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Abstract

Background: The risk of hip fracture in women on plant-based diets is unclear. We aimed to investigate the risk
of hip fracture in occasional meat-eaters, pescatarians, and vegetarians compared to regular meat-eaters in the UK
Women'’s Cohort Study and to determine if potential associations between each diet group and hip fracture risk are

modified by body mass index (BMI).

Methods: UK women, ages 35-69 years, were classified as regular meat-eaters (> 5 servings/week), occasional meat-
eaters (< 5 servings/week), pescatarian (ate fish but not meat), or vegetarian (ate neither meat nor fish) based on a
validated 217-item food frequency questionnaire completed in 1995-1998. Incident hip fractures were identified via
linkage to Hospital Episode Statistics up to March 2019. Cox regression models were used to estimate the associations
between each diet group and hip fracture risk over a median follow-up time of 22.3 years.

Results: Amongst 26,318 women, 822 hip fracture cases were observed (556,331 person-years). After adjustment for
confounders, vegetarians (HR (95% Cl) 1.33 (1.03, 1.71)) but not occasional meat-eaters (1.00 (0.85, 1.18)) or pescatar-
ians (0.97 (0.75, 1.26)) had a greater risk of hip fracture than regular meat-eaters. There was no clear evidence of effect

modification by BMIin any diet group (p-interaction = 0.3).

Conclusions: Vegetarian women were at a higher risk of hip fracture compared to regular meat-eaters. Further
research is needed to confirm this in men and non-European populations and to identify factors responsible for the
observed risk difference. Further research exploring the role of BMI and nutrients abundant in animal-sourced foods is

recommended.
Trial registration: ClinicalTrials.gov, NCT05081466
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Background

Hip fractures are most common in elderly women [1]
and are becoming increasingly prevalent in the UK
and globally due to growing ageing populations [2, 3].
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Health-related quality of life declines after hip fracture
and mortality increases [1, 4]. Social and economic
costs from hip fractures are also substantial [2], with
an international average cost 12 months after the first
hip fracture of $44,000 per patient [5]. There are grow-
ing concerns regarding bone health and fracture risk in
individuals on meat-free diets [6—9], but associations
between these diet groups and hip fracture risk remain
unclear. An estimated 5% of the US population [10],
3% of the UK population [11, 12], and 30% of India’s
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population follow vegetarian diets [13]. The number of
vegetarians worldwide is increasing [7], possibly due
to accumulating evidence of reduced risks of several
chronic diseases, including diabetes [14], ischaemic
heart disease, and cancer [15], and a lower environmen-
tal footprint of vegetarian diets compared to omnivo-
rous diets [16, 17]. Understanding hip fracture risk in
vegetarians in particular is therefore becoming increas-
ingly important to public health.

Whilst diet quality varies among vegetarians [16],
vegetarian diets are often characterised by a higher
intake of fruits and vegetables including foods high
in vegetable protein [8], which have been associated
with a reduced hip fracture risk in adults in reviews
of previous epidemiological studies [18-21]. How-
ever, vegetarian diets have also been characterised by
lower dietary intakes of nutrients that have been posi-
tively associated with bone mineral density (BMD)
and are more abundant in animal products than in
plants. Examples include total protein, calcium, vita-
min D, vitamin B12, and w-3 fatty acids [6, 22], though
associations between these nutrients and hip fracture
risk are unclear and complex [20]. Studies have also
reported a lower average body mass index (BMI) in
vegetarians and pescatarians compared to omnivores
[8, 23], which has been inversely associated with hip
fracture risk [24]. Risk differences for hip fracture
between vegetarians, pescatarians, and meat-eaters
are therefore plausible, but evidence is limited in
exploring these dietary patterns.

Cross-sectional studies show lower BMD in vegetari-
ans compared to non-vegetarians [25, 26], but prospec-
tive studies comparing the risk of hip fracture in these
diet groups over time are scarce and limited [8, 9]. The
recently published European Prospective Investigation
into Cancer (EPIC)-Oxford cohort study of UK men
and women showed a greater risk of hip fracture in pes-
catarians, vegetarians, and vegans compared to meat-
eaters [8]. The Adventist Health Study-2 (AHS-2) also
showed a greater risk of hip fracture in vegans but not
vegetarians compared to meat-eaters in US women, but
with outcome data based on self-administered ques-
tionnaires [9]. To our knowledge, no other prospective
study has compared the risk of hip fracture in veg-
etarians and non-vegetarians; therefore, associations
between these diet groups and hip fracture risk require
further investigation.

The United Kingdom Women’s Cohort Study
(UKWCS) has been enriched with vegetarians and pes-
catarians, so is well-suited to study the risk of chronic
diseases over time in these diet groups [27]. Our
objectives were therefore to investigate the risk of hip
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fracture in occasional meat-eaters, pescatarians, and
vegetarians compared to regular meat-eaters in middle-
aged UK women and to determine if potential associa-
tions between each diet group and hip fracture risk are
modified by BMIL

Methods

We followed the Strengthening the Reporting of Obser-
vational Studies in Epidemiology — Nutritional Epide-
miology (STROBE-nut) guidelines for the reporting of
cohort studies (Additional file 1: Table S1) [28].

Study design and participants

The UKWCS has been described in detail elsewhere [27].
In brief, 500,000 women from England, Scotland, and
Wales responded to a direct mail questionnaire from
the World Cancer Research Fund (WCRF) between
1995 and 1998. Of the 75% that agreed to participate in
a more detailed survey, those who identified as vegetar-
ian or non-red meat-eaters, and were aged 35-69 years
when completing the WCRF questionnaire, were eli-
gible for inclusion in the UKWCS. For each vegetarian,
the next non-vegetarian or red meat-eater who was aged
within 10 years of the vegetarian was selected to form
a comparison group. In total, 35,372 women across the
UK, aged 35-69 years, responded to a postal question-
naire that collected dietary, lifestyle, demographic, and
anthropometric data at recruitment (1995-1998). This
approach was taken to maximise power in comparing the
risk of hip fracture across the diet groups [29]. Partici-
pants were then excluded if they lived outside of England
(m = 3821), had a hip fracture on or before the date of
recruitment according to hospital episode statistics (n =
2), had missing age data (# = 364), or had outlier FFQ or
covariate data (daily energy intake < 500 kcal or > 5000
kcal, BMI < 10 or > 60 kg/m? or FFQ intakes > 3 stand-
ard deviations from the mean; n = 941), leaving 30,244
participants potentially eligible for inclusion in this study
(Additional file 1: Fig. S1). Ethical approval was granted
from the National Research Ethics Service Commit-
tee for Yorkshire & the Humber — Leeds East (reference
15/YH/0027) at the cohort’s inception in 1993 and was
updated to include linkage outcomes, such as hip fracture
incidence, in 2017 (reference 17/YH/0144).

Diet group

Dietary habits of cohort participants over 12 months were
assessed at recruitment using a self-administered 217-item
food frequency questionnaire (FFQ). The FFQ was vali-
dated by comparison with 4-day weighed food diaries and
a repeated FFQ on 283 women, both administered 3 years
after baseline [27]. Based on the responses to questions on
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meat, fish, eggs, and dairy intakes, participants were clas-
sified as regular meat-eaters (ate meat > 5 times/week),
occasional meat-eaters (ate meat < 5 times/week), pes-
catarians (ate fish but not meat), vegetarians (ate eggs or
dairy but not meat or fish), or vegans (did not eat meat,
fish, eggs, or dairy). Vegans were combined with the vege-
tarian group due to the small number of vegan participants
(m = 130) and cases (n = 5). Participants with intakes of
a food item of less than once per month were considered
non-consumers. Further details on the questionnaire and
classification of diet groups are provided in Additional
file 1: Supplementary methods and Table S2.

Outcome

Participants’ diet and lifestyle characteristics were linked
with their hospital episode statistics up to 31 March 2019.
The primary outcome was hip fracture incidence (Interna-
tional Classification of Diseases, ICD-9 code 820, ICD-10
codes S72.0-72.2, Table S3). We also used hip replace-
ments (ICD-10 code Z96.64) as an indicator of hip frac-
ture, but no additional cases were identified using these
criteria. The time frame was person-years until hip frac-
ture incidence, or until the end of the study period or death
in non-cases, using attained age as the timescale [30].

Statistical analysis
All statistical methods were registered in advance on
ClinicalTrials.gov (NCT05081466).

Socio-demographic, lifestyle, anthropometric, and nutri-
tional characteristics of UKWCS participants at recruit-
ment were summarised by diet group using descriptive
statistics. Cox proportional hazard regression models were
fitted to estimate hazard ratios (HR) and 95% confidence
intervals (95% CI) for the associations between each diet
group and hip fracture risk, with regular meat-eaters as
the reference group. The target estimand was the relative
causal effect of each diet group on hip fracture risk com-
pared to regular meat-eaters. Cox models used weights
based on the inverse probability of being sampled to
account for the over-sampling of pescatarians and vegetar-
ians at recruitment, increasing the representativeness of
the cohort to the UK population [29].

We applied both unadjusted and multivariable-
adjusted models. Both models controlled for age by
using attained age as the timescale [30]. Additional
confounders included in the adjusted model were based
on a directed acyclic graph (DAG), following available
guidelines on their creation and reporting [31], and
included (all at recruitment): ethnicity (white, Asian,
black, other); socio-economic status (SES, professional/
managerial, intermediate, routine/manual); marital
status (married/living as married, separated/divorced,
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single/widowed); menopausal status (premenopau-
sal, postmenopausal); number of children (continu-
ous); prevalence of cardiovascular disease, cancer, or
diabetes at recruitment (yes, no); physical activity in
hours per day (continuous); smoking status (current,
former, never); alcohol consumption (> 1/week, < 1/
week, never); BMI (continuous); and any nutritional
supplement use (yes, no). The DAG and definitions of
confounders are given in Additional file 1: Supplemen-
tary methods, Table S3, and Fig. S2. The proportional
hazards assumption was assessed based on Schoen-
feld residuals and was not violated for all terms in the
adjusted model.

To determine the role of BMI as a potential effect
modifier, we added dichotomized BMI level (< 23.5, >
23.5 kg/m?) to the adjusted model as an interaction term
with each diet group, with these cut-off points defined
to ensure a similar number of participants in each stra-
tum. We also added individual BMI (continuous per kg/
m? increase) to the adjusted model as an interaction term
with each diet group and omitted BMI from the adjust-
ment set for that analysis. Further exploratory analyses
included testing for interaction effects with each diet
group for menopausal status (premenopausal, postmen-
opausal), physical activity level (< 150 minutes/week,
> 150 min/week), age (< 60, > 60 years), SES (routine/
manual, intermediate, professional/managerial), smoking
status (current, former, never), and use of any nutritional
supplements (yes, no). In each exploratory subgroup
analysis, the potential effect modifier was omitted from
the relevant adjustment set.

We explored the effect of potential mediators by fur-
ther adjusting the adjusted model for each mediator
independently. Potential mediators were total energy
intake and intake of protein, calcium, vitamin D, vitamin
B12, monounsaturated fatty acids (MUFA), polyunsatu-
rated fatty acids (PUFA), and zinc from dietary sources
only (not including supplemental sources). An adjusted
model with BMI removed from the adjustment set is also
presented to determine its influence on any associations.

As a sensitivity analysis, we explored the risk of hip
fracture in vegans compared to meat-eaters by fitting the
adjusted model with vegetarians and vegans separated.
Additional sensitivity analyses were as follows: excluding
participants with a survival time < 5 years to check for
reverse causation, excluding participants on long-term
treatment for illness, and further adjusting for hormone
replacement therapy (HRT) and prevalence of fracture
at sites other than the hip at recruitment (identified in
hospital episode statistics), respectively, since these are
known risk factors for hip fracture [32]. Participants with
missing data for a variable required in a given analysis
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were excluded from that analysis. We did not impute
missing covariate data. All statistical analyses were per-
formed using Stata (version 17).

Results

Participants

Of the 30,244 women potentially eligible at recruit-
ment, those with missing covariate data for body
weight (n = 596), height (n = 649), ethnicity (n =
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811), physical activity (» = 1561), marital status (n =
460), SES (n = 331), or menopausal status (n = 309)
were excluded, leaving 26,318 women for unadjusted
and adjusted analyses. The study flow chart is given in
Additional file 1: Fig. S1.

Descriptive data
Characteristics of the 26,318 cohort participants at
recruitment are summarised by diet group in Table 1.

Table 1 Characteristics of 26,318 UKWCS participants at recruitment by diet group

Characteristics, mean (SD) or n (%) Total Diet group
Regular meat-eater Occasional meat-eater Pescatarian Vegetarian
Participants (%) 26,318 13,984 (46.2) 8000 (26.5) 3867 (12.8) 4393 (14.5)
Cases (%) 822 (3.1) 394 (3.2) 247 (3.6) 80 (2.4) 101 (2.6)
Socio-demographics
Age, years (SD) 52.1(9.2) 533(9.2) 53.2(94) 497 (8.5) 483 (8.2)
Degree-level education (%) 6502 (26.8) 2306 (20.7) 1780 (28.2) 1143 (35.9) 1273 (35.1)
Socioeconomic status (%)
Professional or managerial 19,057 (72.4) 8518 (69.7) 5120 (74.2) 2576 (76.3) 2843 (74.5)
Intermediate 2440 (9.3) 1117(9.1) 694 (10.1) 270 (8.0) 359 (94)
Routine or manual 4821 (18.3) 2586 (21.2) 1088 (15.8) 531(15.7) 616 (16.1)
Married (%) 20,268 (77.0) 10,103 (82.7) 5007 (72.5) 2432 (72.0) 2726 (714)
White ethnicity (%) 25,992 (98.8) 12,139 (99.3) 6820 (98.8) 3331 (98.6) 3702 (97.0)
Lifestyle
Exercise (h/day) 0.2 (0.5) 0.2(0.5) 0.2 (04) 0.3(0.5) 0.3(0.5)
Smoking status (%)
Current 3513(133) 1678 (13.7) 921 (13.3) 448 (13.3) 466 (12.2)
Former 7947 (30.2) 3519 (28.8) 2078 (30.1) 1161 (34.4) 1189 (31.1)
Never 3110(11.8) 7024 (57.5) 3903 (56.5) 1768 (52.4) 2163 (56.7)
Alcohol consumption (%)
> 1 serving/week 13,918 (52.9) 6798 (55.6) 3548 (51.4) 1830 (54.2) 1742 (45.6)
< 1 serving/week 9290 (35.3) 4276 (35.0) 2471 (35.8) 1145 (33.9) 1398 (36.6)
Never 3110(11.8) 1147 (94) 883 (12.8) 402 (11.9) 678 (17.8)
Nutritional supplementation (%) 14,009 (53.2) 5902 (48.3) 3881 (56.2) 2070 (61.3) 2156 (56.5)
Anthropometrics
BMI, kg/m? (SD) 244 (4.2) 253 (4.5) 24.1(39) 233(35) 233339
Height, m (SD) 1.6 (0.1) 1.6 (0.1) 1.6 (0.1) 1.6(0.1) 1.6 (0.1)
Dietary nutrient intakes
Energy intake, kcal/day (SD) 2300 (654.8) 2445 (640.3) 2069 (605.9) 2294 (656.3) 2259 (658.2)
Protein intake, g/day (SD) 88.1(26.3) 100.9 (24.8) 77.5(21.3) 79.6 (23.1) 74.0 (22.3)
> 0.75 g protein/kg body weight/day (%) 24,837 (94.4) 12,067 (98.7) 6262 (90.7) 3116(92.3) 3392 (88.8)
Calcium intake, mg/day (SD) 1135 (365.4) 1163 (344.6) 1060 (356.3) 1183 (395.0) 1138 (398.0)
Vitamin D intake, ug/day (SD) 3.1(1.7) 36(1.6) 29(1.6) 3.1(1.8) 1.9(1.1)
Vitamin B12 intake, pg/day (SD) 25(1.2) 7529 5122 43(2.0) 25(1.2)
Others
Premenopausal (%) 11,707 (44.5) 7521 (61.5) 4114 (59.6) 1531 (45.3) 1445 (37.8)
Postmenopausal (%) 14,611 (55.5) 4700 (38.5) 2788 (40.4) 1846 (54.7) 2373 (62.2)
> 1 children (%) 20,723 (78.7) 10,263 (84.0) 5324 (77.1) 2468 (73.1) 2668 (69.9)
Prevalence of CVD, cancer, or diabetes (%) 2388 (9.1) 1250(10.2) 664 (9.6) 252 (7.5) 222 (5.8)

SD standard deviation, SES social economic status, BM/ body mass index
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Diet group Cases/participants  Person years Unadjusted HR (95% Cl) Multivariable-adjusted HR (95% CI)
T r
Regular meat-eater 394/12221 252610 : :
Occasional meat-eater 247/6902 145639 - 1.03 (0.88, 1.21) - 1.00 (0.85, 1.18)
Pescatarian 80/3377 74077 —_ 1.04 (0.81, 1.34) — 0.97 (0.75, 1.26)
Vegetarian 101/3818 84042 : —_—— 1.40 (1.11, 1.78) :—0— 1.33(1.03, 1.71)
T 1 | —
5 15 2 5 15 2

Fig. 1 Risk of hip fracture in occasional meat-eaters, pescatarians, and vegetarians compared to regular meat-eaters in the UKWCS. The
multivariable-adjusted model was adjusted for the following (all at recruitment): ethnicity (white, Asian, black, other); socio-economic status
(professional/managerial, intermediate, routine/manual); marital status (married/living as married, separated/divorced, single/widowed);
menopausal status (premenopausal, postmenopausal); number of children (continuous); prevalence of cardiovascular disease, cancer, or diabetes
(yes, no); physical activity in hours per day (continuous); smoking status (current, former, never); alcohol consumption (> 1/week, < 1/week, never);
BMI (continuous); and any nutritional supplement use (yes, no). HR (95% Cl), hazard ratio (95% confidence interval)

Over a median follow-up time of 22.3 years, 822 hip
fracture cases were observed (556,331 person-years),
corresponding to 3.1% of the cohort. On average, at
recruitment, pescatarians and vegetarians were younger
than regular meat-eaters, reported higher education lev-
els, were more likely to have professional or managerial
jobs and less likely to have routine or manual jobs, and
were less likely to be married or have any children. BMI
was lower in vegetarians (mean (standard deviation, SD)
23.3 (3.9 kg/m?)) and pescatarians (23.3 (3.5 kg/m?)) than
in regular meat-eaters (25.2 (4.4 kg/m?). Prevalence of
CVD, cancer, or diabetes at recruitment was highest in
regular meat-eaters (n = 1250 (10.2%)), and lowest in
vegetarians (222 (5.8%)). Exercise and smoking habits
were similar across diet groups, but a higher proportion
of vegetarians reported never drinking alcohol than all
other diet groups. Regular meat-eaters reported the high-
est absolute dietary intakes of protein, vitamin D, and
vitamin B12, whilst vegetarians reported the lowest. Cal-
cium intakes were similar across the diet groups. Other
food and nutrient intakes in each diet group are sum-
marised in Additional file 1: Table S4. Characteristics of
the cohort at recruitment were similar when including

or restricting to participants with missing covariate data
(Additional file 1: Table S5).

Diet groups

Compared with regular meat-eaters, vegetarians (HR
1.40 (95% CI 1.11, 1.78)) but not occasional meat-eaters
(1.03 (0.88, 1.21)) or pescatarians (1.04 (0.81, 1.34)) had
a greater risk of hip fracture in the unadjusted model
(Fig. 1). Adjustment for confounders slightly attenuated
these associations in the adjusted model, but the higher
risk in vegetarians remained and was statistically signifi-
cant (vegetarians 1.33 (1.03, 1.71); occasional meat-eaters
1.00 (0.85, 1.18); pescatarians 0.97 (0.75, 1.26)).

Subgroup analyses

Whilst the risk of hip fracture was 46% higher in partici-
pants with BMI < 23.5 kg/m? compared to BMI > 23.5
kg/m?, there was no evidence of effect modification by
BMI on hip fracture risk in each diet group when BMI
was modelled categorically (p-interaction = 0.3) or lin-
early (p-interaction = 0.6) (Table 2). There was also no
evidence of effect modification in any diet group by age,
physical activity, nutritional supplementation, SES, or

Table 2 Risk of hip fracture in occasional meat-eaters, pescatarians, and vegetarians compared to regular meat-eaters by BMI in the

UKWCS

Stratifying variable

n cases/participants, adjusted HR (95% Cl)

BMI <23.5 kg/m? > 23.5 kg/m? p interaction
Regular meat-eaters (reference) 161/4927 1.00 233/7294 1.00
Occasional meat-eaters 123/3554 0.96 (0.75,1.21) 124/3348 1.05(0.84,1.31)
Pescatarians 50/2075 0.90 (0.65, 1.25) 30/1302 1.06 (0.71, 1.60)
Vegetarians 72/2338 149 (1.10,2.03) 29/1480 1.02 (0.66, 1.58) 0.3

Models were adjusted for the following (all at recruitment): ethnicity (white, Asian, black, others); socio-economic status (SES, professional/managerial, intermediate,
routine/manual); marital status (married/living as married, separated/divorced, single/widowed); menopausal status (premenopausal, postmenopausal); number

of children (continuous); prevalence of cardiovascular disease, cancer, or diabetes (yes, no); physical activity in hours per day (continuous); smoking status (current,
former, never); alcohol consumption (> 1/week, < 1/week, never); BMI (continuous), and any nutritional supplement use (yes, no)

HR (95% Cl) hazard ratio (95% confidence interval), BMI body mass index
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smoking status (Additional file 1: Table S6). There was
some evidence of effect modification by menopausal sta-
tus, where occasional meat-eaters were at a reduced risk
of hip fracture in premenopausal women only (0.43 (0.21,
0.86), p-interaction = 0.05).

Sensitivity analyses

The risk of hip fracture appeared higher without adjust-
ment for BMI in vegetarians (1.43 (1.12, 1.83); Table 3).
Further adjusting the adjusted model for dietary vita-
min D intake in vegetarians increased the magnitude
of the association with hip fracture risk (1.44 (1.10,
1.87)), whilst further adjustment for dietary MUFA
intake increased the strength of associations for occa-
sional meat-eaters (1.07, 0.90, 1.27)) and vegetar-
ians (1.39 (1.08, 1.79)) (Table 3). Further adjustment for
total energy intake and dietary intake of protein, cal-
cium, vitamin B12, and PUFAs did not alter the results
substantially.

All adjusted results were robust to the addition or
removal of other individual covariates from the model,
with estimates remaining broadly unchanged across most
sensitivity analyses (Additional file 1: Table S7). Exclu-
sion of participants on long-term treatment for illness
slightly increased the magnitude of associations in all
diet groups (occasional meat-eaters 1.09 (0.88, 1.37); pes-
catarians 1.08 (0.78, 1.50); vegetarians:1.48 (1.07, 2.04)).
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Considering vegetarians (96 cases/3688 participants) and
vegans (5 cases/130 participants) separately did not sub-
stantially alter the estimates in vegetarians (vegetarians
1.38 (1.07, 1.78) and vegans 1.10 (0.42, 2.84)).

Discussion

Principal findings

Vegetarians but not occasional meat-eaters or pescatar-
ians were at a higher risk of hip fracture than regular
meat-eaters in this cohort of UK women. There was no
clear evidence of effect modification by BMI across diet
groups. The risk differences remained after accounting
for confounders and were not explained by differences in
key nutrient intakes related to bone health between veg-
etarians and regular meat-eaters, implying the potential
importance of other unaccounted factors.

Comparison with previous studies

Prospective evidence of hip fracture risk in individuals
on meat-free diets is limited. Our findings largely concur
with the results of the only other two cohort studies on
this topic [8, 9], strengthening the evidence of a higher
risk of hip fracture in UK vegetarian women.

In the EPIC-Oxford cohort, there was evidence of
a higher risk of hip fracture in vegetarian women of a
similar magnitude (25%) [8]. The slightly higher effect
estimate in our study (33%) may be due to our reference

Table 3 Risk of hip fracture in occasional meat-eaters, pescatarians, and vegetarians compared to regular meat-eaters in the UKWCS,

with varying levels of adjustment

Model =+ further adjustments HR (95% CI) per diet group

Regular meat-eaters

Occasional meat-eaters

Pescatarians Vegetarians

(reference)

Model 12 1.00 1.03 (0.88,1.21) 1.04 (0.81,1.34) 140(1.11,1.78)
Model 2° 1.00 1.00(0.85, 1.18) 0.97 (0.75, 1.26) 1.33(1.03,1.71)
Model 2 — BMI 1.00 1.05 (0.89, 1.24) 1.05 (0.81,1.35) 143(1.12,1.83)
Potential mediators 1.00

Model 2 + total energy 1.00 1.05 (0.89, 1.24) 0.99(0.76, 1.28) 1.36 (1.06, 1.75)
Model 2 + dietary protein 1.00 1.03 (0.86, 1.23) 0.99 (0.76, 1.29) 1.36(1.05, 1.78)
Model 2 + dietary calcium 1.00 1.01(0.86, 1.20) 0.97 (0.75, 1.25) 133(1.04,1.72)
Model 2 + dietary vitamin D 1.00 1.03(0.87,1.22) 0.99 (0.77,1.29) 144 (1.10,1 87)
Model 2 + dietary vitamin B12 1.00 1.01(0.85,1.22) 0.98 (0.75, 1.30) 1.36(1.01,1.82)
Model 2 + dietary MUFA 1.00 1.07 (0.90, 1.27) 00 (0.77, 1.30) 1.39(1.08, 1. 79)
Model 2 + dietary PUFA 1.00 1.03 (0.87,1.21) 0.96 (0.74,1.24) 1.32(1.02,1.69)
Model 2 + dietary zinc 1.00 1.01(0.85,1.21) 0.97(0.75,1.27) 1.34(1.03,1.73)

HR (95% Cl) hazard ratio (95% confidence interval), MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids

2 Model 1 included 26,318 participants and was unadjusted

b Model 2 included 26,318 participants and was adjusted for ethnicity (white, Asian, black, other), socio-economic status (SES, professional/managerial, intermediate,
routine/manual), marital status (married/living as married, separated/divorced, single/widowed), menopausal status (premenopausal, postmenopausal), number of

children (continuous), chronic disease prevalence at baseline (yes, no—including stroke, cancer, or diabetes), physical activity in hours per day (continuous), smoking
status (current, former, never), alcohol consumption (> 1/week, < 1/week, never), body mass index (BMI, continuous), and any nutritional supplement use (yes, no). All
other models were based on the 26,318 participants in model 2
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group being regular meat-eaters, whereas the reference
group in the EPIC-Oxford cohort was meat-eaters of
any amount. The AHS-2 also found limited evidence of
a 17% higher risk of hip fracture in US vegetarian women
[9]. Differences in estimates between the AHS-2 and our
results may be due to the different adjustment strate-
gies when accounting for confounders; in the AHS-2,
attained age was used as the time frame, and adjustment
was made for age and energy, calcium, potassium, and
vitamin D intakes at recruitment amongst other factors.
This may have resulted in overadjustment and adjust-
ment for factors potentially on the causal pathway, dilut-
ing risk estimates. The AHS-2 also relied on self-report
for case ascertainment. We identified hip fracture cases
using participants’ hospital episode statistics, which
incurs less reporting error and selective loss to follow-up.
We found no clear evidence of a difference in hip fracture
risk in pescatarians or occasional meat-eaters (ate meat
< 5 times/week) compared to regular meat-eaters. Simi-
larly, in the AHS-2, there was no clear evidence of a dif-
ference in hip fracture risk in semi-vegetarian (ate meat
or fish < once/week) or pescatarian women compared to
non-vegetarians [9]. In contrast, the EPIC-Oxford cohort
study found a 30% increased risk in pescatarian women,
potentially due to population differences between EPIC-
Oxford and the UKWCS, different intakes of fish or
other dietary components, or other sources of residual
confounding in either study [8]. Both the EPIC-Oxford
and AHS-2 cohort studies reported higher risks of hip
fracture in vegans compared to meat-eaters [8, 9]. Due
to the low number of vegans in the UKWCS, we could
not precisely estimate their risk of hip fracture separate
from the vegetarian group. Since vegans may face greater
challenges in achieving adequate intake of several nutri-
ents, in particular protein and calcium [6], cohort studies
with a high proportion of vegans are needed investigating
their risk of hip fracture.

Other epidemiological studies have found that adher-
ence to diets low in meat consumption, such as the
Mediterranean diet and Alternative Healthy Eating
Index, was protectively associated with hip fracture risk
[33, 34], and adherence to Western diets in which meat
consumption is high was positively associated with hip
fracture risk [35]. Conversely, total meat intake has been
inversely associated with hip fracture risk [21]. These
results cannot be fairly compared with risks in vegetar-
ians and non-vegetarians, which no other study has
directly assessed.

Interpretation and implications

The observed higher risk of hip fracture in vegetarians
compared to regular meat-eaters may be partly explained
by the differences in body anthropometrics between the
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diet groups. Whilst there was no clear evidence of BMI
modifying associations between diet groups and hip
fracture risk, the lower mean BMI in vegetarians partly
explained their higher risk. Previous studies have shown
BMI and body weight to be lower in vegetarians [26,
36], and inversely associated with hip fracture risk [24,
37]. Possible mechanisms include the protective roles of
bone mass, fat mass, and muscle mass, which have each
been inversely associated with hip fracture risk indepen-
dently [38]. Inadequate fat mass may reduce cushioning
from impact force at the hip during falls, which account
for 90% of hip fractures [39]. Higher fat mass could also
increase bone strength through increased mechani-
cal loading and enhanced oestrogen production [38].
Low muscle mass and strength of the hip flexor mus-
cles and spine extensors have also been associated with
an increased risk of hip fracture [40], possibly due to
reduced balance and mobility. Weight management may
therefore be an important consideration in reducing
hip fracture risk in vegetarians, but further research is
required to explore the roles of BMI and body composi-
tion in hip fracture risk in vegetarians and meat-eaters.

A second potential reason for the higher risk of hip frac-
ture in vegetarians is their lower intake of nutrients impor-
tant to bone health that are abundant in animal products.
Previous studies have found lower dietary intakes of pro-
tein, calcium, vitamin D, and vitamin B12 in vegetarians
[6, 22], and have suggested protective associations of these
nutrients with hip fracture risk [6, 41, 42]. In our study,
vegetarians had lower dietary intakes of protein, vitamin
D, and vitamin B12, but similar dietary calcium intakes to
other diet groups. In particular, vegetarians were less likely
to meet the UK recommendation for protein intake in
adults of 0.75 g/kg body weight/day than regular meat-eat-
ers (88.8% vs 98.3%) [43], but the higher risk of hip fracture
in vegetarians was not explained by any dietary nutrient
intake. It is likely that measurement error incurred by esti-
mating nutrient intakes from an FFQ precluded accurate
estimation of the importance of nutrients from dietary
sources to hip fracture risk in vegetarians.

Since the higher risk of hip fracture in vegetarians
remained after adjustment for BMI and several dietary
nutrient intakes, other factors may be important. Supple-
mental sources of specific nutrients and circulating vita-
min D concentrations could differ between vegetarians
and non-vegetarians and may impact the risk of hip frac-
ture [9, 44] but could not be accounted for in this analy-
sis due to a lack of data. Circulating levels of insulin-like
growth factor-1 (IGF-1) may also be lower in vegetarians
than in non-vegetarians [45] and have been positively
associated with BMD and negatively associated with risk
of total fracture and hip fracture [46], but could not be
considered here. Future studies should investigate the
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roles of IGF-1 and nutrients abundant in animal products
on hip fracture risk in vegetarians to better understand
the reasons for their observed higher risk.

Strengths and limitations

This study has three main strengths. Firstly, the large
number of pescatarians and vegetarians included gave
good statistical power to estimate their risk of hip frac-
ture. Secondly, the identification of hip fractures based
on hospital records over a long follow-up period reduced
reporting errors and loss to follow-up. Finally, we classi-
fied subjects into diet groups based on reported intakes
of animal foods using a validated FFQ, which may more
accurately allocate participants into diet groups than ask-
ing participants to identify their diet group.

On average, UKWCS participants were younger by
end of follow-up than the average age at hip fracture in
women (83 years) [47], limiting the number of hip frac-
tures observed. Moreover, high-energy trauma may
account for more hip fractures in younger adults, whereas
fragility hip fractures are more common in older adults
[48]. We could not distinguish between traumatic and
fragility fractures here since information on the cause
of hip fractures was not available. We had insufficient
power to detect effect modification by covariates in sub-
group analyses. For BMI, the strong correlation with the
diet group meant that the number of vegetarians with a
high BMI or regular meat-eaters with a low BMI was low.
Moreover, BMI was derived from self-reported height
and body weight, implying a possible measurement error.
Investigation of hip fracture risk in underweight partici-
pants by diet group was also not possible but merits fur-
ther investigation.

Women with missing covariate data (n = 3926) were
excluded from the analyses in this study, which intro-
duced a risk of selection bias. However, the magnitude
of any selection bias is unlikely to be clinically sig-
nificant, given that the characteristics of participants
included or excluded in analyses here at recruitment
were similar (Additional file 1: Table S5). Although we
adjusted for likely confounders, residual confounding
was possible. For example, we could not adjust for the
use of medications that could impact the associations
between the diet groups and hip fracture risk due
to a lack of data. The risk of hip fracture could dif-
fer between moderate and heavy consumers of alco-
hol [20], but we were unable to differentiate between
these groups when adjusting for alcohol consumption.
In addition, the exclusion of participants with prior
hip fractures was likely an incomplete exclusion, since
hospital data of fracture incidences before 1997 was
not available, and the questionnaire did not ask about
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fracture history. The single questionnaire adminis-
tered at recruitment was the only method of assess-
ing diet and lifestyle information; therefore, we could
not account for changes in the diet group or covari-
ates over time. Additionally, food and nutrient intake
in vegetarians in recent years could differ from when
data were collected at recruitment due to changes
over the last two decades in the availability of vegetar-
ian food products, such as increases in the number of
available meat substitute products [49]. Consequently,
the generalisability of our findings to modern-day
vegetarians is reduced. Our findings were also pre-
dominantly in white UK women; previous studies have
shown that total fracture risk could depend on ethnic-
ity [50]; therefore, more research is needed investigat-
ing hip fracture risk in non-European vegetarians and
non-vegetarians.

Conclusion

Overall, vegetarians but not occasional meat-eaters or
pescatarians were at a higher risk of hip fracture com-
pared to regular meat-eaters in this cohort of UK women.
Further research is needed to confirm this in other popu-
lations, such as men and non-European populations, and
to identify the factors responsible for the observed risk
difference. In particular, further research exploring the
roles of BMI and nutrients abundant in animal-sourced
foods is recommended so that public health interven-
tions and policy guidelines aiming to reduce hip frac-
ture risk in vegetarians through dietary change or weight
management can be formed.
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