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Abstract

Geographic variation in fracture risk may be due to divergent profiles of dietary, lifestyle, and other risk factors between
populations. We investigated differences in fracture rates between two older-population cohorts: the European Prospective
Investigation into Cancer and Nutrition (EPIC) Norfolk cohort (n=7732) in the United Kingdom (UK), and the Mr and
Ms Os cohort (n=3956) in Hong Kong (HK). Data were collected by questionnaires, laboratory assessments, and hospital
records. Incidence of hip, spine, and wrist fractures in the two cohorts was calculated and multivariable regression was used
to explore variables important to fracture risk. Total hip, spine, and wrist fracture incidence was higher in the UK vs HK for
women (13.70 vs 8.76 per 1000 person-years; p < 0.001), but not men (5.95 vs 5.37 per 1000 person-years; p=0.337), and
the proportions of different fractures also varied between cohorts (p <0.001). Hip fracture was the most common UK fracture
(accounting for 56.8% fractures in men and 52.6% in women), while wrist fracture was most common in HK (42.9% in men
and 57.9% in women). The major contributor to total fracture risk in multivariable regression models of both cohorts and
sexes, was age; with BMI also an important contributor to fracture risk HK men and UK women. The distribution of factors
relevant to fracture risk, and the rates of different fractures, varied significantly between UK and HK cohorts. However, the
importance of each factor in contributing to fracture risk was similar between the cohorts. The differences in fracture rates
suggest targeted approaches may be required when developing interventions and public health recommendations to reduce
the burden of osteoporosis in these two countries.
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Introduction [1]. The public health importance of the issue is made
starkly apparent by the International Osteoporosis Foun-
Worldwide there are estimated to be nearly 9 million osteo-  dation estimate that 1 in 3 women and 1 in 5 men over

porotic fractures annually, creating an enormous health  the age of 50 years will experience osteoporotic fractures
care burden and representing a leading cause of disability [2]. However, osteoporotic fracture rates are known to vary
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significantly across the world [1]. Western populations
have tended to present with higher incidence of fractures,
but rapid increases in development and urbanisation in
other countries, in particular Eastern Asia, have been asso-
ciated with increasing incidence of fractures [3]. Genetic
and ethnicity factors may be important in this variation.
Indeed, differences in skeletal size and structure, bone
microarchitecture, peak bone mineral density, and rate of
bone loss during ageing, may all contribute to variation
in fracture rates in different regions of the world [4]. This
is particularly noticeable in comparisons between African
Americans or New Zealand Maoris who have higher BMD
and lower hip fracture rates than age-matched Caucasians
[5].

Other environmental and modifiable factors such as life-
long diet and physical activity habits are also likely to play
a role in determining fracture rates, and are more useful
targets for potential intervention strategies. Dietary calcium
and vitamin D have previously been the focus of nutritional
interventions for bone health. These are particularly impor-
tant during bone development [6], but their importance in
older individuals has been questioned by a number of recent
studies [7-9], and other nutrients, in particular micronutri-
ents and antioxidants abundant in fruit and vegetables are
gaining more attention as being potentially important [10,
11].

We have chosen to study differences in fracture rates
and the associated demographic, dietary, and lifestyle fac-
tors involved in the United Kingdom (UK) and Hong Kong
(HK). By investigating data from different countries with
potentially different risk factors for osteoporotic fractures,
we hope to further our understanding of the key influences
that may help prevent or reduce fractures in older people.
This comparative epidemiology approach will allow inter-
pretation of the similarities and differences between the
different population groups with different demographics
and different incidences of disease. We know that the typi-
cal Chinese diet consists of a higher proportion of fruits
and vegetables, and a lower intake of animal foods than a
Western diet [12]. In addition, in comparison to the UK,
previous research has demonstrated low intake of dietary
calcium and dairy products in older individuals in HK
[13], and likewise differences in vitamin D food intake
and physical activity patterns [14], which may translate
into differences in fracture incidence. The current study
was thus designed to explore potential differences in the
associations of a range of dietary and lifestyle factors with
the risk of fractures, standardised for comparison, in those
aged 65 years and over in a general United Kingdom popu-
lation of older men and women, and a similar aged popula-
tion in Hong Kong.
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Materials and Methods

The methods below describe the data collection and analy-
sis techniques used for each cohort. Prior to commenc-
ing our statistical modelling, we ensured that all variables
were coded as appropriately as possible to enable direct
comparison between datasets. The EPIC-Norfolk dataset
includes a large number of individuals below the age of
65 years, so these individuals were excluded from analyses
to enable direct comparison with the HK dataset which
contains only data of individuals 65 years or older.

Participants

United Kingdom—The European Prospective Investiga-
tion into Cancer and Nutrition (EPIC) was established as
a collaboration involving ten Western Europe countries.
EPIC-Norfolk is one of the UK sub-cohorts, described
in detail previously [15]. The EPIC-Norfolk sub-cohort
has a wider remit than the overall diet and cancer study
of EPIC and includes a focus on investigating modifi-
able lifestyle factors as determinants of chronic disease,
disability and death in middle and later life. A general
population sample was established through recruitment
of individuals registered with a National Health Service
general practitioner in Norfolk and resulted in 25,639
free-living men and women aged 39-79 years attend-
ing a baseline health-check between 1993 and 1997, and
15,786 participants aged 42-82 years attending a second
health-check between 1998 and 2000. Our longitudinal
analyses used data from the first health-check together
with data of hospital recorded fractures for cohort par-
ticipants (all cohort hip, spine, and wrist fracture cases up
to 31° March 2016; follow-up time was calculated as the
time between an individual’s first health-check and this
cut-off date, or death if earlier). Data for diet and fracture
analyses were available for 3678 men and 4054 women
aged 65 years and older.

Hong Kong—Subjects were participants of a prospec-
tive cohort study examining the risk factors for osteopo-
rosis in Hong Kong [16]. A total of 2000 men and 2000
women aged 65 years and older of Chinese origin living in
the community were recruited between 2001 and 2003 by
placing recruitment notices in community centres for the
older people and housing estates, using a stratified sample
so that approximately 33% would be in each of these age
groups: 65-69, 70-74, or 75 years and over. Participants
were volunteers and were able to walk or take public trans-
port to the study site. Compared with the general popula-
tion of this age group, participants had higher educational
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level (9.8% vs. 3.8% with tertiary education), higher pro-
portion of being married (70.7% vs. 59.9%), slightly lower
proportion of living alone (10.8% vs. 11.3%) but similar
duration of residence in Hong Kong (98.3% vs. 97.1% with
duration at or over 15 years) [17]. This study followed
the guidelines laid down in the Declaration of Helsinki,
and was approved by the Clinical Research Ethics Com-
mittee of the University. Written informed consent was
obtained from all participants. Those who had incomplete
dietary data or extreme energy intake were excluded from
the analysis (n=44). The final sample of the present study
included data from 3956 participants (1979 men and 1977
women).

Anthropometric Measurements

United Kingdom—At each health-check height and body
weight were recorded (to the nearest 1 mm and 0.2 kg,
respectively) according to standard protocols, with partici-
pants wearing light clothing and no shoes [15].

Hong Kong—Similar standardised protocols were used
to measured height to the nearest | mm and weight to the
nearest 0.1 kg.

Body mass index (BMI) was calculated as body weight
in kg / (height in m)2.

Dietary Assessment

United Kingdom—All participants were asked to complete a
self-administered food-frequency questionnaire (FFQ) [18].
The FFQ estimated habitual intake during last 12 months,
with data collected on each food item, the size of each por-
tion, and the number of times of consumption each day
and each week. The intakes of specific nutrients were then
computed with the use of an in-house programme, CAFE
(Compositional Analyses from Frequency Estimates) [19].

Hong Kong—In a similar way, dietary intake was
assessed at baseline using a validated FFQ [20]. Mean nutri-
ent quantitation per day and daily consumption of various
food groups were calculated using food composition tables
derived from McCance and Widdowson [21] and the Chi-
nese Medical Sciences Institute [22].

Assessment of Fracture Risk

United Kingdom—Fracture incidence data were ascertained
using record linkage with the East Norfolk COmmission
REcord (ENCORE) of hospital attendances by Norfolk
residents [23]. Incidence of all fractures in the cohort, up
to 31% March 2016, was thus determined by retrieving data
using each participant’s NHS number and searching for
events logged using International Classification of Diseases
9 and 10 diagnostic codes for osteoporotic hip, spine, or

wrist fractures. Pre-2009 data were derived from a Hospi-
tal Episode Statistic (HES) database maintained locally by
the Norfolk Primary Care Trust (PCT); post-2009 data were
acquired from national HES databases held by NHS Digital.
Total risk of hip, spine, or wrist fracture was calculated as
the risk of the first occurrence of one of these fractures; this
does not consider multiple fractures and therefore the sum of
the specific-site fracture incidences does not sum to the total.

Hong Kong—Data on incident fractures of hip, spine, and
wrist were obtained by carrying out a search of the Hospital
Authority electronic database, which covers over 95% of all
hospital admissions in Hong Kong. Incident fractures, up
to 31 October 2013, were documented from hospital data-
bases and all patient records were reviewed by clinicians.

Follow-up time was calculated as the time between an
individual’s first health-check and the fracture record search,
or death if earlier.

Other Covariates

For both cohorts, health and lifestyle questionnaires were
used to collect baseline information on age, gender, edu-
cation level, smoking habit, alcohol use, use of calcium
supplements, use of hormonal replacement therapy (HRT)
(for women only), and family history of osteoporosis. Physi-
cal activity in the Hong Kong cohort was assessed by the
Physical Activity Scale for the Elderly (PASE) [24]. A
composite PASE score of all the items was calculated, a
higher score reflecting higher physical activity level. These
data were transformed into categorical data to match the
United Kingdom cohort, placing participants into inactive,
moderately inactive, moderately active, and active catego-
ries by a method validated against heart-rate monitoring
data [25]. Fasting peripheral blood venous samples were
collected and serum isolated for assay of 25-OH-vitamin D
(25-OHD). Serum samples were frozen until being thawed
immediately prior to assay of 25-OHD concentration using a
competitive radioimmunoassay (DiaSorin, Stillwater, USA)
for Hong Kong samples, or an ultraperformance liquid chro-
matography interfaced by atmospheric pressure chemical
ionisation to mass spectrometry method (VITAS, Oslo, Nor-
way) for United Kingdom samples. Both methods assessed
25-OH-vitamin D2 and 25-OH-vitamin D3; the total of D2
and D3 isoforms has been used in our analyses.

Statistical Analyses

The High-Performance Computing Cluster supported by the
Research and Specialist Computing Support service at the
University of East Anglia was used for statistical data analy-
sis with STATA (v.15; Stata Corp., Texas) and R (v.4.0.3)
software. Sex stratification has been used in all our analy-
ses. Any p values <0.05 were therefore considered to be
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statistically significant in individual analyses. Fracture inci-
dence rates per 1000 person-years were calculated for total,
hip, spine, or wrist fractures in both cohorts by the following
formula: number of fractures (first occurrence only) /num-
ber of person-years X 1000. Two-sided exact significance
testing was carried out to determine differences between
rates in the two cohorts. Cox regression was used to investi-
gate individual associations between incidence of fractures
(total, hip, spine, or wrist) and age, BMI, physical activity,
smoking status, family history of osteoporosis, education,
dietary calcium intake, dietary vitamin D intake, vegetable
consumption, fruit consumption, alcohol consumption, use
of calcium supplements and HRT status in women [26, 27].
Total risk of hip, spine, or wrist fracture was calculated as
the risk of the first occurrence of one of these fractures; this
does not consider multiple fractures and therefore the sum
of the specific-site fracture incidences does not sum to the
total. Follow-up time was calculated as the time between an
individual’s first health-check and this cut-off date, or death
if earlier.

A single multivariable model was used, fitting all of the
risk factors, and calculating their contribution to the model
in terms of Heller’s measure of R? [28]. Since hazard ratios
are dependent on scale, using the R? statistic provides a
useful additional measure that indicates the proportion of
variability in the outcome explained by the model varia-
bles. An omnibus p value for fitting each variable as a whole
(for example, all of the BMI group dummy variables) was
calculated, based on testing the change in deviance on the
appropriate degrees of freedom. The variables included were
decided according to previously established risk factors.
Except for the direct comparison between cohorts of differ-
ences in the demographic, biological, and lifestyle variables
in Figs. 1 and 2, we analysed the two cohorts separately.

Fig. 1 Proportion of hip, spine,
and wrist fractures in men and

women of the UK and HK 90% A
cohorts 80% 4
70% A
60% -
50% A
40% -
30% A
20% A
10% -
0% -

UK Men

100% ~

% of total fractures
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This was primarily in order to be able to determine which
variables were important at explaining fracture risk for each
cohort, irrespective of whether there might be similar pro-
portions for a particular variable between the two cohorts
and thus no contribution to a difference in incidence. We
also carried out sub-analyses restricting the cohort sam-
ples to specific age ranges to allow direct comparison, and
additionally compared older vs younger individuals in the
UK and HK cohorts, respectively, to explore the relation-
ship of age in determining differences in the proportions of
hip, spine, and wrist fractures between cohorts. We tested
whether the assumption of proportional hazards was valid
using scaled Schoenfeld residuals (using estat phtest in
Stata).

Results

Selected characteristics of the United Kingdom and Hong
Kong cohort populations are summarised in Table 1 for men,
and Table 2 for women. Data were available for 3678 men
and 4054 women in the United Kingdom, and 1979 men and
1977 women in Hong Kong, aged 65 years or older. Sig-
nificant differences between the UK and HK cohorts were
seen for all variables tested for both men and women, except
for fruit consumption in women (p=0.062, n=6031). Com-
pared to the UK cohort, men in the HK cohort had lower
BMI; were less physically active; were more likely to have
never smoked; had lower prevalence of family history of
osteoporosis; were more likely to have no secondary edu-
cation; had lower dietary calcium, vitamin D, and alcohol
intakes, but higher fruit and vegetable intake; more were tak-
ing calcium supplementation; and more had adequate serum
25-OHD. Differences between the cohorts for women were

UK women HK men HK women

B Hip M Spine " Wrist
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Fig. 2 Incident fracture risks in
men and women of the UK and
HK cohorts. p values for two-
sided exact significance testing
of rates in the two cohorts. Data
used to generate the standard-
ised fracture rates are available
in Supplementary Table 1.
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similar to the difference seen for men except that in the HK
cohort there were proportionally even fewer women who
were current or past smokers, family history of osteoporosis
was less different, and HRT use was much lower (Tables 3
and 4).

Proportions of Hip, Wrist, and Spine Fractures

The proportion of hip, spine, and wrist fractures were sig-
nificantly different between the two cohorts, for both men
(»<0.001, n=362) and women (p <0.001, n=1017) (see
Fig. 1). In the UK cohort, hip fractures accounted for the
largest proportion of fractures (56.8% in men and 52.6% in
women); and wrist fractures made up the smallest propor-
tion, particularly in men (9.1% in men and 20.7% in women).
By contrast, in the HK cohort wrist fractures accounted for
the largest proportion (42.9% in men and 57.9% in women);
hip fractures made up 37.7% in men and 19.8% in women;
and spine fractures accounted for 19.5% in men and 22.2%
in women.

Fracture Incidence Rates

Participants were followed-up for a mean+ SD of
15.12 +5.95 years in the UK cohort, and 9.94+2.31 years
in the HK cohort. Calculation of standardised fracture inci-
dence rates for the two cohorts highlighted a number of sig-
nificant differences for both men and women (see Fig. 2 and
Supplementary Table 1). Total fracture rate was significantly
higher in the UK vs HK for women (13.70 vs 8.76 per 1000
person-years; p <0.001), but not men (5.95 vs 5.37 per 1000
person-years; p=0.337). Similarly, hip fracture rates were
significantly higher in the UK vs HK for women (8.24 vs
2.67 per 1000 person-years; p <0.001), but not men (3.49 vs

Men

P<O 001

P<0 001

P<0 001

P= 0015
P<0.001 P=0.002
ii ii i
Spine Wrist Total Hip Spine Wrist
Women
B UK mHK

2.63 per 1000 person-years; p=0.053). Spinal fracture rates
were higher in the UK vs HK for both women (4.14 vs 1.94
per 1000 person-years; p=0.015) and men (2.10 vs 1.10 per
1000 person-years; p <0.001). By contrast, wrist fracture
rates were lower in the UK vs HK for both women (3.12 vs
4.22 per 1000 person-years; p <0.001) and men (0.68 vs
1.79 per 1000 person-years; p <0.001).

In a sub-analysis excluding individuals over the age of
75 years (UK: 3317 men and 3691 women; HK: 1480 men
and 1421 women) (see Supplementary Table 2), all trends
remained the same as in the main analyses, but total and hip
fracture rates in men were additionally significantly differ-
ent between the UK and HK cohorts. Thus, total fracture
rates in the UK vs HK were higher for both women (13.28
vs 6.92 per 1000 person-years; p <0.001) and men (5.77 vs
4.02 per 1000 person-years; p=0.005). Hip fracture rates
were significantly higher in the UK vs HK for women (8.00
vs 1.36 per 1000 person-years; p <0.001) and men (3.46
vs 1.55 per 1000 person-years; p <0.001). Spinal fracture
rates were higher in the UK vs HK for both women (4.00
vs 1.52 per 1000 person-years; p <0.001) and men (2.07 vs
0.80 per 1000 person-years; p <0.001). Wrist fracture rates
were lower in the UK vs HK for both women (3.09 vs 4.08
per 1000 person-years; p <0.048) and men (0.55 vs 1.77 per
1000 person-years; p <0.001).

Factors Associated with Fracture Risk

A limited number of the variables chosen a priori to be
included in our analyses proved to be significantly associ-
ated with fracture risk in either the UK or HK cohorts. To
interpret the contributions of these significant factors, we
used the R? statistic and have presented this graphically in
Fig. 3 (total fracture) and Supplementary Figs. 1, 2, and 3
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Table 1 Baseline characteristics of men in the UK (n=3678) and HK (n=1979) cohorts

Parameter UK (n=3678) HK (n=1979)

Mean SD n % Mean SD n % p value
Age (years) 70.4 33 72.4 5.0 <0.001
Age group (years), n (%) <0.001
<70y 1812 493 660 334
>70y and <75y 1505 409 699 353
>75y and < 80y 361 9.8 439 222
> 80y - - 181 9.2
BMI (kg/m?) 26.7 327 234 3.1 <0.001
BMI categories (kg/mz), n (%) <0.001
<185 11 0.3 113 5.7
>18.5 and <25 UK;>18.5 and <23 HK 1133 30.8 1274 644
>25and <30 UK; >23 and <25 HK 2011 547 556  28.1
>30 UK;>25HK 523 142 36 1.8
Physical activity level, n (%) <0.001
Active 481 13.1 202 102
Moderately active 647 17.6 162 8.2
Moderately inactive 932 253 592 299
Inactive 1618  44.0 1023 51.7
Smoking status, n (%) <0.001
Never 888 24.1 715 36.1
Current or former 2790 759 1264 639
Family Hx of osteoporosis, n (%) <0.001
No 3612 982 1868 94.4
Yes 66 1.8 111 5.6
Education, n (%) <0.001
None or pre-secondary education only 1556 423 1191  60.2
Secondary, college, or further education 1745 474 518 262
Higher education/university 377 103 270 13.6
Dietary calcium intake (mg/1000 kcal) 486.0 113.2 299.6 116.5 <0.001
Dietary calcium intake > 700 mg/d, n (%) 3250 884 670 339 <0.001
Dietary vitamin D intake (ug/1000 kcal) 1.70 0.79 0.17 0.26 <0.001
Vegetable consumption (g/1000 kcal/d) 114.5 58.6 118.3 74.9 0.037
Fruit consumption (g/1000 kcal/d) 108.3 79.1 132.5 88.6 <0.001
Ethanol consumption (g/d) 1.33 1.82 0.2 0.86 <0.001
Ethanol consumption, n (%) <0.001
0 units 674 183 1514 765
>0 and <2 units UK; >0 HK 2265 61.6 465 23.5
>2 units UK 739 20.1
Use of calcium supplement, n (%) <0.001
No 3625  98.6 1788 904
Yes 53 1.4 191 9.7
Serum vitamin D (nmol/L)? 55.6 21.2 63.3 15.6 <0.001
> 50 nmol/L, n(%) 817 569 1108  79.7 <0.001

4Serum vitamin D data were available for 1435 UK and 1396 HK men. P values for differences between UK and HK cohorts according to t-test
for continuous or Chi-square for categorical variables

(hip, spine, and wrist fractures, respectively); the total R?  significant adverse factor in both the cohorts for both sexes
gives an indication of how much the model explains the  (all p <0.001), with older age groups associated with higher
variance in fracture risk. For total fracture risk, age was a  hazard ratios compared to the reference group of individuals
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Table 2 Baseline characteristics of women in the UK (n=4054) and HK (n=1977) cohorts
Parameter UK HK (n=1977)

(n=4054)

Mean SD n % Mean SD n % p value
Age (years) 70.3 33 72.5 53 <0.001
Age group (years), n (%) <0.001
<70y 2027 50.0 665 33.6
>70y and <75y 1664 41.1 659 333
>75y and < 80y 363 9.0 443 22.4
> 80y - - 210 10.6
BMI (kg/m?) 26.6 4.1 239 34 <0.001
BMI categories (kg/m?), n (%) <0.001
>18.5and <25 UK; >18.5 and <23 HK 31 0.8 95 4.8
>25 and <30 UK; >23 and <25 HK 1478 36.5 1177 59.5
>30 UK;>25 HK 1817 44.8 622 31.5
>18.5 and <25 UK; >18.5 and <23 HK 728 18.0 83 4.2
Physical activity level, n (%) <0.001
Active 312 7.7 80 4.1
Moderately active 572 14.1 71 3.6
Moderately inactive 1246 30.7 416 21.0
Inactive 1924 475 1410 71.3
Smoking status, n (%) <0.001
Never 358 53.8 1789 90.5
Current or former 3696 46.2 188 9.5
Family Hx of osteoporosis, n (%) 0.013
No 3911 96.5 1881 95.1
Yes 143 35 96 4.9
HRT use, n (%) <0.001
Never 3500 86.3 1914 96.8
Past 312 7.7 53 2.7
Current 242 6.0 10 0.5
Education, n (%) <0.001
None or pre-secondary education only 2290 56.5 1635 82.7
Secondary, college, or further education 1512 37.3 223 11.3
Higher education/university 252 6.2 119 6.0
Dietary calcium intake (mg/1000 kcal) 519.0 121.3 361.3 136.4 <0.001
Dietary calcium intake > 700 mg/d, n (%) 3483 85.9 526 26.6 <0.001
Dietary vitamin D intake (ug/1000 kcal) 1.79 0.83 0.19 0.21 <0.001
Vegetable consumption (g/1000 kcal/d) 140.0 74.0 151.6 86.4 <0.001
Fruit consumption (g/1000 kcal/d) 150.3 99.4 155.2 91.5 0.062
Ethanol consumption (g/d) 0.61 0.99 0.01 0.09 <0.001
Ethanol consumption, n (%) <0.001
0 units 1309 323 1926 97.4
>0 and <2 units UK;>0 HK 2450 60.4 51 2.6
>2 units UK 295 73
Use of calcium supplement, n (%) <0.001
No 3885 95.8 1623 82.1
Yes 169 42 354 17.9
Serum vitamin D (nmol/L)* 50.5 21.2 57.8 14.6 <0.001
>50 nmol/L, n (%) 683 46.2 920 66.2 <0.001

#Serum vitamin D data were available for 1477 UK and 1389 HK women. p values for differences between UK and HK cohorts according to

t-test for continuous or Chi-square for categorical variables
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Table 3 Multivariate Cox regression results in men linking contributory factors to the total risk of hip, spine and wrist fractures in the UK and

HK cohorts
Characteristic UK men HK men
HR 95%CI  pvalue Omnibusp R? HR 95%CI  pvalue Omnibusp R?

Age group <0.001 0.1126 <0.001 0.1127
<70 1.00 - 1.00 -
70to<75 2.09 1.64,2.67 <0.001 1.68 1.02,2.76 0.042
75 to< 80 2.57 1.73,3.83 <0.001 261 1.54,440 <0.001
>80 HK 329 1.78,6.08 <0.001
BMI categories (kg/m?) 0.437  0.0075 0.014  0.0511
<185 1.95 0.27,14.1 0.507 2.07 1.16,3.71 0.014
18.5 to<25 UK; 18.5 to<23 HK 1.00 - 1.00 -
25 to <30 UK; 23 to<25 HK 0.82 0.64, 1.06 0.132 0.67 0.41,1.10 0.114
>30 UK;>25 HK 0.90 0.62,1.30 0.564 0.84 0.54,1.31 0.447
Physical activity level 0.874  0.0016 0.550  0.0071
Inactive 1.00 - 1.00 -
Moderately inactive 1.02 0.77,1.36 0.869 1.10 0.74, 1.64 0.626
Moderately active UK; Active/moder- 090 0.65,1.24 0.510 0.81 0.47,1.40 0.444

ately active HK
Active UK 1.03 0.73, 1.45 0.880
Smoking status 0.230  0.0036 0.309  0.0060
Never smoked 1.00 - 1.00 -
Current or former smoker 1.18 0.90, 1.55 0.236 1.22 0.83,1.81 0.314
Family Hx of osteoporosis 0.129  0.0050 0.965 0.0000
No 1.00 - 1.00 -
Yes 1.75 0.90, 3.43 0.100 1.02 0.45,2.32 0.964
Education 0.681 0.0018 0.283  0.0148
None/pre-secondary 1.00 - 1.00 -
Secondary/further education 1.02 0.80, 1.30 0.889 0.71 0.45,1.13 0.148
Higher education 0.85 0.57,1.29 0.454 1.05 0.62,1.80 0.848
Dietary Ca meeting RNI 0.303 0.0028 0.515 0.0024
No 1.00 - 1.00 -
Yes 0.83 0.59,1.18 0.293 1.14 0.78, 1.66 0.513
Dietary vitamin D intake (ug/1000 kcal) 1.01 0.87,1.17 0.904 0.904  0.0000 1.30 0.75,2.24 0.351 0.389  0.0034
Vegetable consumption (g/100 kcal/d) 1.00 0.98, 1.02 0.921 0.921 0.0000 1.01 0.99, 1.04 0.166 0.193  0.0090
Fruit consumption (g/100 kcal/d) 1.01 0.99, 1.02 0.396 0.402  0.0022 0.98 0.96, 1.01 0.192 0.171 0.0116
Ethanol consumption (units/d) 0.362 0.0052 0.847 0.0002
None 1.00 - 1.00 -
>0to<2 UK;>0HK 0.85 0.63,1.16 0.306 1.04 0.68, 1.61 0.846
>2 UK 1.02 0.70, 1.48 0.919
Use of Ca supplement 0.932  0.0000 0.995 0.0000
No 1.00 - 1.00 -
Yes 1.04 0.43,2.54 0.932 1.00 0.54,1.83 0.995

HR Hazard Ratio, CI Confidence Interval

under 70 years old (see Tables 3 and 4). Age was the major
contributor to R? in the regression model, accounting for
0.1126 for men and 0.0732 for women in the UK cohort,
and 0.1127 and 0.0760 respectively in the HK cohort. BMI
was associated with total fracture risk for men in the HK
cohort (p=0.014), contributing 0.0511 to the RZ% being
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underweight (BMI < 18.5) was particularly detrimental to
fracture risk with a hazard ratio of 2.07 (p =0.014) com-
pared to the normal weight reference group. In the UK
cohort, BMI was also significant factor for fracture risk in
women (p <0.001) and contributed 0.0249 to the R% being
underweight had a hazard ratio of 2.12 (p =0.020), while
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Table 4 Multivariate Cox regression results in women linking contributory factors to the total risk of hip, spine and wrist fractures in the UK

and HK cohorts
Characteristic UK women HK women
HR 95%CI  pvalue Omnibusp R? HR! 95%CI' pvalue Omnibusp R?
Age group <0.001  0.0732 <0.001  0.0760
<70 1.00 - 1.00 -
70to<75 1.78 1.54,2.06 <0.001 1.69 1.15,2.48 0.007
75 to< 80 2.18 1.71,2.77 <0.001 2.06 1.38,3.08 <0.001
>80 HK 247 1.53,397 <0.001
BMI categories (kg/m?) <0.001 0.0249 0.613  0.0060
<18.5 2,12 1.12,3.99 0.020 148 0.82,2.64 0.190
18.5 to <25 UK; 18.5 to<23 HK 1.00 - 1.00 -
25 to <30 UK; 23 to<25 HK 0.77 0.66,0.89 <0.001 1.08 0.75,1.56 0.674
>30 UK;>25 HK 0.67 0.54,0.83 <0.001 1.14 0.81,1.59 0.450
Physical activity level 0.218  0.0043 0.596  0.0040
Inactive 1.00 - 1.00 -
Moderately inactive 0.86 0.74,1.01 0.070 1.16 0.83,1.62 0.389
Moderately active UK; Active/moder- 0.87 0.71, 1.07 0.186 0.88 0.49, 1.60 0.678

ately active HK
Active UK
Smoking status
Never smoked
Current or former smoker
Family Hx of osteoporosis
No
Yes
Education
None/pre-secondary
Secondary/further education
Higher education
Dietary Ca meeting RNI
No
Yes

Dietary vitamin D intake (ug/1000 kcal)

Vegetable consumption (g/100 kcal/d)
Fruit consumption (g/100 kcal/d)
Ethanol consumption (units/d)
None

>0to<2 UK;>0HK

>2 UK

Use of Ca supplement

No

Yes

HRT use

Never

Past/current

0.84 0.64,1.10 0.205

0.338  0.0009 0.502  0.0015
1.00 — 1.00 -
1.07 0.93,1.23 0.337 1.16 0.75,1.80 0.495

0.667  0.0002 0.236  0.0054
1.00 — 1.00 -
1.08 0.75, 1.57 0.663 1.46 0.81,2.64 0.212

0.822  0.0004 0.420  0.0070
1.00 — 1.00 -
0.99 0.86,1.15 0.906 0.73 0.44,1.21 0.225
1.09 0.82,1.44 0.563 1.07 0.59, 1.96 0.822

0.583  0.0003 0.475  0.0020
1.00 — 1.00 —
095 0.78,1.15 0.581 0.89 0.64,1.24 0.479

1.03 0.95,1.12 0.434 0.437  0.0005 1.42 0.78,2.57 0.248 0.263  0.0044
1.00 0.99, 1.01 0.802 0.803  0.0001 1.01 0.99,1.02 0.373 0.391  0.0030
1.00 0.99, 1.01 0.721 0.722  0.0001 1.00 0.98,1.01 0.914 0914  0.0000

0.009  0.0097 0.029  0.0308
1.00 - 1.00 —
0.87 0.75,1.01 0.069 0.20 0.03, 1.41 0.105
0.63 0.45,0.87 0.005

0.725  0.0001 0.497  0.0017
1.00 — 1.00 —
1.06 0.76, 1.49 0.723 1.13  0.80, 1.61 0.492

0242 0.0013 0.530  0.0020
1.00 - 1.00 —
1.13 092, 1.39 0.248 1.36 0.50,3.73 0.549

HR Hazard Ratio, CI Confidence Interval

overweight and obese had hazard ratios of 0.77 (p <0.001)  multivariable model was alcohol consumption in UK women
and 0.67 (p <0.001), respectively. The only other fac- (»=0.009), where those consuming 2 or more units per day
tor significantly associated with total fracture risk in the = had a hazard ratio of 0.63 (p =0.005) compared to those
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Hip, wrist & spine fractures

UK men
Age group-

BMI categories- @
Ethanol consumption- @
Family Hx of osteoporosis- @
Smoking status- @
Dietary Ca meeting RNI- ®
Fruit consumption- @
Education- @
Physical activity level- ®
Dietary vitamin D intake- @
Vegetable consumption- ®

Use of Ca supplement- ®

Hip, wrist & spine fractures

HK men
Age group-
BMI categories- ®
Education- L
Fruit consumption-  ®
Vegetable consumption- @
Physical activity level- ®
Smoking status- @
Dietary vitamin D intake- ®
Dietary Ca meeting RNI- @
Ethanol consumption- ®
Family Hx of osteoporosis- ®

Use of Ca supplement- ®

0.00

Hip, wrist & spine fractures
UK women
Age group-

BMI categories - L
Ethanol consumption- @
Physical activity level- ®

HRT use- ®

Smoking status- ®

Dietary vitamin D intake- ®
Education- ®

Dietary Ca meeting RNI- ®
Family Hx of osteoporosis- ®
Fruit consumption- ®

Use of Ca supplement- @

Vegetable consumption- ®

0.00 0.12

0.08
RZ
Hip, wrist & spine fractures
HK women

0.04

Age group-

Ethanol consumption - ®
Education- @
BMI categories- @
Family Hx of osteoporosis- @
Dietary vitamin D intake- @
Physical activity level- @
Vegetable consumption- @
Dietary Ca meeting RNI- @
HRT use- @
Use of Ca supplement- ®
Smoking status- @

Fruit consumption- @

Fig. 3 Contributions of individual factors to Cox regression model of risk of hip, spine and wrist fractures in the UK and HK cohorts, stratified

by sex
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consuming none; this contributed 0.0097 to the R? of the
model. Similar associations were seen in analyses of indi-
vidual fracture sites (see Supplementary Tables 3, 4 and 5),
except that compared to total hip, spine, and wrist fractures
the explained variance was greater for hip fracture in HK
men and women, and spine fractures for UK men.

Discussion

This study has shown a number of significant differences
between the incidence of fractures and the distribution of
factors potentially contributing to fracture risk in two differ-
ent population cohorts of older individuals, one based in the
UK, and the other in Hong Kong. We identified differences
in demographic, lifestyle, and biological factors between the
two geographically distinct cohorts, and also found that the
proportions of fractures at the different bone sites studied
differed significantly between the two cohorts. However,
the contributions of different factors to fracture risk were
broadly similar in multivariable modelling.

Previous research has suggested there are worldwide
differences in osteoporotic fracture rates, with the great-
est number of fractures occurring in Western populations
(Europe, USA, and Australia) [3]. While there has been a
recent stabilisation of increases in prevalence of fracture
rates in Western populations, the prevalence in develop-
ing populations, including Asia, continues to rise [29, 30].
Our results confirm that differences in fracture rates exist
between individuals in a UK vs HK population cohort.
However, while previous research has specifically identified
Hong Kong as a high-risk country for osteoporotic fractures
[3], our results showed a lower overall fracture incidence
in the HK cohort than in the UK cohort. Our analyses also
highlighted variations in the distribution of fractures across
hip, spine, and wrist in the two cohorts: The incidence of hip
fractures in women of the HK cohort was less than a third
of the rate in the UK spine fracture rates in the HK cohort
were approximately half those in the UK, for both men and
women; while the rate of wrist fractures in the HK cohort
was more than double the UK rate for men and a third higher
for women. These fracture incidence rates together with data
on the proportions of hip, spine, and wrist, fractures seen in
the two cohorts depict a very different scenario for fractures
in older individuals in the UK and HK. This has not been
fully appreciated by previous studies and thus makes explo-
ration of differences in characteristics of the two cohorts,
which may help explain this variation, even more impor-
tant. It is unclear why the proportions of fractures of differ-
ent bones differs so much between the cohorts. Differences
in body size and composition between the cohorts may be
partly responsible, and indeed BMI is an important contribu-
tor to fracture risk in both cohorts. We considered whether

differences in fracture rates could be due to different age
distribution of cohorts, as although we had excluded partici-
pants under 65 years old from our analyses, the HK dataset
had a greater proportion of older individuals. However, in
analyses where the cohort sample was restricted to 65-75
in both cohorts to allow direct comparison, results showed
slightly lower fracture rates in both cohorts, particularly
in HK, but the differences between HK and UK remained
significant. Likewise, we considered whether the different
proportions of fractures at different bone sites (hip, spine,
and wrist) between cohorts may have been in part driven by
age differences, but investigation of this using age-stratified
analyses did not support this theory.

Before commencing our statistical analyses we made the
decision to include specific demographic, dietary, lifestyle,
and biological factors in the multivariable model based on
previous knowledge and evidence of what may contribute to
fracture risk. It is thus noteworthy that the majority of these
factors were not significantly associated with fracture risk in
our models. The major driver of fracture risk was age, which
in men explained 11.3% of the variance in total fracture risk
in each cohort, and in women explained 7.3% and 7.6% in
UK and HK cohorts, respectively. BMI was also an impor-
tant contributor to variance in total fracture risk: 5.1% of
variance in total fracture risk was explained by BMI in HK
men, and 2.5% in UK women. However, dietary and other
variables appeared to contribute very little to fracture risk
in our models. In addition to the contribution of each vari-
able to the models, it is important to consider differences in
fracture risk for different categories of the variables. In line
with previous observations in the UK cohort [31], in women
being underweight was associated with much greater frac-
ture risk compared to normal weight individuals, and being
overweight or obese was associated with slightly lower risk;
in the HK cohort in men underweight was also associated
with much greater fracture risk compared to normal weight
individuals.

Considering the relative lack of evidence from our models
of the importance of lifestyle variables and dietary factors,
including calcium and vitamin D, our findings indirectly
support the results of recent genome wide association and
mendelian randomisation studies which suggest that nei-
ther dietary calcium [32] nor vitamin D [32, 33] are caus-
ally related to fracture risk, and new data from the China
National Fracture Study showing no reduction in fracture
risk associated with calcium or vitamin D supplement
use[30]. However, within individual populations, lifestyle
risk factors still apply, and these may differ in different
populations, so that dietary and other recommendations
may need to be individualised. This study has shown sig-
nificant differences between fracture risk in a UK popula-
tion cohort and HK cohort. This new evidence represents
an important advance, and this study is to our knowledge
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the first comprehensive epidemiological analysis of the dif-
ference between fracture risk in the elderly of the UK and
HK. While there will inevitably have been different expo-
sures over the life course for individuals in the two cohorts,
lifestyle and dietary factors in older age appear to be less
important than ageing itself.

Strengths and Limitations

Our study has a number of strengths. Both the EPIC and Mr
and Ms Os cohorts have been extensively reported on in the
past, and as such are widely regarded as providing robust
datasets for epidemiological analysis and a sample repre-
sentative of their respective populations [15, 34, 35]. In par-
ticular, they both provide a broad range of variables known
to be relevant for bone. Where direct matching of variables
between the datasets has not been possible, e.g., education
and physical activity variables, we have recoded these appro-
priately to allow comparisons. These cohorts also have the
advantage of hospital admission data for fractures, which
thus provides much more reliable data for assessing fracture
incidence than self-reported fracture data. However, despite
the use of hospital admission data, differential admission
and diagnostic approaches between HK and UK mean it is
possible that we may still have underestimated some fracture
incidences, particularly spine and wrist fractures, and the
pattern of inaccuracy may differ by sex and country. Length
of follow-up differed by approximately 5 years between the
two cohorts studied here. We have therefore used standard-
ised fracture rates (per 1000 person-years) to allow direct
comparison, but cannot exclude the possibility of inaccuracy
introduced into our models by this inconsistency in the data-
sets. There are also substantial secular changes in fracture
incidence rates in both UK and Hong Kong, which are more
marked in Hong Kong [36], so differences in fracture rates
between the two countries depend on when the comparisons
are made; however, the current study was conducted over
roughly the same time period mitigating this limitation. Due
to fundamental differences in some of the characteristics
of participants in the two cohorts, for example the mini-
mal alcohol consumption in the HK cohort compared to the
UK, our ability to use an established statistical approach to
directly compare the importance of different factors to frac-
ture risk was limited. The R statistic is generally well under-
stood to give an indication of how much a particular statisti-
cal model explains the variance of a dependent variable (in
our case, fracture risk). We therefore chose to interpret the
significance of contributions of different factors by using
an established method [28] to examine the R? statistic for
individual factors included a priori in a multivariable model.

Previous observational studies have often focussed
on hip fractures alone, due to more readily available
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epidemiological data than for other sites of osteoporotic
fractures. Despite this, fractures at other sites, including the
spine and wrist contribute significantly to the global burden
of disease, particularly in younger individuals [1]. It is there-
fore an advantage of our study that data for different fracture
sites were available in both UK and HK datasets. Similarly,
it is an advantage that we have been able to analyse data for
each sex separately, as previous studies have demonstrated
distinct sex differences in the relationships between dietary
and lifestyle variables with bone measures, including find-
ings from analysis of our cohorts [10, 13]. One of our rea-
sons to study the EPIC and Mr and Ms Os cohorts was due
to the similarities in their original data collection methods
and the variables available for analysis. We attempted to
standardise variables to address any inconsistencies, e.g.,
in categorisations, but acknowledge the limitations in this,
particularly where the distributions between categories were
very different between the cohorts. Accurate estimation of
dietary nutrient intake is also critical to the validity of the
findings of this type of study. The methodology used here of
FFQ may not be as precise as dietary intake figures derived
from 7 day food diaries [37]. However, 7-day food diary
data were not available for both cohorts so we have used
FFQ data to match the methodology used to derive nutrient
intakes in both datasets. We also acknowledge the limitation
that the two cohorts were not recruited at the same time peri-
ods and thus there could be a secular effect in the differences
in fracture incidence identified.

Conclusions

This study provides a comprehensive epidemiological
analysis of the differences between fracture risk in older
individuals of the UK and HK. Significant differences
between characteristics of UK and HK study participants
were evident, and hip, spine, and wrist fracture risk varied
significantly between the cohorts. Despite this, the variables
explaining the majority of variance in fracture risk were the
same in each cohort, namely age and BMI. More clarity of
the reasons for this is required to inform culturally specific
interventions and public health recommendations aimed
at reducing the burden of osteoporosis in the UK and HK
populations.
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