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A B S T R A C T   

Background: Calcaneal ultrasound (broadband ultrasound attenuation – BUA), a marker of bone strength, may 
predict future physical capability and thus provide a strategy to identify individuals at risk of age-related 
deterioration of health. This study aims to determine if BUA can predict future physical capability among 
middle-aged and older adults. 
Methods: Summary performance scores (SPS), an objective quantification of physical capability, were devised 
using participants' measures of standing balance, gait speed and timed chair rises. Associations between BUA and 
SPS, measured at least six years apart, were investigated using univariable and multivariate sex-specific linear 
and logistic regression, adjusting for confounders. 
Results: 5893 participants were included. In men and women, for every five points lower BUA, there was a 0.2- 
point decrease in SPS. In women, BUA less than one standard deviation below the mean was associated with low 
physical capability (defined as SPS 3–6); fully adjusted odds ratio (OR) (95 % confidence interval (CI)) 1.35 
(1.01–1.84). No association existed among men; OR (95 % CI) 0.84 (0.59–1.19). Significant risk factors for low 
physical capability in men with baseline low BUA were: older age [OR 5.77]; high BMI [OR 2.85]; lower social 
class [OR 1.59]; low physical activity [OR 1.64]. Risk factors among women were: older age [OR 5.54]; high BMI 
[OR 2.08]; lower education [OR 1.42], low physical activity [OR 1.27]; steroid use [OR 2.05]; and stroke [OR 
2.74]. 
Conclusion: BUA may predict future physical capability in older adults. With further validation, BUA could 
stratify individuals at risk of deterioration in physical health.   

1. Introduction 

The global population aged over 65 years is predicted to double by 
2050 [1]. At this time, the estimated global life expectancy will be 76 
years; in 1950 it was 48 years [2]. Longer life expectancy means a sig-
nificant proportion of society will experience age-related deterioration 
in health and frailty, negatively impacting on already overstretched 
health systems and national economies [2,3]. From a public health 
perspective, strategies to promote healthy ageing, maintain 

independence and delay onset of frailty is vital as population de-
mographics continue to shift [4]. 

Physical capability, a term encompassing a person's ability to 
perform everyday physical tasks, can be objectively evaluated using 
tests of gait speed, standing balance and timed chair rises [5]. These 
highly discriminative physical performance tests are useful markers and 
predictors of current and future health in older adults [4], with lower 
physical capability associated with higher risk of disability [6], falls [7], 
fracture [8] and all-cause mortality [5,9]. Previously, physical 
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performance and muscle measures have been used to predict future 
activities of daily living (ADL) dependence in older adults [10], and thus 
have been proposed as screening tools for sarcopenia [4,11], frailty 
[12,13], and ‘cognitive frailty’ – a precursor of dementia [14]. 

Calcaneal ultrasound, specifically broadband ultrasound attenuation 
(BUA), a validated tool used to evaluate bone strength and screen for 
osteoporosis [15–17], has previously been associated with frailty in 
older men [18]. Furthermore, poor bone strength strongly correlates 
with future falls and fracture incidence, reduced independence and 
mortality [19–22]. BUA measurement is inexpensive, quick to perform 
and accurate [23], potentially providing a sustainable method to stratify 
individuals at risk of unhealthy ageing and ADL dependence before 
further decline. Early identification of markers of physical health dete-
rioration will enable commencement of lifestyle and pharmacological 
interventions to maximise outcomes [24–26], in addition to future 
planning at an individual or population level. 

To our knowledge, BUA has never been used to predict physical 
capability and has seldom been used outside the realm of bone health. 
We aim to investigate whether BUA predicts physical capability in 
middle-aged and older adults. 

2. Material and methods 

2.1. Population 

The population consists of 5893 European Prospective Investigation 
of Cancer-Norfolk (EPIC-Norfolk) cohort study participants who had 
their BUA and physical capability evaluated at least six years apart. The 
participant enrolment and methodology for the EPIC-Norfolk study has 
previously been described [27]. To summarise, general practice age-sex 
registers were used to identify participants, representative of the UK 
population [27], who were invited to complete a baseline questionnaire, 
health check, biospecimen collection and nutrition assessment between 
1993 and 1997. Regular health checks and further assessments were 
conducted regularly over the next 25 years. Second health check (2HC - 
1998-2000) included bone health assessment, and third health check 
(3HC - 2004-2011) assessed participants' physical capabilities. 

2.2. Predictor variable 

During the bone health assessment in 2HC from 1998 to 2000, par-
ticipants' bone strength was evaluated using broadband (i.e. calcaneal) 
ultrasound attenuation (BUA) using a contact ultrasound bone analyser 
(CUBA) device [28]. BUA can as accurately discriminate low bone 
strength as dual-energy X-ray absorptiometry (DEXA) [29]. CUBA de-
vices were calibrated regularly [30], and BUA measures were at least 
duplicated for each foot, with mean BUA from right and left foot mea-
sures used for this analysis. 

For this study purpose, low BUA was defined as a mean BUA less than 
one sex-specific standard deviation (SD) below the sex-specific popula-
tion mean. This definition follows from previous studies which showed 
fracture risk to double for every SD decrease below the young-adult 
mean [23,31,32]. 

2.3. Outcome variable 

Physical performance was evaluated by creating a summary perfor-
mance score (SPS) by summating categorical rankings of the scores for 
the tests of standing balance, gait speed, and repeatedly rising from a 
chair 5 times, measured during 3HC from 2004 to 2011. SPS scores 
range from 3 to 12, where SPS 3–6 is considered low. Low SPS has 
previously been demonstrated to be highly predictive of subsequent 
disability, functional decline depicted by admission to nursing homes 
and mortality in older adults [6,33,34]. 

2.4. Covariates 

Covariates were pre-selected based on literature review findings. 
Age, sex and body mass index (BMI) were recorded during 2HC of the 
study using a standardised protocol [35]. Cigarette smoking status was 
obtained and reclassified into ‘former or current smoker’ and ‘never 
smoker’. Likewise, average weekly alcohol consumption was reclassified 
into ‘consumes <7 units alcohol per week’ and ‘consumes ≥ 7 units 
alcohol per week’ for the purposes of this study. Physical activity 
(expressed as active, moderately active, moderately inactive, inactive) 
assessed by a validated patient questionnaire [36], was recorded and 
reclassified into the two categories of ‘active’ and ‘inactive’. 

Lower socioeconomic status, associated with suboptimal bone health 
[37,38], was determined using three measures (occupational social 
class; educational attainment; and Townsend Deprivation Index (TDI)). 
For the purpose of this study, social class was categorised into two broad 
groups based on whether a participant or their partner had a manual/ 
non-manual occupation [27]. Education status was also split into two 
groups based on highest qualification achieved: (1) Degree and/or A- 
level/equivalent; (2) O-level/equivalent or less. O-level is usually 
indicative of minimum academic achievement of the UK school leaving 
age. TDI, a multi-factor scoring system evaluating deprivation of an area 
where 0 is the national mean, classified study participants into ‘0 or less’ 
and ‘above 0’. Negative scores represent lower deprivation, and positive 
scores signify greater deprivation [39]. 

During all phases of the study, participants were asked to disclose of 
medically diagnosed illnesses (e.g. stroke), hormone therapy or steroid 
use in regular health questionnaires. 

2.5. Statistical analyses 

Analyses were conducted using SPSS version 26.0 (IBM, New York, 
USA). Participants with missing data for BUA, physical capabilities or 
covariates required for the models were excluded. Participants with a 
cancer diagnosis were also excluded. All analyses were stratified by sex; 
there are sex-specific differences in BUA measures, and there are clear 
differences in physical capability between sex [6,31,34]. 

Study characteristics were described using proportions (for cate-
gorical data), means and medians (for normally and non-normally 
distributed continuous data). Differences between BUA and SPS were 
compared using the t-test or Mann-Whitney test for continuous vari-
ables, or the Pearson Chi-squared test for categorical variables. 

2.5.1. BUA as a continuous predictor of SPS 
The relationship between decreasing BUA and SPS were explored 

using sex-specific linear regression models. SPS was considered a 
continuous outcome measure for every 5 point decrease in BUA. The 
unstandardised β-coefficients were calculated with the standard of error 
(SE) for each 5 point decrease in BUA and presented with p-values. p- 
Values of less or equal to 0.05 were deemed statistically significant. 

2.5.2. BUA as a categorical predictor of low physical performance 
Associations between low BUA (<1 sex-specific SD below the sex- 

specific mean) and low physical performance (SPS 3–6) were explored 
using logistic regression using multivariate sub-analysis to determine 
whether potential confounders may attenuate any observed relation-
ships. Odds ratios (OR) were presented with 95 % confidence intervals 
(95 % CI). 

Characteristics were pre-selected to stratify each analyses based on 
evidence suggesting BUA and physical capability vary with age [34,40], 
BMI [5,40], socioeconomic factors [41,42], health behaviours [7,43], 
concurrent medication use [44,45], and prevalent stroke [41]. Six 
models considering each aforementioned category were used to examine 
the relationships: Model A was unadjusted; model B adjusted for age and 
sex; model C additionally adjusted for social class, education level and 
TDI; model D additionally adjusted for smoking, alcohol consumption 
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and physical activity; model E further adjusted for hormone therapy (in 
women only) and steroid use; and model F also considered prevalent 
stroke as this will likely reduce physical capability. 

We adopted a cross-sectional analysis approach since our outcome is 
a measurement, rather than a time-dependent incident/event such as 
mortality. We therefore used linear and logistic regression models 
instead of Cox-regression models, despite the prospective nature of the 
exposure-outcome relationship. 

3. Results 

3.1. Main findings 

Of the 8583 EPIC-Norfolk participants who completed 3HC, 1863 
had missing or incomplete data for BUA. A further 827 participants with 
a cancer diagnosis were excluded, leaving a final sample of 5893 par-
ticipants (55.8 % women). The mean (SD) age at 2HC was 59.1 (7.9) 
years. 

Table 1 shows the distribution of sample characteristics by BUA 
status. Overall, the population has a low level of deprivation and 
obesity, and consists of individuals of high educational and occupational 
status. Other than a significant association between lower BMI and low 
BUA, there were no significant differences in characteristics between 
men with low and normal BUA. However, for women there were highly 
significant differences; increased age, lower BMI, lower measures of 
physical capability (standing balance, gait speed, time to complete 5 
chair rises) and SPS, greater deprivation and lower prevalence of HRT 
use were significantly associated with low BUA. 

Participants had SPS ranging from 3 to 12. More than half both men 
and women participants had a SPS of 9 or greater. The distribution of 
summary performance score (SPS) among men and women is shown in 
Fig. 1. 

3.2. BUA as a continuous predictor of SPS 

Table 2 shows the sex-specific linear regression models for change in 
SPS by every 5-point decrease in BUA. In model A for men, a 5-point 
lower BUA measure corresponds with a 0.26 lower average SPS. The 
multivariate model F had β-coefficient (SE) -0.22 (0.01) (p = 0.01). In 
women, a 5-point decrease in BUA corresponded with a 0.85 lower SPS 
in model A, although the association weakened in the multivariate 
model F (β-coefficients (SE) -0.20 (0.02) (p = 0.02)). 

3.3. BUA as a categorical predictor of low physical performance 

The OR and 95 % CI representing associations between low BUA 
(BUA <1SD below sex-specific mean) and low physical performance 
(SPS 3–6) are displayed in Table 3. There were 368 men and 325 women 
with low BUA, and 1478 men and 2759 women with normal BUA. There 
was a consistent association between low BUA and poor physical per-
formance in women in all models, with an OR (95 % CI) of 1.35 (1.01, 
1.84) in the fully-adjusted model, model F. None of the associations 
were significant in men (multivariable model: OR 0.84 (95 % CI 0.59, 
1.19)). 

When the sample was stratified by age (<65 (reference) vs. 65 and 
over), both men and women who were 65 years or older compared to 
their younger counterparts had significantly higher odds of subsequent 
low physical performance (defined as SPS 3–6) if they had low BUA 
(defined as BUA <1SD below sex-specific mean) at baseline: the OR (95 
% CI) for fully adjusted model (model F) was 5.77 (4.30–7.64) for men 
and 5.54 (4.42–6.93) for women, respectively. 

Similarly, stratifying by BMI (<30 (reference) vs. 30 and over) 
highlighted that both men and women of greater BMI had significantly 
higher odds of low physical performance compared to those with lower 
BMI if they had low BUA at baseline: OR (95 % CI) for model F was 2.85 
(1.98–4.09) for men and 2.08 (1.58–2.72) for women. 

When considering socioeconomic factors, stratifying the population 
by social class (non-manual workers (reference) vs. manual workers) 

Table 1 
Characteristics of 1841 men and 3084 women EPIC Norfolk participants by BUA status.  

Characteristics Men Women 

Low BUA Normal BUA p value Low BUA Normal BUA p value 

N = 367 N = 1474 N = 325 N = 2759 

Mean (SD)       
Age in years 59.7 (8.4) 60.2 (7.8)  0.27b 64.3 (7.6) 57.7 (7.5)  <0.001b 

BMI in kg/m2 25.9 (3.0) 26.5 (3.2)  <0.001b 24.7 (3.5) 26.1 (4.1)  <0.001b 

Maximum grip strength in kg 38.4 (8.0) 38.8 (8.2)  0.44b 22.1 (5.2) 24.7 (5.4)  <0.001b 

Gait speed in s 3.8 (1.1) 3.7 (1.0)  0.20b 4.5 (3.2) 3.9 (1.5)  <0.001b 

Summary performance score (SPS) 8.5 (2.2) 8.6 (2.3)  0.59b 7.5 (2.6) 8.6 (2.3)  <0.001b 

Median (IQR)       
Time to complete 5 chair rises in s 12.0 (9.5–14.4) 11.8 (9.7–14.3)  0.98c 12.8 (10.9–16.1) 11.9 (10.0–14.4)  <0.001c 

Frequency, % (n)       
Smoking status       

Never smoker 37.9 (139) 41.9 (617)  0.17a 38.4 (124) 38.0 (1043)  0.89a 

Alcohol consumption       
<7 units/week 49.9 (182) 48.0 (702)  0.53a 74.8 (237) 71.6 (1935)  0.24a 

Social class       
Manual worker 38.3 (141) 35.3 (521)  0.27a 34.8 (113) 32.9 (908)  0.50a 

Highest education status       
0-levels or lower 32.6 (119) 33.0 (485)  0.88a 46.2 (150) 42.0 (1159)  0.15a 

Deprivation (Townsend Index >0) 14.7 (54) 14.4 (212)  0.88a 18.2 (59) 13.8 (379)  0.03a 

Physical activity       
Active 63.0 (228) 64.0 (934)  0.73a 51.7 (166) 56.5 (1537)  0.10a 

Steroid use at 2HC 3.8 (14) 3.0 (44)  0.42a 4.3 (14) 3.7 (101)  0.56a 

Low SPS 16.8 (62) 18.2 (269)  0.54a 34.2 (111) 19.0 (524)  <0.001a 

Ever used hormone therapy? – –  29.8 (96) 47.0 (1283)  <0.001a 

Prevalent stroke 2.2 (8) 1.6 (23)  0.39a 1.5 (5) 0.9 (25)  0.25a 

p-Value as calculated by Chi-squared testa, independent samples t-testb and Mann-Whitney testc. 
Abbreviations: BUA, broadband ultrasound attenuation; SD, standard deviation; IQR, interquartile range; BMI, body mass index; HRT, hormone replacement therapy; 
2HC, second health check. 

S.L. Perrott et al.                                                                                                                                                                                                                                



Maturitas 173 (2023) 7–15

10

suggested manual workers who were men had significantly increased 
odds of future low physical capability if they had low BUA at baseline: 
OR (95 % CI) for model F was 1.59 (1.19–2.13). This was not significant 
in the fully-adjusted model for women: Model F OR (95 % CI) was 1.23 
(0.98–1.54). However, women with a lower education status compared 
to those with a higher education status (O-level or less vs. A-level or 
above (reference)) had significantly higher odds of low physical per-
formance if they had low BUA at baseline: OR (95 % CI) for model F was 
1.42 (1.15–1.76). All models in men exploring education level were not 
significant, with model F OR (95 % CI) 1.12 (0.83–1.50). Interestingly, 
stratifying by deprivation (TDI ≤ 0 (i.e. low deprivation) (reference) vs. 
TDI > 0 (i.e. higher deprivation)) showed men living in an area of higher 
deprivation were at significantly lower odds of low physical capability 
compared to those living in an area of lower deprivation if they had low 
BUA at baseline: OR (95 % CI) for model F was 0.61 (0.39–0.93). This 
was not evident among women where all models showed no association: 
OR (95 % CI) for model F was 1.17 (0.87–1.56). 

When health behaviours were explored, stratifying the population by 

smoking (never (reference) vs. current or previous) and alcohol con-
sumption (<7 units/week (reference) vs. ≥7 units/week) yielded no 
significant findings: The fully-adjusted models (model F) for smoking 
were OR (95 % CI) 1.29 (0.96–1.74) for men and 0.86 (0.69–1.07) for 
women, respectively. For alcohol consumption these were OR (95 % CI) 
0.84 (0.63–1.11) among men and 0.87 (0.68–1.11) among women, 
respectively. When stratifying by physical activity (active (reference) vs. 
inactive), both men and women who were deemed to be inactive had 
significantly higher odds of future low physical performance if they had 
low BUA at study baseline: the OR (95 % CI) for model F was 1.64 
(1.24–2.17) for men and 1.27 (1.04–1.57) for women, respectively. 

Stratifying by concurrent steroid use (no (reference) vs. yes) showed 
no association for men: Model F OR (95 % CI) 1.45 (0.73–2.90). Women 
who were exposed to steroids were at significantly higher odds of sub-
sequent low physical performance if they had low BUA at baseline 
compared to those not exposed to steroids: OR (95 % CI) for the fully- 
adjusted model (model F) was 2.05 (1.29–3.27). Women who had 
used hormone therapy (no (reference) vs. yes) were not found to have 
any increased or decreased association with future low physical per-
formance if they had low BUA at baseline: OR (95 % CI) for model F was 
1.15 (0.93–1.44). 

When the sample was stratified by prevalent stroke (no (reference) 
vs. yes), women who previously had a stroke compared to those who had 
not, were at significantly higher odds of future low physical capability if 
they had low BUA at baseline: OR (95 % CI) was 2.74 (1.12–6.74). No 
association was apparent in men: OR (95 % CI) was 0.77 (0.29–2.06). 

The interactions between sex and age were investigated in logistic 
regression unstratified analyses and were significant (p-value <0.001), 
suggesting that the relationship between BUA and physical performance 
differed with sex and age. 

4. Discussion 

4.1. Main findings 

As poor physical capability is associated with adverse health out-
comes, early detection is an attractive proposition. We found that among 
EPIC-Norfolk cohort participants, lower BUA measures were associated 
with poorer future physical capability at a univariate and multivariate 
level, independent of age, BMI, socioeconomic factors, health behav-
iours, and medications, especially among women. These findings coin-
cide with evidence that superior bone strength in middle-late adulthood 
is protective against rapid deterioration in physical health [22,46,47]. 

Several cohort studies, similar to the present study but examining the 

Fig. 1. Summary performance score (SPS) distribution among 6288 EPIC-Norfolk participants. 
The summary performance score was created by summing categorical rankings of the scores for the tests of standing balance, gait speed, and repeatedly rising from a 
chair 5 times. 

Table 2 
The β-coefficient (standard error (SE)) of linear regression model for change in 
summary performance score (SPS) by every 5-point decrease in BUA in 1841 
men and 3084 women, with and without adjustment.   

β-Coefficient (SE) p-Value 

Men   
Model A − 0.26 (0.02)  0.009 
Model B − 0.26 (0.01)  0.003 
Model C − 0.25 (0.01)  0.005 
Model D − 0.23 (0.01)  0.01 
Model E − 0.22 (0.01)  0.01 
Model F − 0.22 (0.01)  0.01 

Women   
Model A − 0.85 (0.02)  <0.001 
Model B − 0.26 (0.01)  0.002 
Model C − 0.23 (0.01)  0.007 
Model D − 0.20 (0.02)  0.02 
Model E − 0.20 (0.02)  0.02 
Model F − 0.20 (0.02)  0.02 

Model A: unadjusted model. Model B: adjusted for age and BMI. Model C: as 
model B, additionally adjusted for social class, educational level and TDI. Model 
D: as model C, additionally adjusted for smoking status, alcohol consumption 
and physical activity. Model E: as model D, additionally adjusted for hormone 
and steroid therapy. Model F: as model E, additionally adjusted for prevalent 
stroke. 
Abbreviations: SPS, summary performance score; BUA, broadband ultrasound 
attenuation; SE, standard error; TDI, Townsend Deprivation Index. 
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Table 3 
Odds of low physical performance (SPS 3–6) by low BUA, older age, higher BMI, manual social class, lower education level, higher deprivation, positive smoking 
history, greater alcohol consumption, low physical activity, steroid use, hormone therapy use (women only) and prevalent stroke compared to their counterparts, in 
EPIC-Norfolk cohort.   

N (%) Odds ratio (95 % confidence interval) 

Model A Model B Model C Model D Model E Model F 

Men 
BUA        

Normal 1478 
(80.1) 

1.00 1.00 1.00 1.00 1.00 1.00 

Low 368 (19.9) 0.91 (0.67–1.23) 0.91 (0.66–1.26) 0.91 (0.65–1.26) 0.87 (0.62–1.22) 0.87 (0.62–1.22) 0.84 (0.59–1.19) 
Age (years)  –      
<65 1283 

(69.6)  
1.00 1.00 1.00 1.00 1.00 

≥65 561 (30.4)  6.39 
(4.93–8.29)** 

6.64 
(5.09–8.67)** 

6.20 
(4.74–8.12)** 

6.17 
(4.71–8.08)** 

5.77 (4.3–7.64)** 

BMI  –      
<30 1628 

(88.3)  
1.00 1.00 1.00 1.00 1.00 

≥30 216 (11.7)  2.91 
(2.06–4.11)** 

2.96 
(2.08–4.19)** 

2.83 
(1.98–4.02)** 

2.83 
(1.99–4.03)** 

2.85 
(1.98–4.09)** 

Social class  – –     
Non-manual 1181 

(64.6)   
1.00 1.00 1.00 1.00 

Manual 647 (35.4)   1.52 (1.16–2.00)* 1.58 (1.20–2.09)* 1.59 (1.20–2.10)* 1.59 (1.19–2.13)* 
Education level  – –     

A-level or above 1227 
(67.1)   

1.00 1.00 1.00 1.00 

None or O-level 601 (32.9)   1.17 (0.89–1.54) 1.15 (0.87–1.52) 1.16 (0.88–1.53) 1.12 (0.83–1.50) 
Deprivation  – –     

TDI ≤ 0 1568 
(85.8)   

1.00 1.00 1.00 1.00 

TDI >0 260 (14.2)   0.62 (0.42–0.93)* 0.58 (0.39–0.88)* 0.58 (0.39–0.88)* 0.61 (0.39–0.93)* 
Smoking        

Never 743 (41.4) – – – 1.00 1.00 1.00 
Current or previous 1051 

(58.6)    
1.23 (0.93–1.63) 1.23 (0.93–1.63) 1.29 (0.96–1.74) 

Alcohol consumption        
<7 units/week 869 (48.4) – – – 1.00 1.00 1.00 
≥7 units/week 925 (51.6)    0.86 (0.66–1.13) 0.86 (0.66–1.13) 0.84 (0.63–1.11) 

Physical activity        
Active 1143 

(63.7) 
– – – 1.00 1.00 1.00 

Inactive 651 (36.3)    1.58 
(1.21–2.07)** 

1.58 
(1.20–2.06)** 

1.64 
(1.24–2.17)** 

Steroid use at 2HC        
No 1737 

(96.8) 
– – – – 1.00 1.00 

Yes 57 (3.2)     1.31 (0.68–2.55) 1.45 (0.73–2.90) 
Prevalent stroke        

No 1671 
(98.3) 

– – – – – 1.00 

Yes 29 (1.7)      0.77 (0.29–2.06)  

Women 
BUA        

Normal 2759 
(89.5) 

1.00 1.00 1.00 1.00 1.00 1.00 

Low 325 (10.5) 2.21 
(1.73–2.84)** 

1.44 (1.10–1.90)* 1.41 (1.07–1.85)* 1.33 (1.01–1.77)* 1.37 (1.03–1.83)* 1.35 (1.01–1.84)* 

Age (years)  –      
<65 2334 

(75.8)  
1.00 1.00 1.00 1.00 1.00 

≥65 747 (24.2)  5.14 
(4.22–6.25)** 

5.30 
(4.35–6.46)** 

5.21 
(4.26–6.39)** 

5.44 
(4.40–6.72)** 

5.54 
(4.42–6.93)** 

BMI  –      
<30 2642 

(85.8)  
1.00 1.00 1.00 1.00 1.00 

≥30 439 (14.2)  2.37 
(1.87–3.02)** 

2.22 
(1.74–2.83)** 

2.19 
(1.71–2.82)** 

2.15 
(1.67–2.76)** 

2.08 
(1.58–2.72)** 

Social class  – –     
Non-manual 2053 

(67.4)   
1.00 1.00 1.00 1.00 

Manual 993 (32.6)   1.37 (1.12–1.67)* 1.30 (1.05–1.60)* 1.31 (1.06–1.62)* 1.23 (0.98–1.54) 
Education level  – –     

(continued on next page) 
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reverse association, have found physical capability to be a strong indi-
cator of bone and muscle strength [48–52], as these two factors are 
closely related [53]. These, combined with our findings suggesting bone 
strength measures can predict future physical capability, highlights a 
downward spiral effect where poor bone and muscle health leads to 
reduced physical capability, which further compromises bone and 
muscle strength, and so on. This study, being the first to demonstrate this 
link, further suggests that non-physical reasons for inadequate bone 
strength, such as increasing age, low BMI and dietary factors [54], could 
subsequently lead to reduced physical capability, and the associated 
undesirable health outcomes, by way of this downward spiral. 

Our findings suggest differences in the relationship between low BUA 
and physical capability by sex. At a characteristics level, SPS was 
significantly different among individuals with low and normal BUA in 
women only. When both BUA and SPS were considered as continuous 
predictor and outcome variables, a greater association between BUA and 
SPS was evident in men than women. Conversely, when both were 
considered as categorical variables, and relationships between low BUA 
and low physical performance were considered, no relationship existed 
for men. This may be because men have significantly greater BUA 
measures compared to women [42], therefore defining ‘low BUA’ as 
BUA <1SD below the sex-specific mean will likely overestimate the 
proportion of men with inadequate BUA. Incidence of low BUA is also 
less frequent among men than women [42]. As a consequence, 

categorical outcomes will show stronger associations for women, 
although linear relationships between decreased BUA in men may be a 
stronger marker of low physical performance than in women. 

This study has identified risk factors for reduced physical capability, 
confirming what we already know (such as age, BMI and physical 
inactivity), whilst providing a clearer picture regarding the differing risk 
factors for men and women – in addition to a potential method of 
identifying these individuals by use of BUA. Lower social class (i.e. 
manual occupation) was significantly associated with reduced physical 
performance in men. Contrary to this, higher deprivation (TDI > 0) was 
found to be significantly protective against low physical performance in 
men. TDI is based on postcode, reflecting the deprivation of an area 
rather than an individual's income; therefore none-deprived individuals 
may be incorrectly considered to be deprived by TDI. It is likely that 
small sample sizes, increasing risk of chance findings, may also be 
accountable for this finding. Lower education level, steroid use and 
prevalent stroke were identified as a risk factor for subsequent low 
physical capability in those with low BUA at baseline for women, but not 
for men. Sex-differences in risk factors have also been noted by several 
studies investigating BUA and osteoporosis risk [16], components of 
frailty (including physical capability measures) [46], and future health 
outcomes [47]. Men have greater bone size and skeletal mass than 
women [40], therefore BUA among men and women is distinctly 
different, as are the associated physical capabilities and health 

Table 3 (continued )  

N (%) Odds ratio (95 % confidence interval) 

Model A Model B Model C Model D Model E Model F 

A-level or above 1755 
(57.6)   

1.00 1.00 1.00 1.00 

O-level or less 1291 
(42.4)   

1.41 
(1.16–1.71)** 

1.42 
(1.16–1.73)** 

1.41 
(1.16–1.73)** 

1.42 (1.15–1.76)* 

Deprivation  – –     
TDI ≤ 0 2615 

(85.8)   
1.00 1.00 1.00 1.00 

TDI >0 431 (14.2)   1.17 (0.90–1.52) 1.11 (0.85–1.45) 1.11 (0.85–1.46) 1.17 (0.87–1.56) 
Smoking        

Never 1838 
(62.2) 

– – – 1.00 1.00 1.00 

Current or previous 1115 
(37.8)    

0.92 (0.75–1.12) 0.90 (0.73–1.11) 0.86 (0.69–1.07) 

Alcohol consumption        
<7 units/week 2128 

(72.1) 
– – – 1.00 1.00 1.00 

≥7 units/week 825 (27.9)    0.89 (0.71–1.12) 0.88 (0.70–1.11) 0.87 (0.68–1.11) 
Physical activity        

Active 1648 
(55.8) 

– – – 1.00 1.00 1.00 

Inactive 1305 
(44.2)    

1.26 (1.04–1.53)* 1.26 (1.04–1.53)* 1.27 (1.04–1.57)* 

Steroid use at 2HC        
No 2812 

(96.1) 
– – – – 1.00 1.00 

Yes 113 (3.9)     2.03 (1.32–3.14)* 2.05 (1.29–3.27)* 
Ever used hormone 

therapy?        
No 1612 

(55.1) 
– – – – 1.00 1.00 

Yes 1313 
(44.9)     

1.19 (0.97–1.46) 1.15 (0.93–1.44) 

Prevalent stroke        
No 2668 

(99.1) 
– – – – – 1.00 

Yes 25 (0.9)      2.74 (1.12–6.74)* 

Model A: unadjusted model. Model B: adjusted for age and BMI. Model C: as model B, additionally adjusted for social class, educational level and TDI. Model D: as 
model C, additionally adjusted for smoking status, alcohol consumption and physical activity. Model E: as model D, additionally adjusted for hormone and steroid 
therapy. Model F: as model E, additionally adjusted for prevalent stroke. 
Abbreviations: SPS, summary performance score; BUA, broadband ultrasound attenuation; OR, odds ratio; CI, confidence interval; 2HC, second health check. 
p < 0.05. 

** p < 0.001. 
* p ≥ 0.001. 
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measures. Older obese women are more likely to be frail [55], despite 
adequate BUA. In women, obesity is protective against rapid bone mass 
deterioration after menopause due to increased oestrogens production 
by adipose tissue and greater mechanical loading [30,56]. However, 
older underweight men are more likely to be frail and have low BUA 
[55]. These differences are clearly reflected in our findings, and high-
light the importance of stratifying study populations by sex when using 
BUA as a predictor. 

A BUA score of less than one sex-specific SD below the sex-specific 
mean was a weak to moderate predictor of low physical performance 
(SPS 3–6) in women only, where having low BUA equates to having a 
lower education level and a manual occupation. Approximately 18 % 
men and 20 % women had SPS 3–6 in our study, which is associated with 
up to a five times increased risk of mobility-related disability at four 
years follow-up compared to people with SPS scores 10–12 [6]. Furuna 
et al. found older adults with low SPS were less likely to maintain ADLs 
at four years [34]. Considering the three attributes of SPS (gait speed, 
timed chair rises and standing balance), women perform worse than 
men even after adjustment for age and anthropometric measurements 
[4]. This observation is known as the male-female health-survival 
paradox [57]; women have longer life expectancies, yet poor physical 
capability is associated with higher mortality. 

4.2. Clinical relevance 

Given that older adults constitute the world's fastest growing popu-
lation, risk assessment and prediction of physical health deterioration is 
vital [23]. Screening of poorer future physical capability provided by a 
simple one-off BUA measure could allow for early lifestyle and phar-
macological interventions to be made before further decline in health 
[24–26]. Furthermore, it may be used to stratify populations into those 
requiring full frailty assessment. BUA could potentially predict other 
important measures in the ageing population besides physical capability 
and osteoporosis/fracture risk, such as falls and sarcopenia, and there-
fore warrants further evaluation. 

4.3. Strengths 

To our knowledge, this study is the first to investigate BUA as a 
predictor of future physical capability in older adults, allowing for early 
identification of people at risk of numerous health outcomes. We used a 
large population-based cohort with validated follow-up methods [27], 
with the ability to control for a range of confounders including socio-
demographic and lifestyle factors. Data were collected prospectively, 
minimising potential for recall bias, with adequate follow-up (at least six 
years), limiting potential for reverse causality, over a critical period of 
time in the participants' lives when physical capability typically de-
teriorates. This highlights the effectiveness of BUA as an early, inex-
pensive, and non-invasive indicator of physical capability among 
women, potentially able to indicate risk of numerous outcomes 
including physical disability [6], sarcopenia [4,11], frailty [12,13] and 
mortality [5,9]. 

4.4. Limitations 

Given that EPIC-Norfolk is a volunteer study consisting of predomi-
nantly white, middle-class health-conscious individuals, the existence of 
healthy volunteer bias is possible. Despite this, sample characteristics of 
EPIC-Norfolk are reported to be representative of the UK population 
[27]. Given the relative homogeneity of the study population, some risk 
factors of poor physical capability and bone ageing, such as race [16], 
cannot be evaluated. Furthermore, this analysis only includes partici-
pants who remained in the EPIC-Norfolk study for at least six years, 
potentially giving rise to survivor bias. Those at baseline who were 
older, heavier, smokers and hypertensive were more likely to drop out of 
the study [58]. As this is a secondary data analysis of an observational 

study, unknown residual confounding is possible, and confounders may 
vary over time – such as BMI. Missing BUA data decreased sample size, 
however missing BUA data was at random and should not compromise 
study findings. Time between BUA and physical capability measures 
varied among participants, ranging from six to eleven years. This vari-
ation may impact on validity of findings, as it is not uniform among 
participants. 

4.5. Further research 

The use of BUA as a predictor of important outcomes in the ageing 
population is a relatively new concept. With the potential to predict 
numerous health outcomes in addition to physical capability, further 
evaluation is required among both men and women, especially with 
regard to its use as a screening tool in clinical practice. 

5. Conclusion 

In conclusion, BUA is an easy and inexpensive tool capable of pre-
dicting future physical capability in an apparently healthy population of 
older adults. With the ageing population continuing to rise, tools like 
BUA to stratify populations at risk of age-related poor health are 
required to allow for early intervention and individual and public health 
planning. Further validation is required to evaluate the use of BUA as a 
screening tool to detect poor physical capability in clinical practice. 
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