NP serum concentrations in 

individuals with DS were significantly reduced compared to controls, but CTx levels were 

not significantly reduced [24]. Based on this information, it was hypothesized that the 

cellular defect in adults with DS lies not in osteoclast activity and resorption, but in 

decreased osteoblast activity and bone formation [24].

A major limitation of skeletal research in DS is the heterogeneity of analysis methods across 

studies. Large numbers of individuals in relevant age groups are seldom compared, sexes are 

sometimes pooled, measurements not always adjusted for size, and data presentation is not 

standardized (Supplemental Table 1). Some examples of these cases are as follows: 1) A 

study sampled only 22 individuals with DS, had no control group, pooled sexes, and 

presented only raw areal BMD data [34]. 2) A study sampled 94 individuals, compared male 

with female, presented serum hormone concentrations, areal BMD and Z-scores, but pooled 

all individuals with intellectual disability [35]. 3) A study sampled only 10 males and 9 

females with DS, 7 males and 7 females without DS, and presented only Z-scores [36]. 

Because a thorough study of all ages is difficult, age, BMD, and other raw measures 

obtained from each subject should be included in the study instead of only adjusted values. 

Presented as such, data may be compared to previous studies, values may be adjusted 

according to current and future specifications, and individuals may be grouped appropriately 

by biological sex and age. Future studies should utilize DS outreach programs connecting 

caregivers of individuals with DS to each other for the recruitment participants of specific 

ages to studies [37].

4. Bone growth in individuals with DS

4.1 Prenatal bone growth

Two major hallmarks of DS, craniofacial abnormalities and reduced long bone length, are 

visible via ultrasonography performed during the second trimester but are considered soft 

markers rather than diagnostic markers for DS [38-40]. Nuchal thickening is the most 

common sonographic marker for DS, followed by shortened humerus. Femur length is a 

sensitive soft marker, but is the least correlated with DS and has the highest false positive 

rate [40, 41]. Shortened humerus and femur were the highest correlated sonographic 

markers. Unlike sonographic detection in the second trimester, only 9% of T21 fetuses had 

long bone shortening below the 5th percentile during the first trimester and there was no 

correlation between nuchal thickening and long bone shortening [38]. The value of a single 

soft marker is low, but multiple aberrant soft markers suggest the need for further testing. 
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These findings suggest that some sonographic markers are present in early fetal 

development, may become more apparent over time, and lead to DS skeletal defects.

4.2 Childhood to Adolescence

The timing and velocity of bone growth in children with DS is different from the general 

population. Reduced bone mass accrual during childhood results in lower bone mineral 

density and bone area in the upper and lower limbs, predisposing adolescents to an increased 

risk of fragility fractures and osteoporosis [2, 21, 34, 35, 42, 43]. Growth velocity is severely 

affected from six months to three years of age and again at puberty [14]. Around seven years 

of age, the skeletal age of individuals with DS is delayed compared to chronological age; 

growth of the secondary ossification center is delayed until approximately eight years of age 

[42]; and bone growth of the appendicular skeleton during puberty in individuals with DS is 

stunted [14], all of which contribute to the shortened stature of children with DS. By the age 

of 15, however, DS skeletal age has advanced beyond chronological age and individuals with 

DS have reached their maximum height, compared to the general population who reach 

maximum height between 17-20 years of age [34, 42].

4.3 Reaching Peak Bone Mass

Peak bone mass, defined as the highest bone density value achieved during a lifetime, is 

generally considered to be attained near the end of the second decade of life shortly after 

closure of the epiphyseal growth plates [16, 17, 44]. Growth plate closure is sexually, 

spatially, and temporally dependent. Androgens drive periosteal expansion while 

suppressing endosteal contraction and estrogens drive endosteal contraction while 

suppressing periosteal expansion. This interplay of sex hormones drives a sexual 

dimorphism in bone resulting in endosteal bone accrual in pubescent girls and periosteal 

bone accrual in pubescent boys. Periosteal mineral apposition and expansion of the outer 

diameter of bone is more mechanically advantageous than endosteal mineral apposition and 

contraction of the inner diameter of bone [45]. Estrogen signals the closure of the growth 

plate in boys and girls and due to the higher production of estrogen in girls, the growth 

period ends earlier than in boys. Women therefore attain peak bone mass and maximal 

height earlier than men and have a lower overall peak bone mass. Peak axial skeletal bone 

mass in the general population is attained near the end of the second decade, but peak bone 

mass of the hip is attained between 14 and 18 years of age [16, 17]. Peak mass of the 

appendicular skeleton in the general population is normally attained near the end of the 

second decade of life but may be reached as early as 18 and as late as 35 years of age [44].

Individuals with DS reach peak bone mass 5-10 years earlier than the general population 

[19]. Hypogonadism is a common feature of DS, but more common in males than females. 

Testosterone levels in males with DS have been reported as similar or slightly lower than 

males in the general population [35, 46-48]. Males and females with DS approaching peak 

bone mass have significantly reduced BMAD in the lumbar spine at 20 years of age but not 

significantly lower femoral BMAD compared to the general population [22].

Reduced physical activity may contribute to low BMD in individuals with DS [34]. 

Adolescents with DS are less active than the general population, with an average of less than 
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60 minutes of moderate to vigorous activity each day [49, 50]. Low physical activity in 

adolescents with DS compared to the rest of the population has been correlated with low 

BMD, especially in females with DS [36, 51, 52]. Regular physical activity during 

adolescence increases skeletal gain by 30% compared to inactivity [53]. Application of 

physical activity programs in individuals with trisomy increased BMD and lean muscle mass 

[52, 54]. Mechanical stimulus may have a lesser effect on bone strength in individuals with 

DS, suggesting a defect in the mechanostat; however, the success of long-term physical 

activity programs focused on increasing lean muscle mass and BMD contradict that 

argument [52, 53]. Again, the major complication in studies of this nature is the lack of 

statistical power due to small sample sizes and pooling sexes. Future studies should include 

more participants, grouped by sex, with controls from the general population, and utilize 

long-term programs that promote active lifestyles.

4.4 Beyond Peak Bone Mass

Bone loss in the general population begins in the third decade of life after achieving peak 

bone mass [20, 44], and in individuals with DS, it may begin sooner because they reach peak 

bone mass 5-10 years earlier [19]. Following peak bone mass, bone remodeling results in a 

net negative balance as the basic multicellular unit (BMU) consisting of osteoclasts and 

osteoblasts resorbs more bone than is formed [20, 55-57]. Trabeculae in cancellous bone 

become less numerous while thickness is unchanged or increased and cortical bone becomes 

more porous [58]. In normal individuals, trabecular bone loss begins around age 30 and 

cortical bone loss begins around age 50 [20, 59, 60]. Only a single postmortem report exists 

that confirms trabecular thinning in the lumbar spine of a middle aged man with DS [32]. 

Women experience exaggerated bone loss following menopause, which highlights the 

importance of estrogen in bone homeostasis [60]. Estrogen represses osteoclastogenesis and 

prevents endosteal bone resorption [17, 60, 61]. Women with DS lose BMD in the femur at a 

similar rate as the general population; although they have significantly reduced BMD in the 

lumbar spine, there is not a high rate of bone loss in the lumbar spine like the general 

population [19, 22, 23].

Lumbar spine BMAD is significantly reduced in individuals with DS compared to normal 

individuals in both sexes but does not decline with age as dramatically as in the general 

population. Normal females experience a dramatic reduction in lumbar spine BMAD after 

menopause, nearly matching the BMAD of females with DS after 50 years of age. Sexual 

differences become more pronounced at middle age. Femoral neck BMAD in males with DS 

declines sharply across all age groups as a consequence of aging whereas females with DS 

do not begin to experience a sharp decline in femoral neck BMAD until after 40 years of age 

[19, 22]. Delayed decline in BMAD in the femoral neck of females until after menopause 

suggests a protective effect of estrogen in females with DS.

By advanced age, the differences in BMAD in the lumbar spine and femoral neck between 

individuals with DS and the general population have not been shown to be significantly 

different [22]. It is likely that vBMD differences have not reached significance levels in the 

literature due to the low sample size for individuals with DS who are 50 and beyond [22]. It 
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is surprising that despite having BMD deficits throughout their lives, females with DS have a 

similar BMD in the lumbar spine as females in the general population at advanced age [19].

Taken together, female biological sex may offer a protective effect against the trisomyrelated 

BMD loss after peak bone mass observed in males with DS. Males and females with DS 

experience a decline in lumbar spine and femoral neck BMD and BMAD at similar rates 

after reaching peak bone mass with little effect of menopause on females [19, 22]. Females 

with DS were found to have a less dramatic loss of BMD after menopause compared to 

females in the general population, suggesting a protective effect of trisomy. Males with DS 

generally have lower values compared to females with DS at all sites measured and it has 

been concluded that male biological sex predisposes individuals with DS to worse skeletal 

abnormalities than females [19].

Increased attention in the last few decades has contributed immensely toward improving the 

quality of life and lifespan of individuals with DS. The current standard of care for the 

general population can be applied to individuals with DS to improve quality of life, but there 

are features and processes unique to DS that must be unraveled to provide better 

personalized care. Not only are DS bone studies few in number, but the sample sizes are too 

small for specific age groups to characterize specific developmental or age-related 

phenotypes. Skeletal abnormalities caused by T21 arise during prenatal development as 

delayed growth and never catch up with the general population, but no study to date has 

determined what cellular or developmental mechanisms are dysregulated during that time. 

Future studies should analyze skeletal development in male and female children with DS in 

age groups before, during, and after puberty using standardized methods for imaging bone 

and quantifying serum metabolites indicative of bone cell activity. Because individuals with 

DS are living longer, skeletal aging in DS should also be given more attention by assessing 

the skeletal health of individuals with DS who are reaching advanced age. The benefits of 

this research would be two-fold: the lessons learned would not only enhance the quality of 

life in the DS population, but may also apply to the general population.

5. Sexual dimorphisms in DS bone

Males and females with DS have distinct skeletal differences compared to the general 

population. Because of low sample sizes in DS bone studies, it was perceived that males and 

females with DS had similar skeletal measures and consequently data were pooled to 

increase statistical power for comparison between DS and non-DS [26, 36, 52]. Studies with 

higher power revealed that males with DS begin losing BMD in the femur much earlier than 

females with DS, suggesting a protective effect of female biological sex in terms of 

maintaining BMD [19, 22, 23, 62]. Some have suggested that bone loss in males is due to 

low estradiol instead of testosterone [63, 64]. Further supporting this notion is that most 

females with DS use contraceptives and do not experience bone loss until after menopause, 

which begins on average at 46 years of age in females with DS [22, 23, 65]. Contraceptives 

are commonly used by females with DS to mitigate menstrual cramps, behavioral changes, 

and to prevent pregnancy in the event of sexual abuse, but the effect on bone density in this 

population has not been described [66, 67]. There may also be an age- and sex-specific 

response to physical activity [50].
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6. Fracture risk vs rates in DS

Nearly all bone studies on DS suggest an increased fracture risk for myriad reasons (reduced 

BMD, reduced BMC, reduced physical activity, reduced visual perception/acuity, reduced 

coordination) [2, 19, 22, 24, 51, 68]. Despite the unanimous agreement that DS predisposes 

individuals to increased fracture risk at all ages, little data are available to confirm if 

individuals with DS have a correlative relationship with fracture risk [22, 23, 62]. A study of 

individuals with DS living in a clinic found that about 50% of the residents with DS and 

Alzheimer disease had experienced a long bone fracture and about 20% had experienced a 

vertebral fracture [69]. An analysis of 75 men and women with DS over the age of 18 as 

compared to 76 age and sex matched controls found an 11% as compared to 12% prevalence 

of fractures in individuals with DS as compared to controls [26]. Some information on 

skeletal health in both young and old individuals can be obtained from recent surveys 

including from the DS-Connect registry [37]. Of the 3490 people who responded to the DS-

Connect survey on health conditions of individuals with DS (https://dsconnect.nih.gov/, 

accessed 8/21/2019), 521 (267 males) or 15% indicated that they had been diagnosed with a 

skeletal problem and 63 were unsure. When answering which skeletal problems they had, 

most reported atlanto-axial instability, fractures, osteopenia or osteoporosis (Table 1). In a 

more specific skeletal health questionnaire, 51/189 (25 males) or 27% of individuals with 

DS reported that they had a fracture or broken bone, and 7/189 (4%) reported they had been 

diagnosed with osteoporosis. Four individuals reported that they had used a vitamin D 

supplement, two each a calcium supplement or bisphosphonate medication, and one physical 

therapy as therapies for osteoporosis. Most people reported a fracture of either a leg or arm 

bone (Table 2) and most fractures occurred in individuals under 20 years of age (Table 3).

Data obtained from DS-Connect the questionnaire suggest that most fractures occurred in 

younger individuals, either due to the bone deficits present at early ages in individuals with 

DS or because of the lack of data from older individuals with DS. Additionally, not many 

individuals with DS had been diagnosed with osteopenia or osteoporosis, likely because they 

had not been tested (only four of eight people who responded said they had ever had a DXA 

scan). These limited data illustrate the need for a comprehensive understanding of skeletal 

deficits in DS throughout the lifetime.

7. Hypothesized cellular basis of skeletal abnormalities in humans with 

DS

The currently accepted view of the underlying cellular cause of bone phenotypes in DS is 

limited by the scope and sample size of current studies. Individuals with DS have 

significantly reduced P1NP compared to the normal population, and reduced but not 

significantly different CTx serum concentrations [24, 26]. These findings suggest that the 

underlying cellular process that disrupts bone homeostasis and promotes osteoporotic 

phenotypes is reduced bone formation and, to a lesser degree, reduced bone resorption. Yet, 

data presented to support the claims that individuals with DS have impaired bone formation 

but not bone resorption must be critically assessed. Serum biomarker data were pooled from 

males and females with DS ranging from 19 to 51 years of age, which may provide a 
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suitable comparison between the general population and the DS population, but because 

bone development and homeostasis is dynamic, this methodology does not provide insight 

into whether or not the defects observed occur only at a specific age or only in a specific sex 

[24]. The supposition that bone resorption is repressed in individuals with DS is supported 

by the analysis of one middle-aged individual with DS [32]. Other studies citing this article 

found that bone resorption was not significantly reduced in individuals with DS [24, 26]. 

Osteoblasts were found to be fewer in number and osteoclasts completely absent in the 

histological evaluation. P1NP was significantly reduced, matching the reduced osteoblasts, 

but CTx should be reduced if there are fewer osteoclasts. A reported interassay variability of 

7.4 to 35.6% when measuring CTx may explain why the data failed to reach significance. It 

may also be possible that because data were pooled from a wide age range that the data does 

not match the histological evaluation of the lumbar spine from the 49-year old male with 

DS. There may be an age-dependent reduction in osteoblasts and osteoclasts as a result of 

trisomy that is impossible to detect when data from a wide age range are pooled.

The dynamic nature of bone during development and aging reveals that processes observed 

during fetal, child, adolescent, adult, and aging adults are unique to each age. Thus, 

sampling from a wide range of ages and pooling the data to test a general hypothesis 

complicates the understanding of what processes are actually defective at each age. Also, 

because bone cells respond differently to sex hormones, samples obtained from males and 

females should be examined and reported separately. Bone biopsies would provide the most 

powerful insight on the cellular processes governing skeletal growth and homeostasis in 

individuals with DS. Although less powerful, measurement of serum biomarkers is a less 

painful and more plausible method for examining skeletal homeostasis. P1NP and CTx 

should be measured in individuals at different ages to evaluate bone formation and 

resorption processes during critical milestones of skeletal development such as: puberty, 

peak height, peak bone mass, middle age, and advanced age. This experiment would help 

define when bone growth and decline occur and when certain therapies will benefit 

individuals with DS.

8. Mouse models of the DS skeleton

Mouse models of DS recapitulate some T21 skeletal phenotypes and have been used to 

better understand the ontogeny and progression of skeletal deficits and test potential 

therapies to improve DS bone. Much of what we know about the molecular and genetic 

defects in DS comes from the study of mouse models, but in the study of bone there are 

several caveats to consider. Although the growth plate never closes and both longitudinal and 

appositional growth slow dramatically at puberty, skeletal maturity in mice is attained 

between four and six months of age. Unlike humans, the growth plate of long bones never 

fully closes and longitudinal bone growth continues slowly after sexual maturity. Another 

difference between human and murine cortical bone is the absence of osteons in murine 

bone [70].

While there are diverse mouse models of DS, [71, 72], the Ts(1716)65Dn (Ts65Dn) mouse is 

the most well-studied model of DS and was used to characterize appendicular skeletal 

deficits in DS [73-75]. Ts65Dn mice contain a small extra translocation chromosome 
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homologous to human chromosome 21 (Hsa21) with 94 genes conserved in both humans 

and mice [76]. The freely segregating chromosome also contains ~35 extraneous protein 

coding Mmu17 genes that are not homologous to Hsa21, and subfertile Ts65Dn males are 

often used for experimental procedures, reserving the fertile females for colony maintenance 

[71]. Despite these caveats, Ts65Dn mice display several bone phenotypes that resemble 

those found in humans with DS including craniofacial deficits, small size, reduced BMD and 

trabecular and cortical skeletal deficits [3, 73, 77, 78]. Mechanical strength is also reduced in 

Ts65Dn mice which parallels increased fracture risk in humans with DS [79]. The 

appendicular skeletons of adolescent Ts65Dn mice exhibit reduced bone formation rate, 

reduced mineral apposition rate, and fewer osteoblasts and osteoclasts. P1NP, a bone 

formation marker, is unaffected at 3 months, but significantly depressed at 24 months [77, 

79].

Skeletal studies on the Ts65Dn mouse model have produced data for mice aged 6, 12, 16, 

and 104 weeks. At all ages, percent bone volume, trabecular number, and separation were 

significantly lower in appendicular skeleton of Ts65Dn mice compared to euploid controls. 

Trabecular thickness is not significantly affected in any studies at any age [73, 77, 79]. 

Cortical measures such as cross-sectional area, cross-sectional perimeter, and mean polar 

moment of inertia in femurs from 6 and 16 weeks of age are also significantly decreased [73, 

79]. Trisomic 6-week-old mice have significantly decreased ultimate force, stiffness, energy 

to failure, and toughness compared to euploid controls. Cross-examination of studies 

indicates that osteoclast area and number in the appendicular skeleton are increased in 6 

week old, but decreased in 12 week old Ts65Dn mice compared to euploid mice [77, 79]. 

Supporting this observation, TRAP 5b and P1NP serum biomarkers for bone resorption and 

formation, respectively, are significantly decreased at 2 years, but not 12 weeks, suggesting a 

shift in osteoblast and osteoclast activity [77]. These data suggest that increased osteoclast 

activity at 6 weeks shifts the homeostatic balance of resorption and formation activity 

toward increased resorption and a net bone loss. Osteoblast and osteoclast activity are 

influenced by osteocytes embedded in bone. Old or dying osteocytes produce fewer 

secretory factors that govern osteoblast and osteoclast activity which compromises both 

bone repair and response to anabolic signals [80]. Net bone (and osteocyte) loss results in 

reduced signaling and may explain decreased activity at later timepoints (12 weeks and 2 

years). Together, these data support the hypothesis that defects in the adult skeleton of 

Ts65Dn mice result from defective cellular processes earlier in development and not as a 

result of aging.

DYRK1A, a gene found in three copies in humans with DS and Ts65Dn mice, significantly 

contributes to many DS phenotypes including skeletal malformations [81, 82]. Dyrk1a 
transgenic mice (increased copy number of just Dyrk1a) exhibited significantly reduced 

bone mass, an osteoporotic phenotype, including percent bone volume, reduced trabecular 

skeletal parameters but not reduced cortical bone thickness [83]. The osteoporotic phenotype 

of Dyrk1a transgenic mice was characterized by osteoblast deficiencies, resulting in the low 

bone mass phenotype [83], suggesting that Dyrk1a alone has an important role in the DS 

trabecular phenotype. Returning Dyrk1a to two functional copies in otherwise trisomic 6 

week old Ts65Dn mice (Ts65Dn,Dyrk1a+/−) rescued many of the femoral trabecular 

parameters, including BV/TV, to euploid levels [79]. Cortical bone was increased, though 

LaCombe and Roper Page 11

Bone. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



not at euploid levels, and periosteal perimeter was not corrected in Ts65Dn,Dyrk1a+/− mice, 

suggesting that other trisomic genes besides Dyrk1a influence cortical phenotypes. Trisomic 

Dyrk1a does not, however, play a significant role in developing prenatal skeletal 

abnormalities in Ts65Dn embryos [84].

Ts1Rhr mice are trisomic for 33 genes orthologous to Hsa21 in the “Down syndrome critical 

region” (DSCR). Overexpression of the 33 DSCR genes was insufficient to cause DS like 

craniofacial dysmorphology found in Ts65Dn mice or individuals with DS [85, 86]. Bone 

abnormalities were examined in male and female Ts1Rhr mice at 3 and 16 weeks of age 

[86]. Using DXA, no differences in spine, femur, or tibia BMD were found at 3 weeks of 

age between Ts1Rhr and euploid mice, regardless of sex. Tibia BMD was significantly lower 

and spine BMD was significantly higher in Ts1Rhr mice at 16 weeks in both sexes. It may 

be that Ts1Rhr contained too few trisomic genes to significantly affect skeletal phenotypes 

at early ages, or significant differences in skeletal structures may have been seen using 

additional methodologies including microCT and mechanical testing.

9. Potential treatments of bone abnormalities in humans with DS

Some interventions to improve skeletal structure in individuals with DS have been attempted 

and others may have promise. Individuals with DS generally have reduced physical and 

cardiovascular fitness, reduced general muscle strength, lower BMC and BMD, and usually 

live a sedentary lifestyle. BMI is usually not significantly different between children with 

DS and children without intellectual disability, but is more likely to be significantly different 

in adolescents and adults [51]. Exercise intervention in individuals with DS has produced 

mixed results. Participants displayed significant improvements after weight and strength 

training. A combined cardiovascular and strength training program involving aerobic activity 

and weight training resulted in improvements in aerobic activity and anaerobic power [51]. 

Cardiovascular training reduced fat mass and lengthened time to exhaustion, but other 

measures were not significant, suggesting that longer periods of training and higher training 

intensity may result in improving cardiovascular health [51].

Vitamin D and calcium are key components of bone health that are consistently lower when 

measured in individuals with DS [43, 52, 62]. Vitamin D deficiency resulting from poor 

intake or malabsorption has a detrimental effect on bone quality, resulting in lower BMC and 

BMD, during periods of bone mass accrual, typically during puberty and adolescence [43, 

52, 87]. Despite vitamin D supplementation by 94% of the individuals with DS that were 

sampled, their plasma vitamin D concentrations were still considered insufficient [62]. 

Individuals with DS who were given calcium and vitamin D supplements for one year, 

responded with a marked improvement in serum vitamin D concentrations, decreased serum 

parathyroid hormone (PTH), and decreased osteocalcin [88]. It is generally agreed that 

individuals with DS need supplementation of vitamin D and calcium, but a standard intake 

for each age has not yet been established [43].

Epigallocatechin 3-gallate (EGCG) inhibits the Hsa21 protein DYRK1A in vitro [89], and 

has been a candidate molecule for treatment of DS phenotypes [90]. Low doses of about 

9mg/kg/day pure EGCG improved trabecular but not cortical bone phenotypes in the femur 
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of Ts65Dn (and euploid) mice at 6 weeks of age [79]. Mineralization defects inherent to 

Ts65Dn mice were improved with low doses of pure EGCG, but there was no translational 

effect on bone strength. Pure EGCG doses of 50mg/kg/day were detrimental to bone 

architecture and strength in Ts65Dn mice [91]. When two different green tea extracts 

containing EGCG were given to Ts65Dn mice, they seemed to improve trabecular structure 

and percent bone volume, although the given concentration of EGCG was less than 

anticipated by EGCG content on the label [92]. Bone strength in mice given the green tea 

extract containing EGCG was reduced. After 12 months of treatment with green tea extracts 

containing EGCG, there was reduced bone mass in the individuals with DS, ages 16-34 

years, especially in females [93, 94]. EGCG has very low bioavailability; the small amount 

of EGCG that is absorbed from the gut to the bloodstream has an elimination half-life of 

about 3.4 hours and is undetectable after 24 hours [95]. The effects of EGCG on skeletal 

parameters may be dependent on concentration of EGCG and other catechins that are 

included in the treatment [90, 96].

The skeletal defects observed in DS may not be a consequence of increased resorption, and 

thus would limit the utility of bisphosphonates that are the most commonly prescribed drug 

for preventing bone loss in the general population. Bisphosphonates may, however, be 

effectively utilized in combination with anabolic agents to abrogate a plateau effect during 

treatment or bone loss after cessation of treatment. Because the source of skeletal 

abnormalities in DS may arise from defects in bone accrual, parathyroid hormone (PTH) and 

parathyroid hormone related protein (PTHrP) analogs such as abaloparatide and teriparatide 

may be more appropriate for treatment in DS due to the anabolic effect when administered 

intermittently [24, 97]. Continuous exposure stimulates receptor activator of κ-B ligand 

(RANKL) production in osteoblasts and osteocytes, promoting osteoclastogenesis and bone 

resorption. Conversely, intermittent exposure inhibits sclerostin production and stimulates 

osteoblastogenesis and bone formation [98, 99]. Treatment of the Ts65Dn DS mouse model 

with intermittent doses of PTH increased %BV/TV, mineral apposition rate, bone formation 

rate, and the number of osteoblasts [77]. This strategy for abrogating bone loss in individuals 

with DS is not recommended because DS predisposes individuals to an increased risk acute 

lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML), which are exacerbated 

by PTH receptor activation [100, 101]. Studies demonstrating cancer growth and metastases 

as a result of PTH treatment, however, were performed in immune-compromised mice 

receiving injections of human breast cancer cells [102, 103]. More work must be done to 

demonstrate the potential harm or benefit of PTH in individuals with DS before it is used as 

a treatment to improve bone health.

Denosumab, a RANKL antibody designed to inhibit RANK-RANKL signaling that 

stimulates osteoclast differentiation, osteoclast activity, and bone metastasis [104, 105], has 

not been administered to individuals with DS or mouse models of DS, but may be safer than 

PTH or PTHrP analogs because it is used to treat osteosarcomas, the very disease that is 

exacerbated by PTH or PTHrP analog treatment. The long-term effects of Denosumab 

treatment in postmenopausal women has been well studied and has demonstrated that the 

drug is well tolerated, reduces fracture risk, reduces cancer metastasis and bone loss 

associated with cancer treatments, and increases BMD without plateauing over 10 years 

[104-108]. Long-term treatment side effects are limited to increased risk of infection and 
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osteonecrosis of the jaw [105]. Cessation of treatment is correlated with increased fracture 

risk of the lumbar spine and rapid loss of BMD [109]. Like bisphosphonates, the action of 

denosumab is anti-resorptive, and may limit the efficacy of treatment in individuals with DS.

Sclerostin, a protein coded by the SOST gene, is secreted by osteocytes. When detected by 

osteoblasts, the Wnt pathway is suppressed and RANKL production increases. The net effect 

is downregulation of osteoblast activity and increased osteoclast activation[110]. Sost 
knockout mice were found to have high bone mass with no response to mechanical loading, 

which recapitulated the human condition. High bone mass accrual was attributed to 

increased Wnt/β-catenin signaling[111]. Short- and long-term treatment in mice increased 

overall BMD, cortical, and trabecular measures. When sclerostin antibody was given to 8-

week-old Ts65Dn mice for 28 days, it increased osteoblast activity and normalized BMD to 

euploid levels, improved trabecular architecture, and some cortical measurements [112]. 

Romosozumab (sclerostin antibody trade name) is a humanized monoclonal antibody that 

has undergone phase III clinical trials that concluded it was an effective anabolic drug with 

few side effects [110] that may be a candidate therapy in individuals with DS.

10. Conclusions

The majority of research on individuals with DS in past decades has largely been directed 

towards cognitive health [72, 90] and comprehensive skeletal examinations are lacking. 

Current data suggest some phenotypes in DS are a result of a defect in development and 

homeostasis as opposed to typical aging mechanisms [73], and this, at the least, contributes 

to DS bone deficits. Although cellular mechanisms for DS skeletal deficits have been 

discussed [24, 26, 73, 84, 113], no genetic or molecular mechanism has been identified as 

the absolute cause of all aberrant bone phenotypes in DS. Additionally, different 

mechanisms with adverse effects on bone may come into play at different ages in individuals 

with T21. As such, future studies should focus on ages critical to bone development or ages 

following peak bone mass during which rapid loss of BMD is observed to determine 

mechanisms responsible for developmental and homeostatic defects. As individuals with DS 

increase in average age, they will likely be subject to more effects of old age, including 

osteoporosis and skeletal fractures. Understanding the developmental bases of these bone 

phenotypes may help to prevent the adverse effects of weak bones later on in life; 

understanding additional adverse mechanisms affecting bone later in life and how they 

compound these developmental abnormalities may also be necessary.

It appears that the mechanisms of bone loss in individuals with DS are different from the 

general population, and there is a need for further study. Mouse models of DS have 

established that skeletal defects arise before peak bone mass, and these studies have led to 

proposed cellular mechanisms for DS skeletal deficits [73, 77, 79, 84]. Yet, different 

mechanisms for trisomic skeletal deficits have been proposed and these disparities may be a 

function of the skeletal ages studied when the mechanisms were proposed. Studies in 

humans with DS and DS mouse models should be conducted in a longitudinal manner, and 

assume trisomic skeletal abnormalities are a snapshot of a dynamic system, rather than 

considering deficits to be constant at all ages. It is likely that specific genetic and molecular 

mechanisms are differentially regulated in an age-dependent manner during development. 
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Future studies should focus on physiologically relevant ages in terms of skeletal health and 

development and clearly state the reasoning for choosing a specific age.

Past studies in individuals with DS have provided an incomplete story with gaps and 

inconsistencies because skeletal features associated with DS are uncharacterized, studies are 

underpowered and often do not have sufficient individuals at important skeletal ages, and 

measurement methods do not follow a standardized protocol. The variation in phenotypes 

and results from individuals with DS further confound the data available, making 

comparisons between studies difficult. Because of the wide variability associated with DS 

phenotypes, sample sizes should be adequately powered. Future studies may consider 

grouping individuals by their skeletal age, as measured by hand and wrist x-rays, rather than 

their chronological age. Developmental studies and lumbar spine measurements may 

determine the difference between the BMD of the subject and peak bone mass. Height 

should be measured to determine the difference between the subject’s height and peak 

height. Studies on the aging DS population should measure both lumbar spine and femoral 

neck/hip, as the BMD in these regions may decline in an age-and sex-dependent manner. 

Finally, both male and female data should be analyzed separately to characterize unique 

sexually dimorphic differences in the DS population. Male biological sex may be a risk 

factor for skeletal defects in DS; conversely, female biological sex seems to be protective, 

especially at early ages. It may be that the somewhat “protective effect” observed in females 

with DS could be attributed to contraceptive use, but this has not been explored. 

Incorporating the aforementioned changes to future studies will propel the field closer to 

developing therapeutics to improve bone health and the quality of life in individuals with DS 

as their lifespan nears that of the general population.

Increased rigor should be applied to skeletal studies to tease out genetic and molecular 

mechanisms; microCT and mechanical testing provide many measurements that assess bone 

quality much better than BMD, as provided by DXA. Skeletal phenotypes should be 

characterized utilizing different DS mouse models and include both sexes to facilitate more 

accurate detection of gene-phenotype correlations. Elucidation of defective mechanisms in 

mouse models of DS may be extrapolated to humans, offering the potential for treatment and 

improved quality of life.

While it is likely that aberrant skeletal development is modulated by a network of genes, a 

single trisomic gene such as DYRK1A may cause a number of adverse skeletal phenotypes 

and manipulation or reducing the activity of the gene may dosage improve skeletal 

phenotypes [79]. Relevant skeletal gene expression should be characterized at the ages of 

interest to identify genetic or molecular mechanisms that may be responsible for the 

emergent phenotypes. Validation of DYRK1A as a pharmacological target suggests that 

pharmacological inhibition with more specific and bioavailable inhibitors may yield greater 

improvements. A correlation between a genetic mechanism and a phenotypic outcome 

during development will allow for a genetic normalization prior to the emergence of the 

aberrant phenotype, then a pharmaceutical inhibition of the causative protein before adverse 

phenotypes develop [90].
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Currently, there is not enough information on bone deficits in the DS population to suggest 

comprehensive strategies to improve skeletal phenotypes. Future studies should prioritize 

sample sizes with adequate power in both sexes at ages relevant to bone development in 

children, adolescents, and individuals at advanced age. Dysfunctional developmental 

mechanisms leading to defective bone architecture as well as potential later stage skeletal 

degeneration occur at time points that have not yet been defined. Therefore, treatment 

strategies must be preceded by the identification of a developmental or later stage window 

that is dysregulated by trisomy before specific molecular targeting with bioavailable 

pharmacological agents.
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Highlights:

• All individuals with DS have skeletal deficits that may progress to 

osteoporosis

• Current research in DS bone is limited by sample sizes and varied 

methodologies

• Development of skeletal sexual dimorphisms in people with DS are not well 

defined

• Typical therapies for skeletal health may not be suitable for individuals with 

DS

• Gaps in knowledge and guidelines for future research in DS bone are 

proposed
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Table 1:

Skeletal problems were diagnosed in individuals with DS responding to DS-Connect (2814 individuals 

provided 2886 responses (answered all that applied))

Diagnosis Individuals Percent

No skeletal problems 2467 88

Atlanto-axial instability 142 5

Fractures 85 3

Arthritis 77 3

Osteopenia 22 <1

Osteoporosis 15 <1

Cervical spine degeneration 15 <1

Unsure 63 2
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Table 2:

Which bones have been broken (Selected all that applied) 34 people provided 39 Responses

Leg Bone 21

Arm bone 10

Hip 2

Rib/Ribcage 2

Spinal compression 1

Unsure 3
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Table 3:

Age when broken bone was diagnosed (selected all that applied)

Less than a year 3

1-5 11

6-10 13

11-15 9

16-20 4

21-25 2

26-30 2

31-40 3

41-50 1

51-60 1

61-70 1

Unsure 2
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