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Abstract

Children and adolescents who sustain a distal forearm fracture (DFF) owing to mild, but not 

moderate, trauma have reduced bone strength and cortical thinning at the distal radius and tibia. 

Whether these skeletal deficits track into adulthood is unknown. Therefore, we studied 75 women 

and 75 men (age range, 20 to 40 years) with a childhood (age <18 years) DFF and 150 sex-

matched controls with no history of fracture using high-resolution peripheral quantitative 

computed tomography (HRpQCT) to examine bone strength (ie, failure load) by micro–finite 

element (µFE) analysis, as well as cortical and trabecular bone parameters at the distal radius and 

tibia. Level of trauma (mild versus moderate) was assigned using a validated classification 

scheme, blind to imaging results. When compared to sex-matched, nonfracture controls, women 

and men with a mild trauma childhood DFF (eg, fall from standing height) had significant 

reductions in failure load (p < 0.05) of the distal radius, whereas women and men with a moderate 

trauma childhood DFF (eg, fall while riding a bicycle) had values similar to controls. Consistent 

findings were observed at the distal tibia. Furthermore, women and men with a mild trauma 
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childhood DFF had significant deficits in distal radius cortical area (p < 0.05), and significantly 

lower dual-energy X-ray absorptiometry (DXA)-derived bone density at the radius, hip, and total 

body regions compared to controls (all p < 0.05). By contrast, women and men with a moderate 

trauma childhood DFF had bone density, structure, and strength that did not differ significantly 

from controls. These findings in young adults are consistent with our observations in children/

adolescents with DFF, and they suggest that a mild trauma childhood DFF may presage 

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

adolescents who suffer mild trauma DFFs may need to be targeted for lifestyle interventions to 

help achieve improved skeletal health.
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Introduction

Personal fracture history is one of the strongest predictors of future fractures,(1,2) yet current 

practice guidelines ignore fractures that occur during childhood.(3–5) Distal forearm fractures 

(DFFs) are the most common fracture type suffered by young individuals,(6–8) and the 

incidence of these fractures appears to be rising.(9) Although most research has focused on 

determinants of fractures with aging,(10–14) DFF risk is bimodal with an earlier peak during 

puberty.(6–8) It remains unclear whether childhood fractures are related, in part, to transient 

reductions in bone strength during rapid growth or to skeletal deficits that will track into 

adulthood. Moreover, as hypothesized by Parfitt,(15) childhood fractures may be the price of 

risk-taking behaviors that optimize bone strength during growth. Because achieving optimal 

bone strength early in life likely predicts lower fracture risk later in life,(16) it is critical to 

identify events during childhood that foreshadow suboptimal peak bone strength in 

adulthood.

In a recent study, using high-resolution peripheral quantitative computed tomography 

(HRpQCT) imaging, we reported that children and adolescents with a DFF owing to mild 

(eg, fall from standing height), but not moderate (eg, fall while riding a bicycle), trauma 

have cortical thinning and deficits in bone microstructure at the distal radius and tibia 

compared to sex-matched, controls with no fracture history.(17) In addition, using micro–

finite element (µFE) analysis of distal radius HRpQCT images, we found that boys and girls 

with a mild trauma DFF had significantly reduced bone strength (ie, failure load) compared 

to nonfracture controls, and had higher (“worse”) fall load-to-strength ratios (“factor-of-

risk”(10)). Furthermore, whereas girls with a moderate trauma DFF had a similar factor-of-

risk, boys with a moderate trauma DFF had a lower (“better”) factor-of-risk compared to 

their nonfracture controls.(17) These findings suggest that DFFs during growth have two 

distinct etiologies: those due to underlying skeletal fragility leading to fractures following 

mild trauma versus those due to more significant trauma in the setting of normal bone 

strength.(17)
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Our findings in children and adolescents with a DFF due to mild trauma could have 

important clinical ramifications for future fracture risk if the skeletal deficits we observed 

track into adulthood. Consistent with this possibility, several observational studies have 

demonstrated that bone density, size, and shape tend to track throughout life.(18–20) 

Furthermore, although a number of studies have found that volumetric bone mineral density 

(vBMD) and bone structure are worse in young adults,(21–23) premenopausal women,(24,25) 

postmenopausal women,(10–13) and older men(14) with prior fracture, to our knowledge, no 

study has considered the severity of the associated trauma to test whether individuals who 

fracture in the setting of mild versus moderate trauma have altered bone morphology 

compared to nonfracture controls. If additional studies further validate that the skeletal 

deficits in children and adolescents with a mild trauma DFF persist into adult life, then 

individuals with a history of such fractures may need to be more aggressively monitored for 

subsequent skeletal complications.

Therefore, in a cross-sectional study of otherwise healthy young adults (age 20 to 40 years), 

we examined whether women and men who sustained a DFF during childhood (at age <18 

years) owing to either mild or moderate trauma have alterations in bone density, 

microstructure, and/or strength compared to sex-matched controls with no history of 

fracture. In addition, we assessed lifestyle factors, body composition, and biochemical 

parameters to explore the determinants of bone strength and microstructure in young adults 

with and without a childhood DFF.

Subjects and Methods

Subjects

This study was approved by the Mayo Clinic Institutional Review Board, and all participants 

provided written informed consent. Between April 2010 and February 2013, we recruited 75 

women and 75 men between the ages of 20 and 40 years, who sustained a DFF at an age <18 

years and were residents of Olmsted County or surrounding counties from southeast 

Minnesota. We also recruited, from the same underlying population, 150 sex-matched (1:1 

ratio) nonfracture controls with a similar age distribution. Subjects with a DFF during 

childhood were identified using computerized diagnostic and procedure indices generated 

from the Rochester Epidemiology Project (REP),(26) which is a unique medical records 

linkage system that provides comprehensive (inpatient and outpatient) community medical 

records for residents in Olmsted County; REP is now expanding its coverage area of 

research to the surrounding counties from southeast Minnesota. Review of medical records 

for research was carried out in accordance with Minnesota privacy law.(27) Nonfracture 

control subjects from Olmsted County and surrounding counties from southeast Minnesota 

were recruited by flyers and local newspaper and website advertisements. This community is 

highly characteristic of the United States white population but underrepresented with respect 

to persons of African or Asian ancestry.(26) Reflecting the ethnic composition of the 

population, 98% of the sample was white.

Potential subjects were rigorously screened for coexisting disease and excluded if they had 

any medical conditions associated with altered skeletal structure or function, such as 

osteogenesis imperfecta, osteomalacia, Paget’s disease, anorexia nervosa, history of organ 
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transplant, chronic renal or liver disease, type 1 or type 2 diabetes mellitus, 

hypoparathyroidism or hyperparathyroidism, thyroid disorders, chronic gastrointestinal 

disorders, autoimmune rheumatologic diseases, neurologic disorders, or malignancy. 

Potential subjects were also excluded if they had ever taken any medication, except for 

combined oral contraceptives (COCs), known to affect bone metabolism, such as anabolic 

steroids, anticonvulsants, aromatase inhibitors, bisphosphonates, calcitonin, glucocorticoids, 

parathyroid hormone, sodium fluoride, or thyroid hormone replacement. Furthermore, 

females were excluded if they were pregnant, nursing, or taking progestin-only birth control. 

A screening interview was performed and clinical details in the medical records were 

reviewed to determine if potential subjects met study criteria.

Subjects with a DFF during childhood were eligible for the study if the DFF resulted from 

mild or moderate trauma, based on review of the clinical details available from various data 

sources (eg, emergency room records, radiographic reports, primary care or other provider 

notes, orthopedic consultation notes, and surgical reports). We excluded potential candidates 

with a DFF during childhood that was a result of severe trauma (eg, falls >3m, motor vehicle 

accidents, open fractures, crush injuries), with a DFF considered to be pathologic (ie, caused 

by a specific bone lesion), or with a history of bilateral DFFs. Following enrollment, DFF 

due to mild (eg, fall from standing height) versus moderate (eg, fall while riding a bicycle) 

trauma was ascertained, blind to the bone imaging results, using Landin’s modified 

criteria(6,28) (Supporting Table 1), based on the mechanism and circumstances of the injury 

as determined from clinical records and supplemented by an interview with the subject 

(additional details are provided in the Supporting Information). For subjects who had more 

than one DFF on the same side (n = 13), the lowest trauma level was used. Controls had no 

history of fracture.

Study protocol

All subjects were interviewed by trained study personnel for their medical history, 

medication use (including COCs), smoking status, and alcohol consumption habits using a 

standard protocol developed for use in our studies,(10,29–32) supplemented by review of each 

subject’s medical record. Weight was obtained using an electronic scale (Model 5002; 

Tronic, Inc., White Plains, NY, USA), and height was measured using a customized 

stadiometer (Mayo Section of Engineering). Body mass index (BMI) was defined as weight 

(kg) divided by height (m) squared. Physical activity was assessed using a validated 

questionnaire.(33) Fasting morning blood was obtained, and serum was stored at −80°C for 

batch analyses of circulating biochemical and hormonal parameters. Additional details 

regarding the physical activity assessments and assay methods for the various biochemical 

parameters are provided in the online supplement. Bone biomechanical strength of the distal 

radius and tibia was determined by µFE analysis of HRpQCT images. Cortical and 

trabecular bone macrostructure and microstructure of the distal radius and tibia were 

assessed by HRpQCT, although data from three radius scans (3 DFF subjects; 0 controls) 

were excluded because of motion artifact. Areal BMD (aBMD) of the hip, radius, lumbar 

spine (L1–L4), and total body was measured by dual-energy X-ray absorptiometry (DXA) 

using standard methods.(32) All procedures were performed in the outpatient Clinical 

Research Unit at the Mayo Clinic (Rochester, MN, USA).
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HRpQCT imaging

The HRpQCT device (Xtreme-CT; Scanco Medical AG, Brüttisellen, Switzerland) and in 

vivo image processing and analysis protocols used in our laboratory have been 

described.(30–32) In subjects with a DFF during childhood, the nonfractured distal radius was 

scanned, and the distal radius of the same side was scanned in the respective sex-matched, 

nonfracture control (1 control subject could not hold the matched arm still for the entire 

duration of the scan so the opposite radius was scanned). In all subjects, the nondominant 

distal tibia was scanned, unless there was a recent injury (eg, sprained ankle) or prior 

fracture to that leg, in which case the contralateral tibia was scanned. A single dorsal-palmar 

projection image of the distal radius/tibia was acquired to define the scan region. Each 9.02-

mm scan consisted of a three-dimensional stack of 110 high-resolution CT slices and was 

fixed starting at 9.5 mm and 22.5 mm (for the radius and tibia, respectively) proximal from 

the mid-joint line, and extending proximally. Total scan time was 2.8 minutes, with an 

isotropic voxel size and slice thickness of 82 µm, an effective energy of 40 keV, a field of 

view of 125.9 mm, and an image matrix of 1536 × 1536 pixels. A single operator performed 

all HRpQCT scans. Short-term precision (coefficients of variation [CVs]) of the HRpQCT 

device in our laboratory has been reported,(30) based on repeat measures on 20 volunteers on 

the same day after repositioning.

Trabecular bone volume fraction (bone volume/tissue volume [BV/TV]), trabecular number 

(Tb.N; 1/mm), trabecular thickness (Tb.Th; mm) and trabecular separation (Tb.Sp; mm) 

were derived as described.(30–32) For the cortical parameters, we used the extended cortical 

analysis available from the manufacturer to obtain cortical area (Ct.A; mm2), cortical 

thickness (Ct.Th; mm), cortical volumetric BMD (Ct.vBMD; mg/cm3), cortical tissue 

mineral density (Ct.TMD; mg/cm3), endocortical circumference (EC; mm), and periosteal 

circumference (PC; mm). Furthermore, we derived cortical porosity (Ct.Po; %) using a 

validated approach described in detail by Burghardt and colleagues(34) that we have used 

previously.(31,32) The validity of these approaches have been rigorously tested, and excellent 

correlations (r ≥ 0.96) have been shown between HRpQCT and the “gold standard” ex vivo 

µCT technique.(35)

µFE analysis

To evaluate biomechanical bone strength, linear µFE models of the distal radius and tibia 

were created directly from the HRpQCT images using software provided by the 

manufacturer (µFE analysis solver v.1.15; Scanco Medical AG), as described.(32) Bone 

strength (ie, failure load [N, Newtons]) was derived by scaling the resulting load from a test 

simulating 1% compression, such that 2% of all elements had an effective strain >7000 

microstrain.(36) Failure loads calculated from such µFE models have been shown to correlate 

highly (r = 0.87) with compressive loads producing a DFF in cadaveric forearms.(36) The 

fall load applied to the wrist was estimated from predicted impact forces on the upper 

extremity during loading conditions for a forward fall on the outstretched hand.(37) We 

assessed the ratio of fall load to failure load at the distal radius, as determined by µFE 

analysis, as an estimate of the fall load-to-strength ratio, or factor-of-risk (Φ), for the distal 

radius, as described.(10)
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DXA imaging

Regional aBMD (g/cm2) of the radius (ultradistal [UD] and total), lumbar spine (L1–L4), 

total body, nondominant femoral neck (FN), trochanter, and total hip regions was measured 

using DXA. Total body lean mass (TBLM), total body fat mass (TBFM), and percent body 

fat were obtained from DXA whole-body scans.

Statistical analyses

Descriptive, anthropometric, body composition, and physical activity characteristics were 

compared between the control and DFF groups (mild trauma, moderate trauma, and all DFF 

subjects) using one-way ANOVA. Further comparisons of the bone parameters between the 

control and DFF groups were made using an analysis of covariance (ANCOVA) model 

adjusted for age, height and weight. Last, comparisons of the biochemical parameters were 

made using an ANCOVA model, adjusted for age. For all parameters, Dunnett’s test was 

used to account for multiple comparisons when contrasting the mild trauma or moderate 

trauma DFF groups with the sex-matched control group. Results from the models are 

summarized as adjusted mean ± SEM. For consistency, unadjusted results are also expressed 

as mean ± SEM. Separate analyses were performed for females and males because of known 

skeletal differences between sexes.(29) To address the primary objective, we assessed bone 

strength (ie, failure load) using µFE analysis of HRpQCT images of the distal radius and 

tibia. Secondary outcomes included the cortical and trabecular bone parameters of the distal 

radius and tibia obtained by HRpQCT, as well as the regional DXA-derived BMD 

measurements and biochemical parameters. Bone strength and fall load-to-strength ratio 

were age, height, and weight standardized by fitting a linear regression model using all 

subjects for each gender separately, extracting the residuals, then adding to that the overall 

mean. The adjusted variables were summarized in box-plots. Our sample size was chosen to 

detect clinically meaningful differences in HRpQCT parameters based on our prior study in 

postmenopausal women with and without a DFF.(10) All testing was performed at a 

significance level of p < 0.05 (two-tailed). Analyses were performed using SAS version 9.3 

(SAS Institute Inc., Cary, NC, USA).

Results

Fracture history

According to Landin’s modified criteria(6,28) (Supporting Table 1), of the 150 fracture 

subjects, 79 had a childhood DFF due to mild trauma (42 women, 37 men), whereas the 

other 71 had a DFF due to moderate trauma (33 women, 38 men); 52% of the fractures 

occurred at the left forearm. Altogether these 150 women and men suffered a total of 258 

fractures, 91% of which occurred before 18 years of age. The childhood DFF was the only 

fracture suffered by 56% of subjects (46 women, 38 men), whereas 27% (21 women, 20 

men) had a total of two fractures and 17% (8 women, 17 men) had a total of three to five 

fractures before age 18 years. Thirteen subjects suffered a second childhood DFF on the 

same side, and two of them suffered a third DFF at age ≥18 years. The remaining 93 

fractures occurred at the following sites: hand/fingers (37%), other arm/shoulder (16%), 

ankle (16%), clavicle (13%), feet/toes (9%), face (3%), proximal femur (3%), and vertebrae 

(3%).
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Descriptive characteristics

In this cohort of healthy, young adult women and men, the DFF and control groups were 

similar in age (Table 1). Furthermore, age of menarche did not differ among female groups. 

By contrast, relative to controls, a higher proportion of subjects with a childhood DFF were 

current smokers and reported daily consumption of alcohol. The DFF subjects and sex-

matched controls did not differ in height, but the male DFF subjects who had suffered a 

moderate trauma DFF tended to be heavier and on average had higher BMIs than controls. 

Further, relative to sex-matched controls, women with a DFF due to moderate trauma tended 

to have lower percent body fat, whereas percent body fat tended to be higher in males with a 

moderate trauma DFF during childhood. In addition, compared to sex-matched controls, 

females with a childhood DFF owing to moderate trauma had significantly higher lean mass, 

whereas males with a mild trauma DFF tended to have lower lean mass. Finally, current 

physical activity level did not differ among any of the groups.

µFE analysis-derived bone strength and fall load-to-strength ratios of the distal radius

Figure 1 shows the µFE analysis-derived bone strength (ie, failure load) and fall load-to-

strength ratios of the distal radius for the nonfracture controls and DFF subjects, by sex, 

stratified by mild or moderate trauma. As is evident in Fig. 1, women with a mild trauma 

DFF during childhood had a 9.1% reduction in failure load compared to female nonfracture 

controls (3493 ± 81 versus 3844 ± 60 N, respectively; p = 0.001), and 11.2% higher 

(“worse”) fall load-to-strength ratios (0.794 ± 0.016 versus 0.714 ± 0.012, respectively; p < 

0.001). Similarly, men with a mild trauma DFF during childhood had an 8.2% reduction in 

failure load compared to male nonfracture controls (5353 ± 154 versus 5832 ± 109 N, 

respectively; p = 0.024), and 9.3% higher (“worse”) fall load-to-strength ratios (0.543 ± 

0.014 versus 0.497 ± 0.010, respectively; p = 0.013) at the distal radius. By contrast, women 

and men with a moderate trauma DFF during childhood had similar values as sex-matched, 

nonfracture controls for these parameters (Tables 2 and 3).

Cortical and trabecular bone parameters of the distal radius by HRpQCT

Detailed macrostructural and microstructural analyses of the distal radius (Tables 2 and 3) 

revealed that, compared with controls, women and men with a mild trauma childhood DFF 

had significant deficits in cortical area and tended to have thinner cortices. Also at the 

radius, women with a mild trauma DFF had significantly lower cortical vBMD and cortical 

tissue mineral density compared to controls, whereas men with a mild trauma DFF in 

childhood had significantly lower trabecular bone volume fraction and trabecular number, 

and had higher trabecular separation compared to controls. By contrast, none of the radius 

bone parameters differed significantly between either the women and men with a moderate 

trauma childhood DFF and their sex-matched controls. Finally, endocortical/periosteal 

circumferences and cortical porosity at the radius did not differ among any of the groups 

(Tables 2 and 3).

DXA-derived regional BMD and distal tibia bone parameters by µFE analysis and HRpQCT

Skeletal deficits in the women and men with a childhood DFF owing to mild trauma were 

generalized, as these subjects had significantly lower (all p < 0.05) aBMD at the radius, hip, 
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and total body regions compared to sex-matched controls (Tables 2 and 3). Further, 

compared to sex-matched controls, lumbar spine BMD was also significantly (p < 0.05) 

lower in the women with a mild trauma childhood DFF, whereas the deficit in this parameter 

among the men with a mild trauma childhood DFF approached statistical significance (p = 

0.092). In addition, similar trends at the distal radius were observed at the distal tibia using 

µFE analysis and HRpQCT, although most of the bone micro-architectural parameters did 

not reach statistical significance (Fig. 2; Supporting Tables 2 and 3).

Biochemical/hormonal parameters and COC use

In both the women and men, serum biochemical and hormonal parameters did not differ 

significantly between DFF subjects and sex-matched controls, either combined or separated 

by mild and moderate trauma DFFs (Supporting Table 4). Finally, there was no difference (p 

= 0.836) among the female groups (control, mild trauma DFF, and moderate trauma DFF) 

with respect to ever use of COCs (Table 1).

Discussion

In the present study, we found that young adult women and men with a childhood DFF due 

to mild trauma have reduced radial bone strength compared to sex-matched controls with no 

fracture history. In both women and men, this is primarily due to thinner radial cortices. In 

addition, we found that women with a mild trauma DFF during childhood have deficits in 

cortical microstructure, whereas men with a mild trauma DFF during childhood have less 

advantageous trabecular microstructure. Notably, the skeletal differences in the women and 

men with a mild trauma DFF during childhood were not confined to the distal radius 

because these subjects had generalized skeletal deficits as evidenced by their significantly 

reduced DXA-derived aBMD at both appendicular and axial skeletal sites, as well as the 

trend for reduced bone strength at the distal tibia. By contrast, both women and men with a 

moderate trauma DFF during childhood had similar bone strength and microstructure 

compared to sex-matched, nonfracture controls. Importantly, these observations are 

consistent with our previous findings in children and adolescents,(17) suggesting that a DFF 

due to mild, but not moderate, trauma during childhood may be an indicator of skeletal 

fragility.

Recent studies in young adult men(23) and premenopausal women(24,25) have reported 

significant deficits in bone strength and microstructure in subjects with prevalent fractures 

using µFE analysis and HRpQCT imaging of the distal radius and tibia. Similar to our 

results, Rudang and colleagues(23) showed that reductions in bone strength in young men 

with prevalent fractures were attributable to thinner cortices and deficits in trabecular 

microstructure, whereas in a study of young men by Taes and colleagues,(21) who used 

standard pQCT, a childhood fracture was associated with thinner radial cortices. Finally, in a 

27-year prospective study of men and women with a childhood fracture, Buttazzoni and 

colleagues(22) recently found that men had low BMD and smaller bone size in young 

adulthood, and that similar trends were present in women. Thus, taken together, the 

available data suggest that young adults with prevalent fractures may have suboptimal peak 

bone structure leading to reduced bone strength.
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The present study expands on our prior work by showing for the first time that trauma 

severity of a childhood DFF may help identify young adults who are likely to have skeletal 

deficits in bone strength and structure. Furthermore, we found that women and men with a 

mild trauma DFF during childhood had significantly lower DXA-derived BMD at both 

peripheral and central skeletal sites, suggesting that the structural alterations we observed in 

these subjects at appendicular sites may also be present in the axial skeleton. This possibility 

is supported by recent findings by Liu and colleagues(38) demonstrating moderate to strong 

correlations among bone parameters assessed by DXA, HRpQCT, and central QCT at 

peripheral and central sites.

We are unaware of previous studies in young adults that considered the severity of the 

associated trauma when comparing subjects with and without prior fracture. Our data 

complement our previous findings in children and adolescents(17) by showing that women 

and men who suffer a childhood DFF in the setting of mild, but not moderate, trauma have 

significant reductions in bone microstructure (eg, cortical vBMD, cortical tissue mineral 

density, trabecular bone volume fraction, trabecular number) compared to sex-matched 

controls. Interestingly, we did not observe any differences in cortical porosity at the distal 

radius or tibia between the DFF and nonfracture control groups. Our cortical porosity 

findings in young women and men are consistent with previous HRpQCT studies in boys 

and girls,(17) young men,(23) and premenopausal women.(25) Cortical porosity increases with 

aging, therefore it might be more a hallmark of fracture risk with aging,(39,40) but not 

necessarily during young adulthood.

Although several studies in children have found that bone mass and density are lower in 

those with fractures (reviewed in Clark and colleagues(41)) and that children with fractures 

gain less bone during growth and have a higher recurrence of fracture than fracture-free 

children,(42–45) not all studies have found this to be the case.(46,47) One explanation may be 

the lack of trauma severity classification in these studies, acknowledging that the actual 

forces involved in each instance cannot be quantified. Indeed, based on our observations, the 

severity of trauma leading to distal forearm fracture in childhood/adolescence, which is not 

usually accounted for in current clinical practice, may help identify individuals who are at 

high likelihood for impaired skeletal strength in adulthood, and who would be at further 

increased risk for fragility fractures later in life. Longitudinal follow-up would be required 

to better address this issue. We did examine a population-based cohort of 1776 children and 

adolescents with a DFF occurring in 1935 to 1992 who had ascertainment of future incident 

fractures during adulthood confirmed through medical records review.(48) In that study, we 

found an increased risk for a subsequent fragility fracture among the males when older, but 

no increased risk for future fractures among the females. However, trauma severity of the 

childhood DFF could not be classified in that cohort using the Landin criteria because 

relevant information was not always available in the medical records and additional 

interview with study subjects regarding fracture circumstance, as was performed in the 

present study, was not feasible.

Consistent with previous studies in boys and girls(17) and young men,(21) our data did not 

reveal any differences among the DFF and control groups in physical activity or in any of 

the biochemical parameters assessed. We acknowledge that our study may not have been 
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sufficiently powered to detect statistically significant differences in these parameters. 

Notably, however, we did find that smoking and alcohol consumption tended to be more 

common in the DFF subjects relative to nonfracture controls. Another factor that could 

influence skeletal health and fracture risk is medication use. Although we excluded potential 

subjects if they had taken medications known to affect bone metabolism, we did not exclude 

women on COCs. Although some studies have reported negative associations between COC 

use and bone turnover or BMD,(49,50) others have not.(51–53) A recent systematic review of 

published studies from January 1975 through January 2012 concluded that COCs do not 

seem to exert any significant effects on bone.(54) Regardless, we found no significant 

differences in COC use among the women (control, mild trauma DFF, and moderate trauma 

DFF). Additional potential determinants of increased fracture risk during childhood include 

body weight at fracture, physical activity during childhood, and risk-taking behaviors(16)—

factors we did not assess—certainly warrant attention in future studies.

Interestingly, both the women and men with a mild trauma childhood DFF tended to have 

higher adiposity than sex-matched controls. In addition, relative to sex-matched controls, 

women and men with a moderate trauma childhood DFF tended to have higher lean mass. 

Given that lean mass and bone are closely tied throughout the lifespan(55–59) and that obese 

children are overrepresented among DFF cases,(60,61) our findings suggest the possibility 

that behavioral traits established early in life may extend into adulthood. Future work will be 

necessary to further elucidate the roles of key biochemical parameters, lifestyle factors, and 

aspects of body composition that determine peak bone density, structure, and strength in 

women and men with childhood DFFs due to mild versus moderate trauma.

One of the major strengths of this study was the supplementation of medical record data by 

interview to better ascertain trauma severity. Additional study strengths include our focus on 

subjects with a childhood DFF, rather than a mix of fracture types, and the use of µFE 

analysis and HRpQCT because these techniques are perhaps currently state-of-the-art in 

terms of assessing bone strength and microstructure in vivo.

Our study also had a number of limitations. First, because correlation does not prove 

causality, our cross-sectional findings need to be confirmed prospectively. Second, it is 

possible that genetic factors might partly explain the underlying skeletal alterations in the 

subjects with a mild trauma childhood DFF, and we did not assess these factors as part of 

our study. A third issue is that our findings are based predominantly on white subjects and 

may not be generalizable to other races and ethnic groups. Last, a potential concern with the 

HRpQCT imaging is that despite permitting much higher resolution, the measures of bone 

microstructure are, in fact, estimates of the true values. For this reason, we used the bone 

strength measures derived from the µFE models as our primary outcome, which correlate 

well with biomechanically measured bone strength ex vivo(36) and should be less influenced 

by the resolution of the technique. Nonetheless, the cortical and trabecular microstructural 

bone variables do provide potential structural explanations for the alterations in bone 

strength that we observed.

In conclusion, a mild trauma DFF during childhood presages suboptimal peak bone density, 

structure, and strength in young adulthood. By contrast, young adult women and men with a 
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DFF due to moderate trauma during childhood have similar bone strength compared to sex-

matched controls with no history of fracture. Further work is needed to determine the 

underlying causes for these observations. Nevertheless, children and adolescents who suffer 

mild trauma fractures may benefit from lifestyle interventions that encourage achievement 

of maximal skeletal health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Box plots (median with 25 to 75 percentile) and whiskers (2.5 to 97.5 percentile) for female 

(A) bone strength (failure load [N]) and (B) fall load-to-strength ratio (factor-of-risk [Φ]), 

and male (C) bone strength and (D) fall load-to-strength ratio at the distal radius, adjusted 

for age, height, and weight, in nonfracture controls and the mild-trauma and moderate-

trauma DFF groups. Means are presented as an X in the box plots and are similar to the 

median values. *p < 0.05; †p < 0.01; ‡p < 0.001 compared with the sex-matched, 

nonfracture control group, using Dunnett’s adjustment for multiple comparisons. DFF = 

distal forearm fracture.
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Fig. 2. 
Box plots (median with 25 to 75 percentile) and whiskers (2.5 to 97.5 percentile) for bone 

strength (failure load [N]) at the distal tibia in (A) females and (B) males, adjusted for age, 

height, and weight, in nonfracture controls and the mild-trauma and moderate-trauma DFF 

groups. Means are presented as an X in the box plots and are similar to the median 

values. *p < 0.05; ap = 0.076 compared with the sex-matched, nonfracture control group, 

using Dunnett’s adjustment for multiple comparisons. DFF = distal forearm fracture.
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