Differential relationships between parent-child DXA and pQCT bone measures: Results from the Southampton Women’s Survey
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Abstract
Aim:  To investigate the associations between indices of bone health in childhood and corresponding parental measures.
Methods: The Southampton Women’s Survey characterised 12,583 non-pregnant women aged 20-34 years; 3,158 subsequently had singleton live births. In a subset, dual-energy x-ray absorptiometry (DXA) measurements of bone area(BA), bone mineral content(BMC) and areal bone mineral density(aBMD) lumbar spine and total hip were obtained in the parent/offspring (aged 8-9 years) trios. Another subset of children (aged 6-7 years) and their parents, had peripheral quantitative computed tomography (pQCT; 4% and 38% tibia) measures. Using multivariable linear regression we examined relationships between mother/father and offspring, adjusting for parental age, habitual walking speed and education; offspring age and sex; and the corresponding bone measure in the other parent (β-coefficients (95%CI) unit/unit for each bone measure).
Results: Data were available for 260 trios with DXA and 99 with pQCT. There were positive associations for BA, BMC and aBMD between either parent and offspring. Mother-child associations were of greater magnitude than father-child; for example, mother-child aBMD (β=0.26g.cm-2/g.cm-2 (0.21,0.32)) and father-child aBMD (β=0.16g.cm-2/g.cm-2 (0.11,0.21)), P-difference in β=0.007. In the subset with pQCT there was a positive association for mother-offspring 4% tibial total area (β=0.33mm2/mm2 (0.17,0.48)), but little evidence of a father-offspring association (β=-0.06mm2/mm2 (-0.17,0.06)). In contrast offspring 38% cortical density was more strongly associated with this measure in fathers (β=0.48mg.cm-3/mg.cm-3 (0.15,0.82)) than mothers (β=0.27mg.cm-3/mg.cm-3 (-0.03,0.56)). In general mother-father differences were attenuated by adjustment for height.
Conclusions: Whilst offspring bone measures are independently associated with those of either parent, the magnitude of the association is often greater for maternal than paternal relationships. These findings are consistent with an in utero influence on offspring growth but might also reflect genetic and epigenetic parent of origin effects.

Summary: In an established parent-offspring cohort, associations between parent and offspring bone indices were generally greater in magnitude for mother-offspring than father-offspring relationships.




Introduction
Osteoporosis is an increasingly important public health problem worldwide, which has substantial impacts both at an individual level and on society as a whole, due to its association with low trauma fractures[1]. Bone strength in later life is dependent upon the peak bone mass achieved in early adult life and the rate of bone loss with advancing age[2].  Peak bone mass has been shown to be a major contributor to the risk of osteoporosis and  fracture in later life, and so potential strategies to optimise peak bone mass are likely to be important in reducing the burden of osteoporosis in older age[3].
There is increasing evidence that poor height and weight growth early in life leads to reduced peak bone mass attained in early adulthood and an increased risk of fracture in older age[3]. Whilst a consistently demonstrated component of the variance in adult areal bone mineral density (aBMD) is explained by fixed genetic variation[4], there is clearly scope for environmental factors, both pre- and post-natally, to affect bone development to peak. Indeed we have demonstrated associations between bone mass and childhood physical activity and body composition, together with maternal factors such as diet, physical activity, lifestyle and 25-hydroxyvitamin D concentrations during pregnancy[3, 5, 6]. Parent-offspring studies of aBMD associations have generally been of mothers to daughters, and there is scant evidence to inform differential patterns of association by parent or by offspring sex despite the growing evidence for paternal effects in infant and child outcomes [7]. Given that the offspring have spent typically nine months receiving maternal nutrition in utero, parent-offspring aBMD relationships which differ by parent might point to a role for the early environment in utero as much as specific parent of origin gene inheritance[8].
We therefore aimed to investigate parent-offspring associations, by parent and by offspring sex, in measures of bone derived from dual-energy X-ray absorptiometry (DXA) and peripheral quantitative computed tomography (pQCT) in the Southampton Women’s Survey, a large, well-established population-based parent-offspring cohort.

Methods
The Southampton Women’s Survey (SWS)
The Southampton Women’s Survey (SWS) is a large, unique prospective parent-offspring cohort that recruited 12,583 non-pregnant women aged 20-34 years living in the city of Southampton[9]. Participants were visited at home by a trained research nurse. At the initial visit a questionnaire was administered to assess physical activity, general health, smoking history, menstrual and obstetric history, education, ethnicity, housing, benefits, social class and own and partner’s occupation[10, 11]. Anthropometric assessments included height (measured by stadiometer; Seca, Birmingham, UK), weight (measured by digital scales; Seca, Birmingham, UK). Women enrolled in the study were asked to immediately inform the study team if they became pregnant, and gave consent for their GP or hospital clinician to also communicate this information. Pregnant women were invited to attend research clinics for interviews at 11 weeks (early pregnancy) and 34 weeks (late pregnancy). At these visits, a lifestyle questionnaire was again completed along with repeat anthropometric measurements (as described for the initial visit). The 3158 liveborn singleton children born in the SWS cohort have been followed-up through childhood. 
1214 children attending the SWS 8-9-year follow-up completed a lifestyle questionnaire and underwent dual-energy X-ray absorptiometry (DXA) assessment of their whole body, hip, and spine using a Hologic Discovery A machine (Hologic Inc., Bedford, MA, USA; Software V12.7.3). The child’s parents were also invited to attend for DXA assessment, during which bone area (BA), bone mineral content (BMC), and areal bone mineral density (aBMD) measurements were made at the lumbar spine, and hip sites. The manufacturer’s coefficient of variation for this instrument for whole body aBMD was 0.75%. A subset of 653 children underwent pQCT assessment of their non-dominant lower leg at 6-7 years old. Parents of these children underwent the same pQCT assessment when attending the 8-9 year parental visit (4% and 38% tibia sites), using a Stratec XCT-2000 instrument (Stratec Inc., Pforzheim, Germany). DXA and pQCT scans were reviewed and those with excessive movement or clothing artefacts were omitted from the analysis.
Statistical analysis
All baseline characteristics were checked for normality of distribution. T-tests and Mann-Whitney U tests were used to compare normally distributed and non-normally distributed maternal pre-pregnancy characteristics respectively against the larger SWS cohort.   
Multivariable linear regression was used to examine parent-child relationships for both offspring 8-9-year DXA scans and 6-7-year pQCT scans. The Hausman test was used to compare the magnitude of regression coefficients. DXA measurements included in this study were BA, BMC and aBMD for the participant’s lumbar spine and non-dominant hip. We analysed pQCT variables from the 4% tibial site (total area, trabecular volumetric bone mineral density (vBMD)) and the 38% tibial site (total area, cortical area, and cortical vBMD). 
[bookmark: _Hlk76975775][bookmark: _Hlk69826559]The covariates considered were informed by prior literature and biological plausibility to account for true confounders and measures potentially on the causal pathway (parental and child height). Thus models were initially adjusted for the equivalent bone measure of the opposite parent, maternal late pregnancy walking speed, maternal and paternal age at DXA scan, maternal pre-pregnancy educational level and the age of the child (Model 1). In previous work we observed that late pregnancy walking speed was associated inversely with offspring bone mass, independent of fat mass[12]. Further models added adjustment for maternal and paternal height at DXA scan (Model 2), and additionally child’s height at DXA scan (Model 3). While Models 1-3 were undertaken for both the whole sample and the sample stratified by offspring sex for DXA outcome measures, sample size restrictions made stratification by offspring sex untenable for pQCT measurements. Whole sample analyses were additionally adjusted for offspring sex. All data were analysed using Stata 14.0 (StataCorp, Texas, USA). 

Results
[bookmark: _Toc2598113]Baseline demographics
[bookmark: _Toc2598688]Baseline characteristics of the children at DXA are shown in Table 1a. Mean (SD) age was 9.2 (0.2) years, and 51% of the children were male. Girls and boys had similar BMI [Girls: median 17.0 kg/m2 (IQR 15.7, 18.9); Boys: 16.2 kg/m2 (15.2, 17.8)]. Boys had higher birthweights [mean 3468 (SD 565) g] than girls [3404 (536) g]. Mean lumbar spine BA, and hip aBMD and BMC, were higher in boys. Conversely, girls had higher mean lumbar spine aBMD. Baseline characteristics of the parents are presented in Table 1b. Mean (SD) age of the mothers [41.2 (3.4) years] was lower than that for the fathers [43.8 (5.1) years)]. On average, fathers were taller and heavier than mothers, and were more likely to have smoked regularly in the past. Fathers also consumed more alcohol and milk per week than did mothers and had higher rates of previous fracture. 97.0% of mothers and 96.6% of fathers reported being of White ethnicity. Compared with the wider SWS cohort, mothers included in this sample were somewhat older, taller and had a lower BMI than those who did not attend 8-9-year DXA offspring follow-up clinics (Supplementary Table 1).
[bookmark: _Toc518472876][bookmark: _Toc518552994][bookmark: _Toc519032664][bookmark: _Toc519036965][bookmark: _Toc2598114][bookmark: _Toc518472877][bookmark: _Toc518552995][bookmark: _Toc519032665][bookmark: _Toc519036966][bookmark: _Toc2598115][bookmark: _Toc518472878][bookmark: _Toc518552996][bookmark: _Toc519032666][bookmark: _Toc519036967][bookmark: _Toc2598116][bookmark: _Toc518472879][bookmark: _Toc518552997][bookmark: _Toc519032667][bookmark: _Toc519036968][bookmark: _Toc2598117]Parent and offspring bone measures are positively associated, partly independent of body size


Strong positive associations were observed between maternal or paternal lumbar spine DXA measurements (BA, BMC and aBMD), and the corresponding indices in the offspring (Table 2). Mother-child BA and BMC associations were somewhat attenuated by incorporation of parental and child height in the models, but mother-child aBMD and father-child associations in general were little changed by this adjustment. Parent-offspring associations at the hip site followed a similar pattern to the lumbar spine relationships (Table 3).  
1

Mother-offspring of greater magnitude than father-offspring DXA associations
[bookmark: _Hlk77066191]Mother-child lumbar spine associations were consistently of greater magnitude than father-child associations (Table 2, Figure 1); for example, offspring lumbar spine aBMD was more strongly associated with maternal lumbar spine aBMD (Model 1: β = 0.29g.cm-2/g.cm-2 (95%CI 0.20, 0.38), P<0.001) than with paternal lumbar spine aBMD (Model 1: β = 0.16g.cm-2/g.cm-2 (0.11, 0.21), P<0.001). At the hip, mother-child associations were of greater magnitude than father-child associations for BA, but not BMC or aBMD (Table 3, Figure 1): Model 1 for maternal hip BA: β = 0.33cm2/cm2 (0.23, 0.44), P=0.001); paternal hip BA (β = 0.14cm2/cm2 (0.07, 0.21), P=0.11).   These by-parent differences were more apparent for boys than girls for the lumbar spine sites and for hip bone area (Figure 1). Adjustment for parental and child’s height tended to reduce the by-parent differences [Model 2 (parental height) and Model 3 (parental and child’s height); Supplementary Figure 1], predominantly by reducing the effect size for mother-child associations. The models stratified by sex of the child are presented in Supplementary Tables 2 and 3, showing similar findings in that generally maternal associations were stronger than the paternal ones. No evidence was observed for maternal or paternal associations being stronger for one sex than the other.
Differences by parent in mother-offspring and father-offspring pQCT bone relationships
Parent-offspring pQCT associations are summarised in Table 4. Mother-offspring, but not father-offspring, associations were apparent at 4% total area, robust to adjustment for parental and offspring heights (Model 3: β=0.30mm2/mm2 (0.15, 0.46), p<0.001). Father-offspring associations were observed for 38% cortical area (Model 3: β=0.10mm2/mm2 (0.02, 0.18), P=0.01) and 38% cortical density (Model 3: β=0.64mg.cm-3/mg.cm-3 (0.27, 1.00), P=0.001), with associations that were either robust for, or strengthened by, adjustment for parental and offspring height (Figure 2 and Supplementary Figure 2). 

Discussion
In this study within the Southampton Women’s Survey parent-offspring cohort, we observed associations between parent and offspring bone indices at the lumbar spine and hip, which generally persisted after adjustment for parent and/or offspring body size. Furthermore, many of the associations were of greater magnitude for mother-offspring than father-offspring suggesting a potential parent of origin effect. 
There is a paucity of studies using techniques other than DXA to assess the genetic influence on bone mass, and few published have focused on parent-child pairs[13-15]. A recent Australian study used HRpQCT at the distal radius and tibia to measure volumetric bone mineral density in 177 mother-offspring pairs from the T-Bone cohort; the mean offspring age in this cohort was 25 years[13]. Strong positive relationships were observed across all the parameters measured, and heritability estimates ranged from 42%-74% at the tibia and 24%-67% at the radius. Whilst estimates of genetic heritability vary widely depending upon the study design and setting, there is clearly a direct genetic component to the variance in aBMD within a population. GWAS studies explain a component of this variation on the basis of identified loci, and the largest GWAS to date, in we which identified more than 300 conditionally independent SNPs linked with aBMD, genotype accounted for at most 20% of the variance in adult aBMD (in this case estimated from quantitative heel ultrasound)[16]. It is likely that a large number of SNPs either identified but not meeting the threshold for genome-wide significance, or yet to be discovered, will explain more of the variance, but there is clearly scope for environmental factors to influence peak aBMD obtained by young adulthood[3]. Importantly, it must be remembered that genetic heritability simply refers to the proportion of the variance in the aBMD distribution within a population which is explained by genetics[17]. The overall mean of the distribution can therefore be moved, for example by population-wide secular changes in diet quality and socioeconomics, without changing the spread of the distribution. The secular changes in height in several populations over recent decades provides a case in point[18-27]. The same genetic effect in a population with a low prevalence of a key environmental factor, compared with a population with a high prevalence of that factor will lead to different estimates of genetic heritability. These considerations should be borne in mind in considering the potential underlying mechanisms here.
[bookmark: _Hlk76975114]The association between parent and offspring bone mass can therefore be potentially explained in terms of inherited genotype, inherited environment (for example exposure to second-hand smoking in childhood and dietary/socio-economic factors), and in terms of early life in utero effects. These latter mechanisms are of course mother-specific and might be an explanation for the differences observed in the magnitude of mother-offspring compared with father-offspring relationships. A further complication is that an apparently environmental maternal in utero effect could be direct, for example due to placental nutritional transfer, or reflect an indirect genetic influence, for example on height.  Thus, with greater body size, maternal BMC is likely to be higher due to her larger pelvis[28]. Last trimester fetal growth is necessarily constrained by the size of the pelvis in order to permit delivery of the baby[3, 29, 30]. A larger pelvis therefore is likely to be able accommodate greater offspring growth, without constraint[31], and may result in a larger child at birth, with larger BA and BMC as a result[32]. We observed that size-dependent measures of offspring bone from DXA and pQCT appeared to have a stronger maternal association, and consequently this difference was attenuated by adjustment for height. The associations at the lumbar spine were more marked for mother than father across BA, BMC and aBMD. Such considerations, and differential relationships between bone indices and height by site[33], may well be relevant to observation of greater effect size in mother-offspring compared with father-offspring associations for lumbar spine compared with hip bone mineral density. However, strong relationships remained even after adjustment for maternal height (a surrogate for maternal size), suggesting the potential importance of other mechanisms. In addition, in the subset of those with pQCT measures, at the 38% tibia, cortical BMD association was of greater magnitude for father-child compared with mother-child, suggesting possible sex-specific differences by trabecular/cortical sites. 
A further explanation for the parent-child bone mass relationships is that of inherited environmental factors. A study in the Bristol ALSPAC cohort demonstrated that maternal socioeconomic status has opposing influences on offspring bone mass through opposite associations with offspring height and weight[34]. It has been well documented that certain parental activities are highly correlated with those of their offspring, such as physical activity and diet, which may in turn confound parent-offspring bone comparisons. Finally, parent of origin genetic effects, termed “imprinting”, whereby epigenetic phenomena result in only the gene inherited from a specific parent being expressed, might be relevant here[35]. There are around eighty known imprinted genes, but growth-related genes, such as IGF2, tend to be paternally expressed[36], which would be expected to lead to greater father-offspring than mother-offspring associations rather than the dominant mother-offspring relationships observed in the present study. However, such epigenetic processes are the subject of intense ongoing investigation and an imprinting effect, or indeed other parent-specific mechanisms such as micro-RNA in seminal fluid or sperm histone changes, could all play a role in differential parental associations[37-39].
[bookmark: _Hlk76975364]This study used a well-characterised prospective mother-offspring cohort study, with “gold-standard” measures bone mass. However, several limitations should be considered in the interpretation of our results. Firstly, our sample was a subset of the larger SWS cohort, and both mothers and offspring differed in several ways from the overall study population. There was little ethnic diversity within the participating mothers, with 97% of mothers of white ethnicity. This reflects the local population from which the women were recruited and gives more homogeneity to the study population, but needs to be considered in the generalisability of the findings to the wider population. As the results are based on internal comparisons within the cohort, there is little reason to expect that this would have erroneously led to the observed associations. Secondly, DXA scanning of children is subject to several limitations, due to their lower BMD when compared with adults and the propensity of younger participants to move during scanning. Appropriate software was used, but the developing growth plate at the hip means that the precision at this site in children is somewhat lower than in adults[40]. Thirdly, there are also limitations with the use of pQCT analysis in growing children. Although standard protocols were used, the possibility of relative differences in the scan position dependent upon tibial length, and operator variability, remain. Fourthly, we were not able to account for every factor that might influence the parent-child relationship such as 25-hydroxyvitamin D concentrations and chronic illnesses. However, in this predominantly healthy, population-based cohort of mainly white ethnicity, the frequency of symptomatic vitamin D deficiency or severe chronic illness is likely to be extremely low.
In conclusion, parent and offspring bone indices are positively associated, with a greater magnitude of relationship in many cases observed for the mother-offspring compared with father-offspring associations. These relationships appeared partly independent of maternal and/or offspring body size, and independent of other potentially confounding factors. Whilst parent of origin genetic effects are potential explanations, these marked mother-offspring associations may suggest in-utero environmental influences on childhood bone development.
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	Overall
	Boys
	Girls

	
	n
	Mean/ Median
	SD
	n
	Mean/ Median
	SD
	n
	Mean/Median
	SD

	Age (yrs)
	279
	9.2
	0.2
	146
	9.2
	0.2
	133
	9.2
	0.2

	Height (cm)
	278
	135.6
	5.8
	145
	135.0
	5.2
	133
	136.2
	6.4

	Weight (kg)*
	263
	30.7
	27.5, 34.6
	133
	30.0
	27.2, 33.4
	130
	31.8
	28.1, 36.4

	BMI *(kg/m2)
	272
	16.6
	15.5, 17.8
	132
	16.2
	15.2, 17.8
	130
	17.0
	15.7, 18.9

	Birthweight (g)
	277
	3437
	551
	144
	3468
	565
	133
	3404
	536

	
	
	
	
	
	
	
	
	
	

	Lumbar spine BA (cm2)
	279
	39.2
	4.2
	146
	39.9
	4.2
	133
	38.4
	4.1

	Lumbar spine BMC (g)
	279
	23.2
	3.9
	146
	23.2
	3.9
	133
	23.3
	3.8

	Lumbar spine aBMD (g/cm2)
	279
	0.6
	0.1
	146
	0.6
	0.1
	133
	0.6
	0.1

	Hip BA (cm2)
	279
	21.1
	2.8
	146
	20.6
	2.7
	133
	21.5
	2.8

	Hip BMC (g)
	279
	14.9
	2.7
	146
	15.0
	2.8
	133
	14.7
	2.6

	Hip aBMD (g/cm2)
	279
	0.7
	0.1
	146
	0.7
	0.1
	133
	0.7
	0.1


Table 1a: Offspring baseline characteristics
*Summary statistics median (IQR); BA= bone area; BMC=bone mineral content; aBMD=areal bone mineral density.



Table 1b: Baseline parental characteristics
	
	Mothers (n=279)
	Fathers (n=279)

	
	n
	Mean/Median/%
	SD/IQR
	
	n
	Mean/Median/%
	SD/IQR
	

	Age (years)
	266
	40.9
	3.5
	
	270
	43.7
	5.3
	

	Height (cm)
	279
	164.8
	6.2
	
	279
	176.9
	6.7
	

	Weight (kg)*
	279
	68.1
	(61.1, 79.4)
	
	279
	85.5
	(76.4, 96.2)
	

	Parity at birth of index child
	279
	
	
	
	
	
	
	

	    Primiparous
	144
	51.6%
	
	
	
	
	
	

	    Multiparous
	135
	48.4%
	
	
	
	
	
	

	Current smoking
	22/248
	8.9%
	
	
	30/254
	11.8%
	
	

	Ever smoked regularly
	86/262
	32.8%
	
	
	116/265
	43.8%
	
	

	Smoked in EP
	19/276
	6.9%
	
	
	
	
	
	

	Smoked in LP
	17/268
	6.3%
	
	
	
	
	
	

	Alcohol consumption (units per week)*
	263
	3.0
	(1.0, 7.5)
	
	270
	7.0
	(2.2, 16.0)
	

	Pre-menopausal
	272/279
	97.5%
	
	
	
	
	
	

	Previous fracture
	101/263
	38.4%
	
	
	157/265
	59.3%
	
	

	≥ 0.5 pints of milk/day
	136/262
	51.9%
	
	
	174/261
	66.7%
	
	

	Ethnicity
	263
	
	
	
	265
	
	
	

	    White
	255
	97.0%
	
	
	256
	96.6%
	
	

	    BAME
	8
	3.0%
	
	
	9
	3.4%
	
	


*Summary statistics median (IQR); EP = Early pregnancy; LP = Late pregnancy; 




[bookmark: _Hlk68007719]Table 2: Relationships between DXA derived parent and offspring lumbar spine in boys and girls combined. 
	[bookmark: _Hlk67410170]Lumbar spine DXA
	Whole sample


	
	β
	95% CI
	P
	n

	Maternal
	
	
	
	

	BA (cm2)
	
	
	
	

	Model 1
	0.29
	0.20, 0.38
	< 0.001
	236

	Model 2
	0.21
	0.10, 0.32
	< 0.001
	236

	Model 3
	0.17
	0.08, 0.26
	< 0.001
	235

	BMC (g)
	
	
	
	

	Model 1
	0.15
	0.12, 0.19
	< 0.001
	236

	Model 2
	0.14
	0.10, 0.18
	< 0.001
	236

	Model 3
	0.12
	0.08, 0.15
	< 0.001
	235

	aBMD (g/cm2)
	
	
	
	

	Model 1
	0.26
	0.21, 0.32
	< 0.001
	236

	Model 2
	0.26
	0.21, 0.32
	< 0.001
	236

	Model 3
	0.25
	0.20, 0.31
	< 0.001
	235

	
	
	
	
	

	Paternal
	
	
	
	

	BA (cm2)
	
	
	
	

	Model 1
	0.09
	0.02, 0.16
	0.01
	236

	Model 2
	0.07
	-0.01, 0.16
	0.08
	236

	Model 3
	0.10
	0.03, 0.16
	0.005
	235

	BMC (g)
	
	
	
	

	Model 1
	0.08
	0.05, 0.11
	< 0.001
	236

	Model 2
	0.08
	0.04, 0.11
	< 0.001
	236

	Model 3
	0.07
	0.05, 0.10
	< 0.001
	235

	aBMD (g/cm2)
	
	
	
	

	Model 1
	0.16
	0.11, 0.21
	< 0.001
	236

	Model 2
	0.15
	0.10, 0.20
	< 0.001
	236

	Model 3
	0.14
	0.09, 0.19
	< 0.001
	235
























Model 1: Adjusted for equivalent bone measure of the opposite parent, maternal late pregnancy walking speed, maternal and paternal age at DXA scan, maternal pre-pregnancy educational level and the sex and age of the child; Model 2: Model 1 + maternal and paternal height at DXA scan; Model 3: Model 2 + child’s height at DXA scan.










Table 3: Relationships between DXA derived parent and offspring hip outcomes in boys and girls combined 
	Hip DXA
	Whole sample


	
	β
	95% CI
	P
	n

	Maternal
	
	
	
	

	BA (cm2)
	
	
	
	

	Model 1
	0.33
	0.23, 0.44
	< 0.001
	239

	Model 2
	0.25
	0.11, 0.38
	< 0.001
	239

	Model 3
	0.22
	0.12, 0.32
	< 0.001
	238

	BMC (g)
	
	
	
	

	Model 1
	0.13
	0.07, 0.19
	< 0.001
	239

	Model 2
	0.09
	0.03, 0.15
	0.005
	239

	Model 3
	0.08
	0.04, 0.13
	0.001
	238

	aBMD (g/cm2)
	
	
	
	

	Model 1
	0.14
	0.08, 0.21
	< 0.001
	239

	Model 2
	0.14
	0.08, 0.21
	< 0.001
	239

	Model 3
	0.14
	0.08, 0.21
	< 0.001
	238

	
	
	
	
	

	Paternal
	
	
	
	

	BA (cm2)
	
	
	
	

	Model 1
	0.14
	0.07, 0.21
	< 0.001
	239

	Model 2
	0.12
	0.03, 0.21
	0.007
	239

	Model 3
	0.10
	0.03, 0.16
	0.003
	238

	BMC (g)
	
	
	
	

	Model 1
	0.09
	0.06, 0.13
	< 0.001
	239

	Model 2
	0.08
	0.04, 0.12
	< 0.001
	239

	Model 3
	0.06
	0.03, 0.10
	< 0.001
	238

	aBMD (g/cm2)
	
	
	
	

	Model 1
	0.14
	0.08, 0.20
	< 0.001
	239

	Model 2
	0.14
	0.07, 0.20
	< 0.001
	239

	Model 3
	0.12
	0.06, 0.18
	< 0.001
	238


Model 1: Adjusted for equivalent bone measure of the opposite parent, maternal late pregnancy walking speed, maternal and paternal age at DXA scan, maternal pre-pregnancy educational level and the sex and age of the child; Model 2: Model 1 + maternal and paternal height at DXA scan; Model 3: Model 2 + child’s height at DXA scan.




[bookmark: _Hlk68007924]Table 4: Relationships between pQCT derived parental and offspring bone health outcomes in boys and girls combined.
	pQCT at tibia
	Maternal

	Paternal


	
	β
	95% CI
	P
	n
	β
	95% CI
	P
	

	4% total area (mm2)
	
	
	
	
	
	
	
	

	Model 1
	0.33
	0.17, 0.48
	< 0.001
	94
	-0.06
	-0.17, 0.06
	0.33
	94

	Model 2
	0.34
	0.17, 0.50
	< 0.001
	94
	-0.09
	-0.21, 0.04
	0.16
	94

	Model 3
	0.30
	0.15, 0.46
	< 0.001
	90
	0.01
	-0.12, 0.13
	0.93
	90

	4% trabecular density (mg/cm3)
	
	
	
	
	
	
	
	

	Model 1
	0.11
	-0.20, 0.41
	0.50
	94
	-0.10
	-0.43, 0.24
	0.56
	94

	Model 2
	0.11
	-0.21, 0.43
	0.49
	94
	0.02
	-0.31, 0.35
	0.90
	94

	Model 3
	0.12
	-0.19, 0.42
	0.46
	90
	0.09
	0.24, 0.43
	0.58
	90

	38% total area (mm2)
	
	
	
	
	
	
	
	

	Model 1
	0.15
	0.00, 0.30
	0.05
	74
	0.14
	0.01, 0.27
	0.03
	74

	Model 2
	0.11
	-0.04, 0.26
	0.15
	74
	0.08
	-0.06, 0.22
	0.24
	74

	Model 3
	0.06
	-0.09, 0.21
	0.42
	71
	0.07
	-0.06, 0.20
	0.30
	71

	38% cortical area (mm2)
	
	
	
	
	
	
	
	

	Model 1
	0.10
	0.00, 0.20
	0.06
	74
	0.10
	0.01, 0.19
	0.04
	74

	Model 2
	0.06
	-0.04, 0.16
	0.21
	74
	0.09
	0.00, 0.18
	0.04
	74

	Model 3
	0.06
	-0.02, 0.15
	0.14
	71
	0.10
	0.02, 0.18
	0.01
	71

	38% cortical density (mg/cm3)
	
	
	
	
	
	
	
	

	Model 1
	0.27
	-0.03, 0.56
	0.07
	74
	0.48
	0.15, 0.82
	0.005
	74

	Model 2
	0.23
	-0.07, 0.54
	0.13
	74
	0.53
	0.19, 0.87
	0.003
	74

	Model 3
	0.25
	-0.06, 0.57
	0.12
	71
	0.64
	0.27, 1.00
	0.001
	71




Model 1: Adjusted for equivalent bone measure of the opposite parent, maternal late pregnancy walking speed, maternal and paternal age at DXA scan, maternal pre-pregnancy educational level and the sex and age of the child; Model 2: Model 1 + maternal and paternal height at DXA scan; Model 3: Model 2 + child’s height at DXA scan.
Figure 1: Associations between offspring and parent DXA indices adjusted for equivalent bone measure of the opposite parent, maternal late pregnancy walking speed, maternal and paternal age at DXA scan, maternal pre-pregnancy educational level and the age of the child (and child’s sex for whole sample). P-values are for difference in beta-coefficient between mother-child and father-child associations by Hausman test.

Figure 2: Associations between exemplar offspring and parent pQCT bone indices adjusted for equivalent bone measure of the opposite parent, maternal late pregnancy walking speed, maternal and paternal age at DXA scan, maternal pre-pregnancy educational level and the age of the child (and child’s sex for whole sample). P-values are for difference in beta-coefficient between mother-child and father-child associations by Hausman test.

