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Abstract (297 words) 

 

Introduction 

Poor cognitive function and osteoporosis commonly co-exist in later life.  In women, this is 

often attributed to post-menopausal estrogen loss. However, a common early life origin for 

these conditions and the associations between cognitive function and bone mineral density 

(BMD) in childhood have not previously been explored. We examined these relationships at 

age 6-7 years in the Southampton Women’s Survey (SWS) mother-offspring cohort.   

Methods 

Child occipitofrontal circumference (OFC), a proxy for brain volume, intelligence quotient (IQ) 

[Wechsler Abbreviated Scale of Intelligence] and visual recognition and working memory 

[CANTAB® Delayed Matching to Sample (DMS) and Spatial Span Length (SSP), 

respectively] were assessed. Whole-body-less-head (WBLH) and lumbar spine dual-energy 

X-ray absorptiometry [Hologic Discovery] (DXA) were performed to measure bone area (BA), 

bone mineral content (BMC), BMD and bone mineral apparent density (BMAD). Linear 

regression was used to examine associations between age and sex standardized variables 

(β represent standard deviation (SD) difference per SD of cognitive function).   

Results 

DXA was performed in 1331 children (mean (SD) age 6.8 (0.33) years, 51.5% male), with 

OFC, IQ, DMS and SSP assessed in 1250, 551, 490 and 460, respectively. OFC (β=0.25 

SD/SD, 95%CI 0.20,0.30), IQ (β=0.11 SD/SD, 95%CI 0.02,0.19), and DMS (β=0.11, SD/SD, 

95%CI 0.01,0.20) were positively associated with WBLH BA, with similar associations for 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

lumbar spine BA. OFC and DMS were also positively associated with WBLH BMC, but only 

OFC was associated with BMD (WBLH: β=0.38 SD/SD, 95%CI 0.33,0.43; LS: β=0.19 

SD/SD, 95%CI 0.13,0.24).    

Conclusion  

Childhood brain volume was positively associated with measures of skeletal size and BMD, 

whereas IQ and memory were associated only with skeletal size. These findings suggest 

that common early life determinants for skeletal growth and BMD and cognitive function 

should be explored to identify potential early-life approaches to preventing osteoporosis and 

cognitive decline.  

 

Keywords: bone mineral density, cognition, height, intelligence quotient, occipitofrontal 

circumference 

 

 

1. Introduction 

Both cognitive decline and osteoporosis are major public health issues worldwide, and 

coexistence of these is common.  Osteoporosis and associated fractures are particularly 

common in individuals with dementia and evidence suggests that sustaining a fracture 

accelerates cognitive decline [1].  Poorer mobility and diet may contribute to the increased 

risk of osteoporosis in those with dementia, but bone mineral density (BMD) has also been 

associated with cognitive function in adults without dementia [2, 3].  Furthermore bone loss 

has been shown to predict subsequent cognitive decline in a longitudinal study of older 

women [4], potentially suggesting a common pathway or origin.    

Proposed mechanisms for the coexistence of bone loss and cognitive decline include lifetime 

estrogen exposure and/or post-menopausal lack of estrogen in women, common lifestyle 

risk factors such as smoking or nutrition, and chronic inflammation.  Hormonal interaction 

between the brain and bone is also increasingly recognized. For example, in mouse models, 
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osteocalcin, an osteoblast-derived hormone that can cross the blood brain barrier, has a role 

in brain and cognitive development.  Osteocalcin -/- mice have smaller brain volumes and a 

major deficit in learning and memory [5].  In contrast brain-derived neurotransmitters also 

appear to influence bone mass, for example serotonin, neuropeptide Y and the sympathetic 

and parasympathetic nervous systems [6].   

Despite the increasing understanding of important interactions between the brain and bone 

and the observed relationships between cognition and bone health in later life, it has not 

been established if similar relationships between cognition and skeletal development exist in 

early life.  We therefore assessed the relationships between measures of cognitive function, 

including intelligence quotient (IQ) and working memory, and occipitofrontal circumference 

(OFC), as a proxy for brain volume [7], with skeletal size and BMD at age 6-7 years.  

 

2. Methods 

2.1 The Southampton Women’s Survey 

The Southampton Women’s Survey is a prospective pre-conception mother-offspring cohort 

study.  Details of the study have been previously published [8].  Briefly, 12,583 non-pregnant 

women aged 20-34 years living in the city of Southampton, UK were recruited into the study 

during 1998-2002 and those that reported a pregnancy during the study period were invited 

to participate in pregnancy and offspring follow-up.  Infant anthropometric data including birth 

weight, length and OFC were measured at birth by a trained research nurse. 

The SWS was conducted according to the guidelines laid down in the Declaration of 

Helsinki, and the Southampton and South-West Hampshire Research Ethics Committee 

approved all procedures (06/Q1702/104). Written informed consent was obtained from all 

participants and by a parent or guardian with parental responsibility on behalf of their 

children. 
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2.2 Follow-up at 6-7 years of age 

A subset of the children were invited to participate in assessments of bone health and/or 

cognition at ages 6-7 years.  Anthropometric data was collected by trained research nurses. 

Height was measured with a Leicester height measurer (Seca Ltd, Birmingham, UK) to the 

nearest 0.1 cm with the head placed in the Frankfurt plane.  Weight was measured in light 

clothing to the nearest 0.1 kg using electronic scales (Seca Ltd, Birmingham, UK). OFC was 

measured using a cloth tape to the nearest 0.1cm. Standard deviations scores (SDS) for age 

and sex were calculated using the British 1990 reference data [9, 10]. 

A whole-body dual-energy X-ray absorptiometry (DXA) scan was obtained using a Hologic 

Discovery Instrument (Hologic Inc., Bedford, MA, USA) to measure whole-body-less-head 

(WBLH) and lumbar spine bone area (BA), bone mineral content (BMC), BMD and bone 

mineral apparent density (BMAD).  All scan images were reviewed and any with excessive 

movement or artefact were excluded.  The DXA instrument underwent daily calibration using 

a spine phantom.  The experimental coefficient of variation for this instrument when a spine 

phantom was repeatedly scanned in the same position 16 times, in a single session with no 

repositioning, was 0.68%. 

A subset of the children had cognitive testing by a trained research nurse supervised by an 

educational psychologist during a home visit.  The Wechsler Abbreviated Scale of 

Intelligence (WASI) was used to assess full-scale IQ as an estimate of overall cognitive 

ability [11].  Specific components of executive function were assessed using tests from the 

Cambridge Neuropsychological Test Automated Battery (CANTAB®, Cambridge Cognition, 

Cambridge, United Kingdom). Delayed Matching to Subject (DMS) and Spatial Span (SSP) 

are both tests of memory. DMS assesses forced choice recognition memory for novel non-

verbalizable patterns, and tests both simultaneous and short-term visual memory. SSP 

assesses working memory capacity.  We used the following outcomes: DMS total correct 

and SSP longest span length recalled. For both of these tests, a higher score indicates 

greater cognitive ability for the function assessed. 
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2.3 Statistical analysis 

Data were included if the child had a DXA scan at age 6-7 years and OFC or cognitive 

testing data.  All data were visually checked for normality of distribution.  Mean (standard 

deviation) and median (interquartile range) were used to described normally distributed and 

non-normally distributed continuous variables, respectively; n (%) was used to describe 

categorical variables.  T-tests, Mann-Whitney U-tests and chi-squared tests were used to 

compare normally, non-normally distributed and categorical variables, respectively.   

Both cognitive function data and DXA outcomes were adjusted for age and sex at 

assessment using linear regression.  All variables were standardized to allow comparison of 

regression coefficients.  Linear regression was used to examine the associations between 

measures of cognitive function and OFC with DXA measures and height z-score.  Linear 

regression was used to assess for evidence of a statistical interaction with child sex.   All 

data were analysed using Stata 18.0 (Statacorp, Texas, USA).  

 

3. Results 

DXA assessment of WBLH and/or lumbar spine was available for 1331 children at age 6-7 

years.  The children who had DXA data tended to be born to mothers who were older at 

delivery, more highly educated and less likely to smoke in late pregnancy, and the children 

were on average heavier at birth and breastfed for longer than those for whom DXA data 

was not available (Supplementary Table 1).  OFC measurement at 6-7 years and at birth 

were available for 1323 and 1280 of these children, respectively.  551, 490 and 460 of the 

children with DXA assessment completed the IQ, DMS and SSP testing, respectively (Figure 

1).  In comparison to those who had DXA but did not have cognitive function tests, the 

children who had their cognitive function tested were on average older, but of similar height, 

weight, and OFC z-scores, and DXA outcomes adjusted for age and sex (Supplementary 

Table 2).   
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Figure 1: Participant flow in the study 

 

The median interval between cognitive function testing and DXA was 45 days (IQR 20, 79).  

IQ, DMS (total correct) and SSP were similar between the boys and girls (Table 1). The boys 

were taller and had larger OFC than the girls, but z-scores for age and sex for these 

measures were similar (Table 1).  The girls had greater bone area for WBLH, whereas boys 

had greater bone area for lumbar spine (Table 1).  The boys had higher aBMD and BMAD 

for WBLH, whereas BMD and BMAD were higher in the girls at the lumbar spine (Table 1).    

 Boys Girls p 

 N N  

Anthropometry 

Age (years) 684 6.69 (0.29) 644 6.69 (0.30) 0.74 

Height (cm) 679 121.0 (5.1) 641 120.1 (5.4) 0.003 

Height z-score 679 0.18 (0.94) 641 0.13 (1.00) 0.42 

Weight (kg), median (IQR) 680 22.9 (21.0, 
25.3) 

638 22.9 (20.9, 
25.7) 

0.89 

Weight z-score 680 0.23 (1.01) 638 0.26 (1.04) 0.66 

OFC (cm) 681 52.7 (1.4) 642 52.0 (1.4) <0.001 

OFC z-score 681 -0.46 (0.90) 642 -0.38 (1.17) 0.18 
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Cognitive function 

Age (years) 282 6.94 (0.21) 273 6.93 (0.22) 0.72 

Intelligence Quotient (IQ)  282 103 (15) 269 104 (15) 0.35 

Delayed matching to sample (total 
correct) 

252 9 (3) 238 9 (2) 0.61 

Spatial span length 236 4 (1) 224 4 (1) 0.50 

DXA 

Age (years) 685 6.83 (0.32) 646 6.84 (0.34) 0.58 

Whole body less head 

Bone area (cm2) 653 904.43 
(62.91) 

626 913.92 
(64.80) 

0.008 

Bone mineral content (BMC) (g) 653 548.58 
(74.70) 

626 546.11 
(77.11) 

0.56 

Bone Mineral density (BMD) (g/cm2) 653 0.604 (0.047) 627 0.595 (0.050) <0.001 

Bone mineral apparent density 
(BMAD) (g/cm3) 

653 0.020 (0.001) 626 0.020 (0.001) <0.001 

Lumbar spine 

Bone area (cm2) 673 34.88 (3.31) 635 32.98 (3.03) <0.001 

Bone mineral content (BMC) (g) 673 18.68 (2.83) 635 18.16 (2.79) <0.001 

Bone Mineral density (BMD) (g/cm2) 673 0.535 (0.059) 635 0.550 (0.060) <0.001 

Bone mineral apparent density 
(BMAD) (g/cm3) 

635 0.181 (0.021) 595 0.191 (0.021) <0.001 

Table 1:  Comparison of boys and girls included in the study 

All shown as mean (SD), unless otherwise stated.  

 

OFC z-score was very weakly associated with IQ (β=0.07 SD/SD, 95%CI -0.01, 0.15, 

p=0.11) but not with DMS (total correct) (β=0.01 SD/SD 95%CI -0.08, 0.09, p=0.91) or SSP 

(β=0.04 SD/SD, 95%CI -0.06, 0.13, p=0.44).  However, cognitive function measures were 

positively associated (DMS-IQ β=0.18 SD/SD 95%CI 0.09, 0.27, p<0.001; SSP-IQ β=0.29 

SD/SD, 95%CI 0.20, 0.38, p<0.001; SSP-DMS β=0.18 SD/SD, 95%CI 0.08, 0.27, p<0.001). 
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3.1 Occipitofrontal circumference and skeletal size and BMD 

OFC z-score at age 6-7 years was strongly associated with bone area, BMC, BMD and 

BMAD for WBLH and lumbar spine (Figure 2; Supplementary Table 3).  OFC z-score was 

also associated with height at age 6-7 years, with an association of similar magnitude to 

those observed with bone outcomes (β=0.37 SD/SD, 95%CI 0.32, 0.42, p<0.001; Figure 2).  

There was no interaction with the child’s sex; associations stratified by sex are shown in 

Supplementary Table 3. 

1280 of the children also had OFC measured at birth. Similar, but weaker, associations were 

observed between OFC at birth and DXA measures at 6-7 years apart for with lumbar spine 

BMD and BMAD (Figure 2; Supplementary Table 3). 

 

Figure 2: Associations between occipitofrontal circumference (OFC) at birth and at 6-7 

years with measures of skeletal size and bone mineral density at 6-7 years. 

Markers represent β (SD difference in outcome per SD OFC) and 95% CI. BA, bone area; 

BMC, bone mineral content; BMD, bone mineral density (BMD); BMAD bone mineral 

apparent density 
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3.2 IQ 

IQ was associated with measures of skeletal size including height (β=0.16 SD/SD, 95%CI 

0.08, 0.24, p<0.001), WBLH bone area (β=0.11 SD/SD, 95%CI 0.02, 0.19, p=0.01) and 

lumbar spine bone area (β=0.15 SD/SD, 95%CI 0.06, 0.23, p=0.001) (Figure 3A).  A positive 

association was also observed between IQ and BMC at the lumbar spine (β=0.09 SD/SD, 

95%CI 0.01, 0.18, p=0.03), with a similar, but weaker, association for WBLH BMC (β=0.07 

SD/SD, 95%CI -0.01, 0.16, p=0.09). There were no clear associations between IQ and BMD 

or BMAD for WBLH nor lumbar spine (Figure 3A). There were no statistical interactions with 

the child’s sex (Supplementary Table 4).  

 

Figure 3: Associations between intelligence quotient (IQ) and Delayed Matching to Sample 

(DMS) (total correct) with measures of skeletal size and bone mineral density at 6-7 years. 

Markers represent β (SD difference in outcome per SD IQ or DMS) and 95% CI. BA, bone 

area; BMC, bone mineral content; BMD, bone mineral density (BMD); BMAD bone mineral 

apparent density 
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3.3 Tests of memory 

DMS (total correct) was similarly positively associated with height (β=0.11 SD/SD, 95%CI 

0.02, 0.20, p=0.02) and WBLH bone area (β=0.11 SD/SD, 95%CI 0.01, 0.20, p=0.03) but not 

bone area at the lumbar spine (Figure 3B).  DMS (total correct) was also positively 

associated with WBLH BMC (β=0.11 SD/SD, 95%CI 0.01, 0.20, p=0.03) with a similar 

association for BMD (β=0.09 SD/SD, 95%CI -0.00, 0.19, p=0.05).  Associations at the 

lumbar spine were weaker (Figure 3B). These associations were similar in analyses stratified 

by sex (Supplementary Table 4).  There were no associations between SSP and height or 

DXA outcomes (Supplementary Table 4). 

 

 

4. Discussion 

In this prospective mother-offspring cohort study, OFC, IQ and memory were all positively 

associated with skeletal size.  Additionally, OFC was associated with measures of bone 

mineralisation. In a subset of the cohort, an association between visuospatial memory and 

WBLH BMD was observed, but relationships between IQ and BMD were not clearly 

apparent. These findings did not differ by sex. 

OFC has been considered a proxy marker of brain size in otherwise healthy individuals, 

more accurately so in younger children than adolescents and adults [7].  In previous studies, 

absolute head circumference, growth in OFC during early childhood and MRI derived brain 

volume have been shown to correlate with IQ in children and young adults [12-14], and one 

study suggested OFC in early childhood correlates with IQ in adulthood [15]. However this 

relationship is not consistently reported [16], as in our cohort.  Indeed, our findings suggest 

that the associations of brain volume (as determined by OFC in children at age 6-7 years) 

with bone size and density are stronger than the relationships of the functional cognitive 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

measures with bone size and density.  Positive relationships between cognitive function and 

height have also previously been recognized [17, 18], and indeed WBLH bone area and 

BMC measured on DXA is partly a function of height, which could account for the 

relationships observed in our cohort.     

To our knowledge, there are scant data relating OFC, other measures of brain size or 

cognitive function to BMD in children.  Interestingly, OFC was associated with WBLH BMD 

and BMAD, but relationships between IQ and BMD/BMAD were not observed.  This may 

partly reflect the smaller subset of children for whom IQ assessment was completed.  In 

contrast, the relationships between visuospatial memory, assessed by DMS, and WBLH 

BMC and BMD were stronger than with IQ in this group of children.  This is similar to findings 

in later life.  For example, Loskutova et al demonstrated that early cognitive dysfunction, 

particularly in memory, was associated with lower BMD after adjustment for traditional risk 

factors [19].  In the Framingham Offspring Cohort, verbal memory was positively associated 

with BMD in women and visual memory with BMD in men at mean ages of 65 and 66 years, 

respectively [2], and in the NHANES III cross-sectional survey, verbal memory impairment 

prevalence decreased as femoral neck BMD quintile increased in both men and women [20].   

In our cohort, there were no associations observed between either skeletal size or 

mineralization and working memory assessed using spatial span length. However, this test 

may have a lower ability to discriminate between individuals as all test values were integers 

between 2 and 7.  

The relationship between cognitive function and BMD in later life has typically been 

attributed to common multifactorial risk factors for both outcomes over the life course, 

including diet and estrogen exposure. Our finding that OFC, and to a lesser extent 

visuospatial memory, are associated with WBLH BMD in early childhood would suggest that 

a common factor(s) far earlier in development may also be important.  Indeed, OFC at birth 

was also positively associated with skeletal size and BMD, suggesting exposures during 

fetal life or shared genetic causes [21] may also be important.  Lawlor et al previously 
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demonstrated a number of factors to be associated with childhood IQ, including maternal IQ, 

parity, maternal age and social class [22]. Many of these have also been associated with 

neonatal and childhood bone geometry and BMD [23, 24].  Epigenetic programming in early 

life may be important to both bone and cognitive outcomes [25-27].   Alternatively, hormonal 

interaction between the brain and bone could underlie the observed associations. 

Osteocalcin derived from osteoblasts has a role in brain volume, cognitive function and 

cerebral gene upregulation in the mouse model [5, 28]; it could be a mechanism through 

which skeletal size is linked to head circumference and brain volume, but care should be 

taken when translating this finding to humans [29].    

Other hormones also have positive effects on both cognitive function and growth. Serum 

insulin-like growth factor-1 (IGF-1), which mediates the actions of growth hormone, has been 

positively associated with IQ and cognitive function in healthy children [30], children with 

growth hormone deficiency [31] and older adults [32], and the IGF-1 receptor is expressed 

widely throughout the brain where it is thought to have important roles in early brain 

development [33].  Exogenous growth hormone replacement in both adults and children with 

confirmed growth hormone deficiency has also been shown to have small but positive effects 

on IQ and memory [34-36].  Vitamin D status, particularly during early development, might 

also be an important mediator of both skeletal health and cognitive function.  Pregnancy 

vitamin D supplementation increases offspring BMD in intervention studies [37-39] although 

the effects on offspring height and bone area are less consistent. In observational studies, 

maternal 25-hydroxyvitamin D status during pregnancy has been associated with offspring 

IQ in some but not all studies [40-42], although, to our knowledge, this has not been 

explored in intervention studies. 

The strength of this study is in the detailed phenotyping of a population mother-offspring 

cohort, including the gold standard DXA for assessment of bone mineral density, and 

measures of both IQ and memory.  There are several limitations to this study, including a 

limited assessment of cognitive function. This included only IQ and assessments of 
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visuospatial and working memory.  Furthermore, this study was undertaken in a cohort of 

children living in a high-income country who, on average, were well-nourished considering 

the mean weight z-score for age and sex using population data was above zero (mean for 

our study population of 0.23 for boys and 0.26 for girls) and of slightly above average 

intelligence (mean IQ of 103 and 104 for boys and girls, respectively). They were 

predominantly of White ethnicity, reflecting the local population from which the cohort were 

recruited, and the children for whom cognitive function data was available were not fully 

representative of the original birth cohort.  They weretypically born to older and more well-

educated mothers, fewer smoked in pregnancy and the infants were on average heavier at 

birth and breastfed for longer.  Our findings may not therefore be generalizable to other 

ethnic groups or populations in which malnutrition and/or stunting is highly prevalent.  

Nonetheless, whilst poor cognitive outcomes have been associated with stunting in lower-

middle income countries [43], these findings also highlight that relationships between 

skeletal size and cognitive function exist in children in high income countries.  One child in 

the analysed dataset had epilepsy and an OFC within the normal range; cognitive testing 

was not performed with this child, but their OFC data was included.  There were no other 

children with known significant neurological impairment or disorders associated with micro- 

or macrocephaly.   

Importantly, in this observational work, a causal relationship between brain size or function 

and skeletal growth cannot be determined and indeed a causal relationship between the two 

outcomes may not exist.  The observed relationships may result from a common cause such 

as a positive effect of early life nutrition on both brain development and skeletal growth.  

Future work should attempt to elucidate potential early life factors that might be important to 

allow consideration of approaches to optimise both skeletal health and cognitive function.  

 

5. Conclusion 
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In conclusion, childhood OFC and visual-spatial working memory were positively associated 

with measures of skeletal size and BMD, whereas IQ was associated only with skeletal size 

in a smaller cohort of children. These findings suggest the potential for common novel 

approaches to improving bone and cognitive health at the population level through early life 

interventions.   

 

6. Table Legend 

Table 1:  Comparison of boys and girls included in the study. 

 

7. Figure Legends 

Figure 1: Participant flow in the study 

Figure 2: Associations between occipitofrontal circumference (OFC) at birth and at 6-7 

years with measures of skeletal size and bone mineral density at 6-7 years. 

Markers represent β (SD difference in outcome per SD OFC) and 95% CI. BA, bone area; 

BMC, bone mineral content; BMD, bone mineral density (BMD); BMAD bone mineral 

apparent density  

Figure 3: Associations between intelligence quotient (IQ) and Delayed Matching to Sample 

(DMS) (total correct) with measures of skeletal size and bone mineral density at 6-7 years. 

Markers represent β (SD difference in outcome per SD IQ or DMS) and 95% CI. BA, bone 

area; BMC, bone mineral content; BMD, bone mineral density (BMD); BMAD bone mineral 

apparent density  
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Highlights 

 We explored the associations between cognitive function and BMD in children. 

 Head circumference, IQ and working memory were associated with skeletal size. 

 Only head circumference, and not IQ or memory, was associated with BMD.  

 Common determinants for skeletal growth and cognitive function should be 

explored. 


