
Skeletal changes through the lifespan—from growth to 
senescence

Joshua N. Farr and Sundeep Khosla
Endocrine Research Unit and Kogod Center on Aging, Mayo Clinic, Guggenheim 7–11, 200 First 
Street SW, Rochester, MN 55905, USA (J.N.F., S.K.)

Abstract

Age-related fragility fractures are an enormous public health problem. Both acquisition of bone 

mass during growth and bone loss associated with ageing affect fracture risk late in life. The 

development of high-resolution peripheral quantitative CT (HRpQCT) has enabled in vivo 
assessment of changes in the microarchitecture of trabecular and cortical bone throughout life. 

Studies using HRpQCT have demonstrated that the transient increase in distal forearm fractures 

during adolescent growth is associated with alterations in cortical bone, which include cortical 

thinning and increased porosity. Children with distal forearm fractures in the setting of mild, but 

not moderate, trauma also have increased deficits in cortical bone at the distal radius and in bone 

mass systemically. Moreover, these children transition into young adulthood with reduced peak 

bone mass. Elderly men, but not elderly women, with a history of childhood forearm fractures 

have an increased risk of osteoporotic fractures. With ageing, men lose trabecular bone primarily 

by thinning of trabeculae, whereas the number of trabeculae is reduced in women, which is much 

more destabilizing from a biomechanical perspective. However, age-related losses of cortical bone 

and increases in cortical porosity seem to have a much larger role than previously recognized, and 

increased cortical porosity might characterize patients at increased risk of fragility fractures.

Introduction

The population of the West is ageing at an unprecedented rate.1 For example, in the USA, 

the number of individuals aged ≥65 years is expected to nearly double from ~39 million 

(corresponding to ~13% of the population) in 2009 to ~72 million in 2030 (corresponding to 

one in five of the population). An overwhelming number of these individuals will develop 

age-related degenerative dis orders, such as osteoporosis and its precursor, osteopenia 

(analogous to diabetes mellitus and prediabetes), which increase fracture susceptibility.1 As 

noted in the Surgeon General’s Report on bone health and osteoporosis,2 10 million 

individuals in the USA >50 years of age already have osteoporosis, and an additional 34 

million individuals have osteopenia. Indeed, the total number of people in the USA with low 
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bone mass could reach 61 million by 2020.3 Moreover, the 2 million osteoporosis-related 

fractures reported in 2005 could increase to 3 million by 2025, with annual costs increasing 

from US$16.9 billion to US$25.3 billion.4

Given the growing prevalence and costs of fractures associated with age-related bone loss 

and osteoporosis, increased understanding of the structural changes that occur in the ageing 

skeleton are crucial for the development of improved, more-targeted therapies to prevent 

bone loss and fracture. Moreover, considerable evidence now exists that peak bone mass 

attained during childhood and adolescent growth is a major determinant of bone mass and 

fracture risk later in life.5 Indeed, on the basis of computer simulations of bone loss over 

life, the age at which an individual crosses the threshold for a diagnosis of osteoporosis is 

predicted to be delayed by 13 years if young adult BMD is 10% higher than the mean.6 

Beyond bone mass and BMD, however, the structure of bone might also make important 

contributions to its strength and thus its resistance to fracture.

In this Review, we address key aspects of our understanding of the structural changes that 

occur in the skeleton during growth as well as during senescence. We focus specifically on 

studies in humans, with an emphasis on skeletal changes at the distal radius, a clinically 

relevant site of forearm fractures. The advent of new imaging modalities, such as high-

resolution peripheral quantitative CT (HRpQCT),7,8 now provide the opportunity to address 

this issue not only at the macrostructural level of changes in bone mass, but also at the level 

of changes in bone microarchitecture. Thus, although fractures at other sites (for example, 

the spine and hip) are also clearly of great public health importance,4 the inability of 

conventional imaging to characterize bone microarchitecture at these central sites (owing to 

concerns regarding radiation exposure) limits our ability to directly address this issue at 

these sites. Nonetheless, we discuss available data regarding bone macrostructural changes 

at these sites with ageing and the limited bone biopsy sample and cadaveric data examining 

bone microarchitecture in patients with and without hip fractures.

Skeletal changes during growth

Acquisition of bone mass

Bone mass increases steadily during childhood, but markedly so during adolescent growth. 

Indeed, >95% of the adult skeleton is formed by the end of adolescence.9 Most studies 

evaluating skeletal growth have used dual-energy X-ray absorptiometry (DXA), which can 

measure bone mineral content (BMC) as well as areal BMD (aBMD)—defined as BMC 

divided by the projected bone area. Consequently, as aBMD is influenced by bone size, 

DXA measurements of aBMD overestimate the true volumetric BMD (vBMD) in large 

bones and underestimate vBMD in small bones.10 In addition, DXA cannot discriminate 

between changes in trabecular versus cortical bone. Despite these limitations, DXA has 

nonetheless proven to be quite useful not only for assessment of bone mass in adult 

individuals, but also in children and adolescents during growth.

Bone mineral accrual during adolescence was investigated using annual DXA measurements 

in a prospective study of 53 girls and 60 boys aged 8–14 years over 6 years.9 The mean age 

for peak bone mineral accrual (peak BMC velocity) occurred ~2 years earlier in girls (12.5 
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± 0.90 years) than in boys (14.1 ± 0.95 years; Figure 1), and in the girls coincided closely 

with the mean age at menarche (12.5 ± 0.98 years). In both girls and boys, peak height 

velocity occurred ~0.7 years before peak BMC velocity. In addition, peak bone mass is 

greater in boys than in girls,11 which might have considerable implications for the onset and 

diagnosis of osteoporosis later in life. However, as most studies conducted to date have 

included predominantly white individuals, the extent to which peak bone mass differs among 

ethnic groups is an important, but unresolved, question.

The timing of peak BMC acquisition in girls and boys is relevant to understanding distal 

forearm fractures, which are common during adolescence. In a population-based study 

conducted over 30 years, the age-specific and sex-specific incidence of distal forearm 

fractures in children from Olmsted County, MN, USA12 (Figure 2) were consistent with 

several other studies.13–15 The incidence of these fractures tended to peak around the time of 

the adolescent growth spurt, which is earlier in girls than in boys. By late puberty, the 

incidence of these fractures fell to the low levels observed in young adults, and then 

increased again late in life in women to a much greater extent than in men.16 Of concern, the 

incidence of distal forearm fractures seemed to increase substantially between 1969–1971 

and 1999–2001; age-adjusted incidence rates per 100,000 were 32% higher in boys and 56% 

higher in girls in 1999–2001 than in 1969–1971 in Olmsted County, MN, USA.12 Whether 

these increases were due to changing patterns of physical activity, decreased bone 

acquisition due to poor nutrition (for example, reduced calcium intake), or both is unclear 

but warrants further investigation.

Bone microarchitecture

The availability of HRpQCT imaging which, with a resolution of 82 μm (and lately, of 61 

μm), provides a noninvasive, in vivo ‘bone biopsy’,7,8 has led to a number of studies 

examining changes in bone microarchitecture during growth. This technology can define 

trabecular and cortical microstructural parameters that correlate well with the ‘gold 

standard’ of ex vivo μCT (resolution <10 μm).7,8,17 In addition, HRpQCT scans can also be 

used to construct micro-finite element (μFE) models of bone strength, which correlate well 

with biomechanically measured bone strength.18 Representative images from the distal and 

proximal scanning sites of the distal radius using the newest generation HRpQCT scanner 

demonstrate the remarkable resolution of bone microarchitecture possible with this 

technology (Figure 3). However, a limitation of this technique is that due to the radiation 

doses needed to achieve this resolution, scanning is only possible at peripheral skeletal sites 

(such as the radius and tibia). Nonetheless, when peripheral sites are scanned, the total body 

effective radiation dose is extremely low (<0.005 mSv, compared with 14.2 mSv for a 

routine abdomen and/or pelvic CT scan).

Although HRpQCT has the potential to provide important insights into skeletal changes 

throughout the lifespan and the implications of such changes in the pathogenesis of fragility 

fractures, this approach does have limitations. For example, although new HRpQCT imaging 

permits much higher resolution than conventional CT, a concern is that measures of bone 

microarchitecture (for example, cortical porosity) are, in fact, only estimates of their true 

values. Nonetheless, this technique represents the current limit of feasibility for assessing 
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bone microarchitecture in humans in vivo, and such measurements discriminate between 

patients with and without fractures.19 Moreover, studies utilizing XtremeCT II (SCANCO 

Medical, Switzerland), which has a resolution of 61 μm, are on the horizon.

A better understanding of changes in bone microarchitecture during growth was provided by 

a cross-sectional study of 66 girls and 61 boys aged 6–21 years that utilized HRpQCT 

scanning of the distal radius.20 Trabecular parameters (bone volume:tissue volume [BV:TV], 

trabecular number [TbN] or trabecular thickness [TbTh]) did not change through puberty in 

girls, but increased in boys from late puberty. Cortical thickness (CtTh) and vBMD 

decreased markedly from prepuberty to midpuberty in girls, with a similar trend in boys, 

before increasing markedly towards late puberty in both sexes. Total bone strength, 

calculated using μFE models, increased with age in both sexes; bone strength was higher in 

boys than in girls by late puberty, which was due mainly to the larger bone size in boys than 

in girls. Interestingly, cortical porosity peaked at midpuberty in both sexes, around the time 

of maximal longitudinal growth, and coinciding with the timing of adolescent forearm 

fractures in previous studies.12–15 These findings suggest that transient, regional deficits in 

cortical bone, particularly cortical thinning and increased cortical porosity during the time of 

rapid longitudinal growth, result in marked increases in the incidence of forearm fractures 

during adolescence.

Overall, similar findings were subsequently reported in a HRpQCT study involving 69 boys 

and 60 girls aged 5–18 years.21 Although cortical porosity was not assessed in this study, the 

investigators reported notable decreases in CtTh and in cortical vBMD in midpuberty, 

particularly in boys. Another study reported that through all stages of puberty, boys had 

higher cortical porosity than girls,22 perhaps explaining, at least in part, the higher incidence 

of distal forearm fractures in boys than in girls during adolescence.12–15

Data from these studies using HRpQCT have essentially validated the hypothesis proposed 

by Parfitt23 many years ago regarding the pathogenesis of adolescent forearm fractures. On 

the basis of clinical and epidemiological data, which demonstrate a marked increase in distal 

forearm fractures following the menopause in women,16 Parfitt postulated that high bone 

turnover, whether following the menopause or during rapid adolescent growth, leads to an 

increase in cortical porosity.23 This increase is clearly transient during growth,20 but is 

permanent and progressive in ageing women (and ageing men).24 According to Parfitt,23 the 

increased demand for calcium associated with the adolescent growth spurt is probably met, 

at least in part, by increased calcium mobilization from cortical bone, which leads to the 

observed increases in cortical porosity.23 This increased calcium mobilization might be 

driven by transient increases in secretion of parathyroid hormone, as this factor is the 

primary regulator of calcium homeostasis and is known to increase cortical porosity.25–27 

The distal radius might be particularly vulnerable to the generalized increase in cortical 

porosity, as the cortex is extremely thin at this site. Thus, according to the Parfitt 

hypothesis,23 distal forearm fractures during adolescence are an inevitable consequence of 

the growth spurt associated with puberty and the systemic need for calcium required to 

sustain longitudinal growth.
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Distal forearm fractures during growth

Implications

The high incidence of distal forearm fractures during growth12–15 and the observation that 

these fractures might be increasing over time12 has led to three important questions. Firstly, 

do adolescents with distal forearm fractures have skeletal deficits? Secondly, do these 

skeletal deficits persist into young adulthood? Thirdly, do children who sustain distal 

forearm fractures have an increased risk of fragility fractures later in life?

Skeletal deficits—A number of studies, summarized in a meta-analysis,28 used DXA to 

address the question of whether adolescents with distal forearm fractures have skeletal 

deficits. Using data from the eight studies included in the meta-analysis, the standardized 

mean difference (the difference in means divided by the pooled SD of the participants) in 

bone mass between children with fractures and control children without fractures was −0.32 

(95% CI −0.43 to −0.21, P <0.001).28 Consistent with this analysis, the only prospective 

cohort study available to date, which included 6,213 children (mean age 9.9 years) who were 

followed up for 24 months, found an 89% increased risk of fractures per SD decrease in 

size-adjusted BMC.29

To better understand possible bone microstructural changes in adolescents with distal 

forearm fractures and to address the role of the level of trauma leading to these fractures, a 

2014 study30 used HRpQCT and a careful definition of trauma levels (mild versus 

moderate), which were based on a validated trauma classification scheme (Box 1).31 Study 

participants included 115 boys and girls who had sustained a distal forearm fracture within 

the past year and 108 control individuals aged 8–15 years without a fracture. The key 

findings of this study30 were that compared with controls, boys and girls with a mild trauma 

distal forearm fracture (for example, resulting from a fall from standing height) had 13% and 

11% reductions in bone strength (assessed by μFE models, P <0.05), respectively (Figure 

4a), as well as statistically significant reductions in CtTh of 14% and 13% (P <0.01), 

respectively, (Figure 4b) and in cortical area of 26% and 23% (P <0.01), respectively (Figure 

4c). Similar changes were evident at the distal tibia, which suggests that these deficits were 

generalized. By contrast, both boys and girls with a moderate trauma distal forearm fracture 

(for example, resulting from a fall from a bicycle) had similar values to control individuals 

for all of the measured skeletal parameters, including bone strength, CtTh and cortical area 

(Figure 4). In addition, even though cortical porosity had previously been shown to increase 

during rapid longitudinal growth,20 this parameter was not different between individuals 

with a distal forearm fracture and control individuals, including those in the subset of 

individuals with fractures caused by mild trauma. However, by use of a somewhat different 

method for assessing cortical porosity, another study reported that girls with distal forearm 

fractures had greater cortical porosity at the distal radius than their peers without a 

fracture;32 boys with distal forearm fractures were not evaluated.

Collectively, DXA28,29 and HRpQCT30,32 data demonstrate that adolescents who sustain 

distal forearm fractures have systemic skeletal deficits, but only if they attained a fracture in 

the setting of mild trauma. Additionally, adolescents with distal forearm fractures following 

mild trauma have more severe cortical thinning at the distal radius and tibia (leading to 
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reduced bone strength) during the pubertal growth spurt than those without a fracture.30 

Whether these systemic skeletal deficits or cortical thinning are due to genetic predisposition 

or nutritional and/or environmental factors remains unclear at this point and further study is 

justified.

Persistence of deficits into young adulthood—Several studies have attempted to 

address the question of whether skeletal deficits persist into young adulthood.33,34 One study 

used a fairly old technique, single-photon absorptiometry, at the distal forearm to measure 

aBMD in 47 boys and 26 girls (mean age 10 years, range 3–16 years) with an index fracture 

(defined as any fracture except hand, finger, skull, tooth and rib) and a similar number of 

age-matched and sex-matched control children at baseline and again 27 years later.33 Boys 

with an index fracture had very similar deficits in aBMD at baseline (Z-score, −0.4, 95% CI 

−0.7 to −0.1) and 27 years later (Z-score −0.4, 95% CI −0.7 to 0.1), which suggests that the 

skeletal deficits in these children ‘tracked’ into young adulthood. Similar findings were also 

present in the girls in the study. In the boys, the deficit in bone mass was driven by mild, 

rather than moderate or severe trauma fractures. However, to our knowledge, no study has 

examined the relationship between reduced peak bone mass and fracture risk in late decades 

of life.

To examine possible alterations in bone microarchitecture in young adults with a history of 

childhood distal forearm fractures, a second study used HRpQCT to study 75 women and 75 

men (age range 20–40 years) with a history of childhood distal forearm fractures and an 

equal number of age-matched and sex-matched control individuals without a history of 

fracture.34 Similar to the findings in children,30 young women and men with a history of 

childhood distal forearm fractures due to mild, but not moderate, trauma had statistically 

significant reductions in bone strength as well as in cortical area at the radius; bone strength 

and cortical area were similarly reduced at the tibia.34 Of note, these skeletal deficits in 

young adults with a history of distal forearm fractures were of a similar magnitude to those 

present in adolescents with these fractures, which suggests that the deficits present in 

adolescence ‘track’ into young adult life. Individuals with a history of mild trauma distal 

forearm fractures also had considerable deficits in aBMD, which were assessed by DXA at 

the radius, hip and total body. Thus, a mild trauma distal forearm fracture might predict the 

attainment of suboptimal peak bone density, structure and strength in young adulthood.

Risk of fragility fractures later in life—Owing to the potential length of follow-up 

required, the question of whether children who sustain distal forearm fractures have an 

increased risk of fragility fractures later in life has been difficult to address. From 

participants of the European Prospective Osteoporosis Study,35 6,451 men (mean age 63.8 

years) and 6,936 women (mean age 63.1 years) were recruited and queried about their 

history of childhood fractures by recall.36 8.9% of the men and 4.5% of the women reported 

a first fracture (at any site) between the ages of 8 years and 18 years.36 However, as the 

prevalence of fractures in childhood is estimated at 42% in girls and 54% in boys,37 the 

results of this study could have been affected by ascertainment bias. This caveat 

notwithstanding, a history of any childhood fracture or forearm fracture (by recall) was not 

associated with an increased risk of future fractures in either sex.36
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To further address the risk of fragility fractures later in life, a population-based cohort of 

1,776 children on the Olmsted County database aged <18 years who had a distal forearm 

fracture in 1935–1992 (confirmed by medical records) were studied and incident fractures 

occurring after the age of 50 years identified.38 In this study, men who sustained a distal 

forearm fracture in childhood were at a significantly increased risk (OR ~2–3) of any 

fragility fracture, a major osteoporotic fracture (hip, spine, distal forearm or proximal 

humerus) or other fragility fractures.38 By contrast, women who sustained a childhood 

forearm fracture did not have an increased risk of fragility fractures later in life. This sex 

difference could be due to a number of factors: for example, any ‘tracking’ of skeletal 

fragility from childhood into old age might be masked in women by the major skeletal insult 

of the menopause, which causes marked bone loss.39 In addition, if the relationship between 

childhood distal forearm fractures and a fragility fracture later in life is weaker in women 

than in men, this study might have missed a possible association due to the inability to 

distinguish between mild versus moderate trauma fractures that occurred many years 

previously in childhood.

Age-related bone loss and fractures

Patterns of bone loss in women and men

In addition to optimal bone mass acquisition, the subsequent bone loss associated with 

ageing clearly has a major role in determining fracture risk late in life. Given the limitations 

of DXA noted previously, particularly the inability to distinguish between trabecular and 

cortical bone, recent studies have used quantitative CT (QCT) to assess changes in trabecular 

and cortical vBMD, as well as bone size at various skeletal sites, including the spine, hip, 

distal radius and distal tibia.

In a cross-sectional study involving 373 men and 323 women aged 20–97 years, men had 

35–42% larger bone areas (depending on the specific skeletal site examined) than women in 

young adulthood (age range 20–29 years), which is consistent with their larger body size.40 

In both sexes, bone area increased over life by ~15%, which indicates ongoing periosteal 

bone growth is occurring during adult life. This biomechanically beneficial change in bone 

size was, however, offset by marked decreases in vBMD. Specifically, although cortical 

vBMD at multiple sites was unchanged until ~50 years of age and then decreased in both 

sexes (Figure 5a), trabecular vBMD declined even in young adulthood, with ongoing 

trabecular bone loss evident throughout life (Figure 5b). Decreases in vBMD in both 

compartments (cortical and trabecular) were greater in women than in men, which is 

consistent with the added effects of the menopause and subsequent almost complete estrogen 

deficiency in women.

To further validate these cross-sectional data, a longitudinal analysis of the same cohort was 

performed, which produced similar findings.41 These data thus indicate that cortical bone 

remains fairly stable in both sexes until mid-life, when estrogen deficiency in women39 and 

gradual sex steroid deficiency in ageing men42 might begin to drive cortical bone loss. By 

contrast, the early onset (in young adult life) of substantial trabecular bone loss in both sexes 

during sex steroid sufficiency remains largely unexplained. Nevertheless, these findings 

suggest that interventions that optimize peak bone mass early in life and prevent trabecular 
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bone loss in young adulthood have important implications for the prevention of osteoporosis 

and fractures in elderly people.

Bone microarchitectural changes over life were assessed by use of HRpQCT in a 

population-based, cross-sectional study involving 324 women and 278 men aged 21–97 

years.43 Young men (aged 20–29 years) had greater BV/TV and TbTh at the distal radius (by 

26% and 28%, respectively,) than young women, but similar values for TbN and trabecular 

separation. Over life, decreases in BV/TV were similar in women and men, but the under-

lying structural basis for this decrease differed between the sexes: women underwent bone 

loss principally due to loss of trabeculae (decreases in TbN), whereas men primarily had 

trabecular thinning (decreases in TbTh). This difference has important biomechanical 

consequences, as decreases in TbN lead to considerably larger deficits in bone strength than 

comparable decreases in TbTh.44 These findings might, in part, explain the lower risk of 

fragility fractures in ageing men than in ageing women.

An emerging role for increased cortical porosity

The ability to noninvasively assess bone microarchitecture using HRpQCT has revealed an 

important role for increased cortical porosity in age-related bone loss and fractures. By use 

of HRpQCT and a novel analysis of cortical porosity along with scanning electron 

microscopy, ageing was demonstrated to be associated with greater loss of cortical bone than 

of trabecular bone, as well as with marked increases in cortical porosity.24 This study also 

highlighted the importance of bone resorption on endocortical surfaces (so-called 

‘trabecularization’ of cortical bone) in the progressive cortical porosity as sociated with 

ageing.

Another study took a somewhat different approach to evaluate age-related changes in bone 

structure but arrived at a similar conclusion regarding the importance of cortical porosity as 

a key microarchitectural change in bone with ageing.45 Although previous studies have 

shown that age is a key predictor of fracture risk independent of aBMD,46 the possible effect 

of age on bone ‘quality’ has not been well defined. To address this issue, 44 women aged 

<50 years (mean age 41.0 years) were matched to 44 women aged ≥50 years (mean age 62.7 

years) by aBMD measurements at the ultradistal radius using DXA; 57 men aged <50 years 

(mean age 41.3 years) were also similarly matched to 57 men aged ≥50 years (mean age 

68.1 years).45 In individuals matched for aBMD, none of the trabecular microstructural 

parameters (for example, BV/TV, TbN and TbTh) differed between young and old 

participants. By contrast, women and men aged ≥50 years had markedly increased cortical 

porosity (by 91% and 56%, respectively) that was not captured by DXA. Thus, the combined 

data from these studies24,45 demonstrate that cortical porosity increases markedly with age 

and this increase is not captured by DXA.

The potential importance of cortical porosity in determining risk of distal forearm fractures 

was highlighted in a study of 68 women who had been through the menopause and 70 age-

matched control individuals using HRpQCT.19 In women who already had osteoporosis 

diagnosed by DXA (ultradistal aBMD T-score ≤−2.5), cortical porosity was not useful in 

differentiating between individuals with or without fractures as high porosity (defined as 

>90th percentile of young adult women) was present in 92% and 86% of each group, 
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respectively. By contrast, in women with osteopenia (aBMD T-score between −1.0 and 

−2.5), increased cortical porosity was associated with a fourfold (P <0.05) increased odds 

ratio for a distal forearm fracture (Figure 6). Of interest, previous work, albeit performed on 

small numbers of biopsy samples from patients with a hip fracture and cadaveric control 

samples matched for age and sex, quantified circumferential variations in the characteristics 

of cortical bone osteons using segmental analysis and demonstrated regional differences in 

cortical porosity47 and merging of adjacent, clustered remodelling osteons in the fractured 

femoral neck.48,49 These findings suggest that composite osteons lead to increased cortical 

porosity and trabecularization of the hip cortex at regions commonly loaded on fall impact, 

which might, in part, explain increased susceptibility to hip fracture. Although larger studies 

examining not only distal forearm fractures, but also other fractures, are clearly needed to 

further validate these findings, the available data suggest that assessment of cortical porosity 

enhances the identification of individuals at increased risk of fracture among the large group 

of patients with osteopenia, in whom fracture risk assessment remains most ambiguous.50

Alterations in bone material properties

Although the previous discussion has focused on changes in bone microarchitecture 

associated with ageing or predisposition to fracture, the material composition of bone is 

another important component of bone quality.51 However, assessment of how the properties 

of bone material might be altered with ageing or in patients with fragility fractures has been 

difficult, owing to the invasive nature of the procedures previously needed to quantify these 

properties in vivo. The availability of a novel microindentation device might now enable the 

safe measurement of properties of bone material (bone material strength index) in 

humans.52,53 Using a prototype device (called a reference point indenter), several small 

studies found that indices of properties of bone material might be reduced in patients with 

hip fractures54 and atypical femoral fractures.55 The potential utility of this approach for 

assessing properties of bone material in humans was demonstrated in a proof-of-concept 

study.56 Women with type 2 diabetes mellitus who had undergone the menopause had a 

statistically significantly lower bone material strength index than matched controls without 

type 2 diabetes mellitus, despite no significant differences in aBMD (assessed by DXA) 

between the two groups.56 This finding suggests that impaired properties of bone material 

are a cause of the increased fracture risk observed in these patients.57,58 Thus, the 

availability of this tool should now make possible the assessment of age-related changes in 

properties of bone material in humans as well as addressing whether patients with fragility 

fractures have alterations not only in bone microarchitecture, but also in properties of bone 

material. Combined with HRpQCT, assessment of properties of bone material might 

improve understanding of age-related changes in bone quality and how these changes might 

be further impaired in patients with fragility fractures.

Conclusions

Although DXA has been an extremely important tool for the clinical assessment of fracture 

risk, new approaches to assess bone microarchitecture in humans have provided novel 

insights into the structural changes in bone that occur during growth and senescence. These 

studies have highlighted the importance of changes in cortical bone, particularly cortical 
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porosity, in predisposition to increased fracture risk both during adolescent growth and with 

ageing. Nonetheless, a number of important questions remain to be answered by future 

research. Firstly, do changes in bone microarchitecture predict fractures at clinically relevant 

skeletal sites other than the forearm (for example, the hip and spine)? Secondly, to what 

extent do changes in bone microarchitecture at the distal radius or tibia relate to changes at 

the hip and spine? Thirdly, does measurement of bone microarchitecture enhance 

identification of individual patients at risk of rapid bone loss and/or fragility fractures? In 

addition, the availability of new tools to assess properties of bone material, used in 

combination with innovative approaches to assess bone microarchitecture in humans, might 

further increase our understanding of the changes in bone that occur with ageing and 

perhaps refine our ability to identify patients at highest risk of fracture and thereby target 

these patients for treatment.
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Key points

■ Both peak bone mass attained during childhood and adolescent growth, and 

bone loss associated with senescence are major determinants of bone mass 

and fracture risk late in life

■ Incidence of distal forearm fractures increases markedly around the time of 

puberty and children who sustain these fractures in the setting of mild, but 

not moderate, trauma have systemic skeletal deficits that persist into young 

adult life

■ With ageing, cortical bone at multiple skeletal sites remains fairly stable in 

both sexes until mid-life, when estrogen deficiency in women and gradual sex 

steroid deficiency in men begins to drive cortical bone loss

■ By contrast, substantial trabecular bone loss occurs in both sexes during 

young adult life, in conditions of sex steroid sufficiency

■ Cortical porosity is increasingly recognized as an important component of 

bone ‘quality’ that increases markedly with age; changes in cortical porosity 

are not captured by dual-energy X-ray absorptiometry

■ Assessment of cortical porosity might help identify individuals at increased 

risk of fracture from the large group of patients with osteopenia, in whom 

assessment of fracture risk remains most ambiguous
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Box 1

Categories of Landin’s modified trauma levels

Events classified as mild trauma

■ Falling onto the ground from standing height or less (<0.5 m)

■ Falling onto a resilient surface (for example, rubber, grass or sand) from 0.5–

3.0 m

■ Falling from a bed or couch

■ Playing injuries, including playground scuffles

■ Falling while moving at slow speed on a scooter, skateboard, skis, 

rollerblades or skates

■ Low-energy collisions with an object moving at slow speed

■ Low-energy sport injuries (for example, attained during basketball and 

soccer)

Events classified as moderate trauma

■ Falling onto concrete or other nonresilient surface from 0.5–3.0 m

■ Falling onto another person, which results in a moderate-energy collision

■ Falling from a bunk bed

■ Falling down stairs

■ Falling from a bicycle or horse

■ Falling from a swing, slide or similar playground equipment

■ Falling while moving at fast speed on a scooter, skateboard, skis, rollerblades 

or skates

■ Moderate-energy collisions with an object moving at fast speed

■ Moderate-energy collisions between two moving objects (for example, during 

football and hockey)

Events classified as severe trauma

■ Falling from a height >3.0 m

■ Traffic accidents

■ Being hit by a moving heavy object

Adapted with permission from Farr, J. N. et al. Bone strength and structural deficits in 

children and adolescents with a distal forearm fracture resulting from mild trauma. J. 
Bone Miner. Res. 29(3), 590–599 © (2014) John Wiley & Sons, Inc.
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Figure 1. 
Bone mineral accrual during adolescence. Total body peak BMC velocity curve is shown, 

which illustrates velocity at peak BMC, age at peak BMC and PHV by chronological age in 

boys and girls. Abbreviations: BMC, bone mineral content; PHV, peak height velocity. 

Reproduced with permission from Bailey, D. A. et al. A six-year longitudinal study of the 

relationship of physical activity to bone mineral accrual in growing children: the University 

of Saskatchewan bone mineral accrual study. J. Bone Miner. Res. 14(10), 1672–1679 © 

(1999) John Wiley & Sons, Inc.
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Figure 2. 
Incidence of distal forearm fractures in residents of Olmsted County, MN, USA. Data shown 

for male and female residents for the period 1999–2001. Reproduced with permission from 

Khosla, S. et al. Incidence of childhood distal forearm fractures over 30 years: a population-

based study. JAMA 290(11), 1479–1485 © (2003) American Medical Association. All rights 

reserved.
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Figure 3. 
HRpQCT-resolved bone microarchitecture of the distal radius.

a | Radiograph showing the HRpQCT site of imaging at the distal radius. Green line 

indicates the beginning of the joint space and red lines indicate the section of bone over 

which images were acquired. b | Representative cross-sectional images from the stack of CT 

slices from the most proximal slice (left) to the distal slice (right). c | Representative 3D 

reconstruction of the distal radius from the HRpQCT scan slices. Abbreviation: HRpQCT, 

high-resolution peripheral quantitative CT.
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Figure 4. 
Bone microstructural changes in adolescents with distal forearm fractures. a | Bone strength 

(failure load, [N, newtons]), b | CtTh and c | cortical area of the distal radius in healthy 

children without a fracture (brown bars), children with mild trauma distal forearm fractures 

(green bars) and children with moderate trauma distal forearm fractures (purple bars). Values 

presented as mean ± SEM and adjusted for bone age. *P <0.05, ‡P <0.01 and §P <0.001 

compared with the respective sex-matched control group without a fracture, using the 

Dunnett adjustment for multiple comparisons. Abbreviation: CtTh, cortical thickness. 

Adapted with permission from Farr, J. N. et al. Bone strength and structural deficits in 

children and adolescents with a distal forearm fracture resulting from mild trauma. J. Bone 
Miner. Res. 29(3), 590–599 © (2014) John Wiley & Sons, Inc.
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Figure 5. 
Age-related changes in cortical and trabecular vBMD. a | Values for vBMD (mg/cm3) of 

cortical bone at the distal radius (>95% cortical bone) in a population sample of women and 

men from Rochester, MN, USA, aged 20–97 years. Individual values and smoothed lines are 

shown for women who have not undergone the menopause (red), women after the 

menopause (blue) and men (black). b | Values for vBMD of the total vertebral body (>80% 

trabecular bone) in the same cohort (colour code is as in part a). All changes with age were 

significant (P <0.05). Abbreviation: vBMD, volumetric BMD. Adapted with permission 
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from Riggs, B. L. et al. Population-based study of age and sex differences in bone 

volumetric density, size, geometry, and structure at different skeletal sites. J. Bone Miner. 
Res. 19(12), 1945–1954 © (2004) John Wiley & Sons, Inc.
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Figure 6. 
Cortical porosity and risk of distal forearm fractures. OR (95% CI) for distal forearm 

fracture associated with aBMD alone and in combination with high cortical porosity in 

women with osteopenia at the ultradistal radius. *P <0.05. Abbreviation: aBMD, areal 

BMD. Reproduced with permission from Bala, Y. et al. Cortical porosity identifies women 

with osteopenia at increased risk of forearm fractures. J. Bone Miner. Res. 29(6), 1356–1362 

© (2014) John Wiley & Sons, Inc.
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