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A B S T R A C T   

Falls and osteoporotic fractures are a major public health problem, particularly among older adults. A third of 
individuals aged 65 years and over fall at least once each year, with up to 20 % of these resulting in serious 
injury, including fracture. In conjunction with regular exercise, the importance of diet for musculoskeletal health 
has largely focused upon calcium, vitamin D, and protein, particularly in the context of preventing falls and 
fractures. Whilst there is evidence for the benefits of these nutrients for musculoskeletal health, other aspects of 
the diet remain largely underexplored. For example, vegetables are rich sources of macro- and micronutrients 
that are essential for muscle function and bone health, which are key factors in the prevention of falls and 
fractures. Recent work has highlighted the importance of nutrients such as vegetable-derived nitrate and vitamin 
K1 in optimising muscle strength, physical function, and bone quality. In the context of dietary patterns, vegan/ 
plant-based diets have recently gained popularity due to perceived health benefits, animal welfare, or to tackle 
climate change. The elimination and/or substitution of animal-based products for plant foods (without careful 
planning and/or expert dietary guidance) could, however, have long-term negative musculoskeletal conse-
quences; a trend uncovered by recent evidence. Within the overarching theme of nutrition for fall and fracture 
prevention in older populations, the aim of this review is to (i) summarise the current evidence for calcium, 
vitamin D and protein; (ii) describe the importance of vegetables and selected nutrients, such as nitrate and 
vitamin K1, for muscle function and bone structural integrity; and (iii) highlight current evidence around 
different dietary patterns (e.g., plant-based, diet quality, data driven approaches) and their impact on muscu-
loskeletal health.   

1. Introduction 

There are physiological decreases in muscle function and bone 
strength with age. In conjunction with other risk factors (e.g., compro-
mised vision, chronic disease) this contributes towards an individual’s 
propensity to fall and fracture (Montero-Odasso et al., 2022; Ambrose 
et al., 2013). Close to a third of individuals aged 65 years and over fall at 
least once each year, with fracture being a major consequence. It has 
been estimated that up to 95 % of hip fractures result from falls (Stevens 
and Olson, 2000). Falls and related injuries are clearly a significant 
global public health problem (James et al., 2020; Wu et al., 2021), with a 

large economic burden to healthcare systems. In 2015 in the United 
States, medical costs attributed to falls among older adults were esti-
mated to be $50 billion, and this number is set to increase over the next 
decade with an aging population (Florence et al., 2018). Fall-related 
injuries have serious long-term consequences, including increased 
disability, loss of independence, reduced quality of life and mortality 
(James et al., 2020; Wu et al., 2021). There is a clear need to promote 
primary prevention strategies to support musculoskeletal health across 
the life-course and reduce the burden and morbidity of falls and frac-
tures in older adults. 

Risk factors for falls and fractures are multifactorial, including 
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various modifiable and non-modifiable factors. Notably, low bone 
mineral density (BMD) is a strong predictor of fracture risk, whilst 
muscle weakness and reduced physical function increase risk of falls and 
fractures (Montero-Odasso et al., 2022). Healthy lifestyle behaviours, 
such as regular exercise and maintaining a well-balanced diet, play an 
important role in optimising musculoskeletal health (Daly et al., 2014; 
Rizzoli et al., 2021). There is strong evidence that exercise, specifically 
resistance and balance exercise, can reduce the risk of falls and fractures 
(Sherrington et al., 2017; de Souto et al., 2019; Hoffmann et al., 2022). 
Calcium, vitamin D and protein are often recommended to support bone 
and muscle health, and there is growing evidence that a wider range of 
nutrients could also play an important role. The 2022 World Guidelines 
for Falls Prevention and Management for Older Adults also recommends, 
in addition to traditional fall assessments, a nutritional assessment, 
including a review of vitamin D status and protein intake (Montero- 
Odasso et al., 2022). Less information regarding diet is, however, 
available in other areas, such as vegetables and their nutrients, and the 
implication of different dietary patterns for musculoskeletal outcomes. 
As such, the aim of this review is to (i) summarise the latest evidence for 
calcium, vitamin D and protein; (ii) describe the importance of vegeta-
bles and selected nutrients, such as nitrate and vitamin K1, for muscu-
loskeletal health; and (iii) highlight current evidence around different 
dietary patterns (e.g., plant-based, diet quality, data driven approaches) 
and their impact on musculoskeletal health. 

2. Vitamin D & calcium 

Vitamin D and calcium work together synergistically to promote 
musculoskeletal health (Ringe, 2012). Vitamin D is essential for the 
intestinal absorption of calcium, as an active vitamin D metabolite 
(1,25-dihydroxyvitamin D; 1,25[OH]2D) binds to the vitamin D recep-
tor in the intestinal cell, thereby enabling the active calcium transport 
from the intestine to the circulation (Lips, 2012). The International 
Osteoporosis Foundation defines vitamin D deficiency and insufficiency 
as a circulating vitamin D (25OHD) level of <50 nmol/l (<20 ng/ml) 
and 50 to 74 nmol/l (20–29 ng/ml) (International Osteoporosis Foun-
dation, 2023). This is supported by the Institute of Medicine indicating 
that 25OHD levels above 50 nmol/l would protect 97.5 % of the popu-
lation against adverse musculoskeletal outcomes such as falls and frac-
tures (Institute of Medicine, 2010). Notably, both the Endocrine Society 
and the International Osteoporosis Foundation recommend targeting a 
higher circulating 25OHD level of 75 nmol/l in older adults (Dawson- 
Hughes et al., 2010; Holick et al., 2011). The recommended daily intake 
(RDI) for vitamin D and calcium are 600–800 IU (15–20 μg) (Holick 
et al., 2011; Lips et al., 2010) and 1000–1200 mg (Lips et al., 2010; 
Cormick and Belizán, 2019) for older adults. Dietary vitamin D only 
accounts for ~10–20 % of 25OHD, with the majority (~80–90 %) being 
generated via endogenous skin synthesis resulting from direct sun 
exposure (Herrmann et al., 2017). Consequently, the amount of dietary 
vitamin D required likely differs based upon sun exposure due to 
geographic location and can also be influenced by seasonal changes 
(summer vs. winter) and skin pigmentation. Specifically, melanin 
pigment reduces the ultraviolet radiation available for 25OHD synthesis 
in the skin. In terms of sex differences, studies regarding differences in 
25OHD levels between males and females are inconsistent, and are most 
likely influenced by geographic location (Wierzbicka and Oczkowicz, 
2022). When considering the RDI for calcium, this can easily be ach-
ieved by consuming a cup of milk (~276 mg) and yoghurt (~338 mg), 
with half a cup (~60 g) of cheese (~438 mg) each day. Comparatively, a 
single 75 g serve of vegetables would provide substantially less calcium. 
For example, one serve of spinach, kale and broccoli provide ~108 mg, 
~41 mg or ~ 30 mg of calcium. Of importance, yoghurt, milk, tofu and 
Chinese cabbage (Bok Choy) represent good sources of calcium with 
higher absorption rates, as described in detail (Titchenal and Dobbs, 
2007). 

Suboptimal circulating 25OHD may have an indirect impact on bone 

by contributing to a reduction in absorption of ingested calcium, which, 
in turn, can result in low serum calcium levels. Such events may elicit an 
increase in parathyroid hormone (PTH) secretion, which acts to regain 
calcium homeostasis by resorbing mineralised bone (Ringe, 2012). Over 
time, this can lead to reduced bone mineral density (BMD) as bone 
formation is unable to equal rates of resorption, thus increasing the risk 
of osteoporosis and fractures (Lips et al., 2010; Ceglia and Harris, 2013). 
Adequate circulating 25OHD and calcium levels are not only important 
for bone health, but also play an important role in muscle physiology 
and function (see Lewis et al., 2019 for review). Vitamin D insufficiency 
is associated with impairments in physiological and neuropsychological 
function thus affecting muscle strength, balance and function, all of 
which increase the risk of falls in older adults (Ceglia and Harris, 2013; 
Bischoff-Ferrari, 2009; Bischoff-Ferrari, 2012; Pfeifer et al., 2002; 
Remelli et al., 2019). Vitamin D supplementation is a common strategy 
to improve 25OHD status, but the greatest benefits for muscle function 
appear to be in deficient persons (25OHD <40 nmol/l), with a lack of 
benefit in those with sufficient 25OHD (≥75 nmol/l) (Dawson-Hughes, 
2017). This is an important consideration when interpretating nutrition- 
related interventions, where the greatest (or any) benefits are likely to 
be observed when intake is inadequate, or a deficiency exists. Nutri-
tional supplementation is unlikely to result in further improvements 
once RDIs are met and maintained. 

The importance of maintaining adequate 25OHD was also demon-
strated in 1348 community-dwelling older women (~75 years of age) 
from Western Australia (latitude 32◦S, which is typically associated with 
higher sun exposure). Circulating 25OHD of ≥75 nmol/l, independent of 
total daily calcium intake, was associated with better physical function 
(6 % faster timed-up-and-go [TUG]), higher hip and femoral neck BMD 
(3.3 % and 3.9 %), as well as a lower risk for a fall (24 %) (Sim et al., 
2021a) and fracture (30 %) that required hospitalization (Zhu et al., 
2019), compared to women with low 25OHD (<50 nmol/l). In addition 
to attaining adequate sun exposure, this highlights the benefit of 
consuming whole foods rich in vitamin D and calcium (e.g., dairy 
products) for musculoskeletal health (Li et al., 2021). This is supported 
by a recent dairy supplementation cluster randomised controlled trial 
reporting lower fall (11 %) and fracture (33 %) risks in 7920 adults (68 
% female, mean age ~ 86 years) residing across 60 aged-care facilities 
over two years (Iuliano et al., 2021). The additional supplementation of 
dairy through milk, yoghurt and cheese ensured residents attained a 
total daily intake of ~1142 mg of calcium and 69 g (1.1 g/kg body 
weight) of protein. Further, a Bayesian meta-analysis including nine 
studies reported that compared to those consuming dairy products, in-
dividuals following a vegan diet had 6 % (95 % CI 2–9 %) lower BMD at 
the hip and spine (which we discuss in subsequent sections) (Ho-Pham 
et al., 2009). This effect on BMD was more pronounced among vegans 
than among vegetarians who consume dairy and eggs (Ho-Pham et al., 
2009). To this end, a whole foods approach should be promoted where 
possible as it provides other nutrients such as protein that is found in 
many vitamin D and calcium-rich foods (dairy, eggs, oily fish, etc.) 
(Geiker et al., 2020); a factor often overlooked in single (often phar-
maceutical) nutrient trials. 

3. Protein 

In addition to calcium and vitamin D, protein has been established as 
an important contributor to musculoskeletal health (Iuliano et al., 2021; 
Deutz et al., 2014). Well recognised for its effects on muscle, protein has 
also been shown to be important for bone health (Kagawa et al., 1980; 
Kerstetter et al., 2011). Dietary protein intake guidelines globally typi-
cally recommend adults consume 0.8–1.0 g/kg body weight daily 
(United States Department of Agriculture (USDA) and United States 
Department of Health and Human Services, 2020; National Health and 
Medical Research Council, 2006; World Health Organisation, 2007), 
although it is becoming increasingly clear that older adults require a 
higher amount (~1.0–1.5 g/kg/day) to help optimally preserve muscle 
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(Deutz et al., 2014; Bauer et al., 2013; Volpi et al., 2013). 
Several recent systematic reviews and meta-analyses have reported 

on the association between or effects of dietary protein intake on BMD 
and fracture risk in healthy adults (Darling et al., 2019; Darling et al., 
2009; Shams-White et al., 2017; Wallace and Frankenfeld, 2017; Wu 
et al., 2015). These analyses reported that protein intake was positively 
associated with BMD for nearly all bone sites (Darling et al., 2009; 
Shams-White et al., 2017), was inversely associated with hip fracture 
risk (11–16 %) (Wallace and Frankenfeld, 2017; Wu et al., 2015), or had 
no association with lumbar spine or femoral neck BMD or osteoporotic 
fracture risk (Darling et al., 2019). Notably, none of these analyses 
suggest any detrimental effects on bone health, at least within the pro-
tein intakes of studies included (typically up to ~1.4 g/kg/day or 110 g/ 
day). It is important to note that the studies included in these meta- 
analyses varied widely in terms of the protein intake of participants, 
the units used to describe protein intake (e.g., absolute grams per day, 
relative to body weight, percentage of daily energy intake), as well as the 
way data was analysed (e.g., protein intake as a continuous variable, 
comparing categories of protein intake), which limits clear interpreta-
tion about optimal protein requirements for bone health and fracture 
prevention. 

Positive effects of dietary protein on bone outcomes appear to be 
dependent upon having sufficient calcium intake (Sahni et al., 2010; 
Dargent-Molina et al., 2008; Dawson-Hughes and Harris, 2002). Among 
3656 men and women (mean age 55 years) from the Framingham 
Offspring Cohort, those with the highest tertile of animal protein intake 
(median 60 g/day) had an 85 % lower hip fracture risk compared with 
the lowest tertile (median 34 g/day; HR 0.15, 95 % CI 0.02–0.92) when 
calcium intake was high (≥800 mg/day), but 184 % higher risk of hip 
fracture (HR 2.84, 95 % CI 1.20–6.74) when calcium intake was low 
(<800 mg/day) (Sahni et al., 2010). In 36,217 postmenopausal women 
from the E3N cohort study, a higher fracture risk was shown for the 
highest quartile of total dietary protein intake (>1.71 g/kg/day; RR 
1.46, 95 % CI 1.03–2.06) compared to the lowest quartile (<1.15 g/kg/ 
day), but only when combined with low calcium intake (lowest quartile; 
<749 mg/day) (Dargent-Molina et al., 2008). A 3-year randomised 
controlled trial comparing calcium citrate malate and vitamin D sup-
plementation to placebo in 342 older adults (≥65 years of age) partially 
supports these findings (Dawson-Hughes and Harris, 2002). The primary 
analyses reported a significant interaction between treatment group 
(supplement or placebo) and protein intake for total body BMD, but not 
femoral neck or lumbar spine BMD. Within the supplemented group, 
participants in the highest tertile of protein intake (20.1 % of total en-
ergy intake) had a greater positive change in femoral neck BMD (~2.5 % 
increase) compared with both the lowest (13.8 % of total energy intake) 
and middle (16.7 % of total energy intake) tertiles (~0.4 % decrease and 
~ 0.3 % increase, respectively), whereas no such differences were 
observed within the placebo group. These within-group results should 
be interpreted with caution given there was no significant interaction at 
the femoral neck and change in lumbar spine BMD did not show a 
consistent pattern across protein intake tertiles. Collectively, the liter-
ature generally supports the recent results from the dairy supplemen-
tation trial (Iuliano et al., 2021) described in the section above. 

Protein intake is proposed to directly influence bone by increasing 
insulin-like growth factor-1 (IGF-1) production (Kerstetter et al., 2011; 
Darling et al., 2009; Calvez et al., 2012; Dawson-Hughes et al., 2004), 
which is suggested to promote bone formation by stimulating osteoblast 
proliferation and differentiation (Darling et al., 2009; Calvez et al., 
2012; Siddiqui and Partridge, 2016; Yakar et al., 2018). An increase in 
IGF-1 with higher protein intake is also suggested to increase circulating 
25OHD levels and to suppress PTH, leading to an increase in intestinal 
calcium absorption and a decrease in bone resorption (Darling et al., 
2009; Bonjour, 2016; Conigrave et al., 2008), and may also play a role in 
osteocytes in mediating the osteogenic response to mechanical stimuli 
(Yakar et al., 2018). Protein may also act upon bone indirectly via its 
effects on muscle (Heaney and Layman, 2008; Wolfe, 2006). Given the 

close anatomical link of bone and muscle, it is suggested that there is an 
increase in the force exerted on bone by muscle contractions when 
muscle mass is higher, therefore providing a greater osteogenic stimulus 
(Wolfe, 2006; Szulc et al., 2005). Furthermore, the inverse association 
between protein intake and fracture risk may also be in part due to 
positive effects on muscle outcomes that could reduce the risk of falls 
(Ambrose et al., 2013; Moreland et al., 2004). 

High dietary protein intakes (~100–180 g/day) can increase urinary 
calcium excretion and decrease urine pH (Calvez et al., 2012), which has 
previously been thought to increase bone resorption, according to the 
acid-ash hypothesis (Calvez et al., 2012; Bonjour, 2013). This has, 
however, been largely dispelled, with no direct evidence of a detri-
mental association between protein intake and BMD or fracture risk. In 
addition, studies using alkalinising diets have not reported any changes 
in bone related outcomes (Calvez et al., 2012; Bonjour, 2013; Rizzoli 
et al., 2018). It is now generally accepted that there are no adverse 
skeletal complications of high protein intakes (typically up to ~1.5 g/ 
kg/day in most studies), and that the consequences of insufficient di-
etary protein are likely more severe than those of excessive protein 
intake (Rizzoli et al., 2018). 

Dietary protein-derived essential amino acids provide an anabolic 
stimulus for muscle protein synthesis (van Vliet et al., 2015a; Witard 
et al., 2016). It has been reported that higher compared to lower dietary 
protein intakes (1.2 g/kg/day vs 0.8 g/kg/day) (Houston et al., 2008) 
and protein supplementation (ranging from 10 to 106 g/day) compared 
to placebo/no supplementation (Gielen et al., 2021; Wirth et al., 2020), 
can attenuate age-related declines in lean mass in middle-aged and older 
adults. Whether dietary protein intake is positively associated with 
muscle strength and function is less clear, with the evidence to date 
suggesting benefits may only be observed when combined with resis-
tance exercise training (Gielen et al., 2021; Nunes et al., 2022). 
Although not the focus of this review, it is critical to acknowledge the 
importance of exercise, specifically progressive resistance training, for 
both muscle and bone health (O’Bryan et al., 2022). The greatest 
musculoskeletal benefits are likely achieved with optimal nutrition 
(including protein) to support the effects of regular exercise (Daly et al., 
2014). In meta-analyses of randomised controlled trials, protein sup-
plementation (typically ranging from 10 to 35 g/day) is shown to 
enhance resistance-exercise induced gains in lean mass (mean difference 
0.3 kg (Morton et al., 2018); standardised mean difference 0.6 (Liao 
et al., 2017) and one-repetition maximum strength (mean difference 2.5 
kg (Morton et al., 2018); standardised mean difference 0.7) among 
healthy adults (Morton et al., 2018) or older adults specifically (Liao 
et al., 2017). There is limited evidence, however, investigating the effect 
of protein intake on falls, with the few prospective studies to date 
generally reporting that protein intake is not associated with falls 
(Larocque et al., 2015; Sandoval-Insausti et al., 2019; Zoltick et al., 
2011). Higher dietary protein intake (mean 1.31 g/kg/d) has, however, 
been shown to preserve lean mass more effectively (mean difference 
0.45 kg, 95%CI 0.20–0.71) than lower protein intake (mean 0.79 g/kg/ 
day) after energy-restriction induced weight loss in adults over 50 years 
of age (Kim et al., 2016). Inverse associations have been reported be-
tween protein intake and risk of falling among older adults following 
unintentional weight loss (Sandoval-Insausti et al., 2019; Zoltick et al., 
2011). 

Differing amino acid profiles in different types of protein are thought 
to have varying effects on muscle protein synthesis, and subsequently 
muscle and bone outcomes (van Vliet et al., 2015a; Gilbert et al., 2011). 
Animal proteins (e.g., dairy, meat, fish, poultry, eggs) contain all 
essential amino acids, whereas many sources of plant protein (e.g., 
vegetables, soybeans, grains, nuts) contain insufficient amounts of some, 
but not all, essential amino acids (van Vliet et al., 2015a; Gilbert et al., 
2011). For example, lysine but not methionine content is particularly 
low in wheat-derived plant proteins, whereas legumes have sufficient 
lysine but are low in methionine (van Vliet et al., 2015a). Therefore, 
consuming greater amounts and a wide variety of plant protein sources 
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together can help improve the protein quality of a plant-based meal by 
providing a more balanced amino acid profile (van Vliet et al., 2015a). 
Further, the digestion and absorption kinetics appear to be lower in 
plant protein as compared with animal-based protein (van Vliet et al., 
2015b), which have also been suggested to be important for muscle (van 
Vliet et al., 2015a; Gilbert et al., 2011). The available evidence in 
middle-aged and older adults does not, however, show any consistent 
differences in the effect of animal or plant protein on lean mass and 
muscle strength (Gilbert et al., 2011; Lim et al., 2021), or falls (Larocque 
et al., 2015; Zoltick et al., 2011). Most intervention studies provided 
animal protein to their participants, limiting the ability for meta- 
analyses to compare the effects of animal and plant protein on muscle 
outcomes (Wirth et al., 2020; Nunes et al., 2022). Whether the effects on 
bone and fracture differ by protein type also remains unclear. A meta- 
analysis comparing animal and plant protein for bone outcomes in 
healthy adults reported no differences between protein type on BMD at 
any site, although the quality of evidence was limited, largely due to 
only 2–4 studies being included in the analysis for each bone site 
(Shams-White et al., 2018). While sub-group analyses from previous 
meta-analyses have also consistently shown no differences in the effects 
of animal and plant protein intakes on bone health outcomes (Darling 
et al., 2019; Darling et al., 2009; Wallace and Frankenfeld, 2017; Wu 
et al., 2015), these results are also limited by the small number of 
included studies reporting outcomes based on protein type. Overall, 
achieving the total recommended daily protein (1.2–1.5 g/kg) and cal-
cium (1000–1200 mg) intakes from a variety of sources as part of a 
balanced diet, appears optimal for musculoskeletal health (e.g., BMD, 
lean mass, fracture risk) in older adults. 

4. Vegetables to support muscle and bone health: is nutrient 
diversity key? 

Despite the benefits of greater vegetable intake for cardiovascular 
health being studied extensively (see Blekkenhorst et al., 2018 for re-
view), its impact upon the musculoskeletal system remains unclear. 
Recently, this was studied in a cohort of community-dwelling older 
Australian women (≥70 years, n = 1429). Compared to women with low 
vegetable intake (<2 serves/day), daily consumption of ≥3 serves/day 
of vegetables (75 g/serve), specifically of the cruciferous (broccoli, 
cauliflower, cabbage, Brussel sprouts) and allium (onion, garlic) vari-
eties, was associated with lower risk for an injurious fall (41 %) (Sim 
et al., 2018a), any fracture (27 %) and hip fracture-related hospital-
isations (39 %) (Blekkenhorst et al., 2017) over 14.5 years. Results 
remained significant after adjusting for a range of lifestyle factors (e.g., 
smoking, physical activity, socioeconomic status, diet quality). 
Furthermore, higher vegetable consumption (≥3 serves/day) was asso-
ciated with 31 % lower odds for both weak grip strength (<22 kg) and 
slow TUG (Sim et al., 2018a). Another interesting finding was that 
vegetable diversity (per increase in one different vegetable/day) was 
associated with between 8 % and 9 % lower risk for an injurious fall and 
fracture, respectively (Sim et al., 2018b), with the greatest benefit 
observed in women with habitually low vegetable intake (e.g., <165 g/ 
day equating to <2.2 serves/day) (Sim et al., 2018b). 

The aforementioned data suggests that consuming a diverse range of 
vegetables is likely to be most beneficial for health (see Blekkenhorst 
et al., 2018 for review). Further, synergistic effects likely exist between 
nutrients obtained from vegetables. For example, green leafy vegetables 
(e.g., kale, spinach) are a rich source of non-heme iron and vitamin C, 
with the latter known to facilitate iron absorption (Heffernan et al., 
2017). This is especially important, since iron deficiency anemia is a 
known risk factor for poor muscle function (Neidlein et al., 2021) and 
low trauma fractures often associated with osteoporosis (Lee et al., 
2019). This should be considered when interpreting results from clinical 
trials adopting single nutrient interventions, as opposed to a whole foods 
approach. For reference, a successful whole foods approach was recently 
demonstrated in the previously discussed multicentre trial reporting 

lower falls (11 %) and fracture (33 %) rates among older aged residential 
care residents through the provision of additional dairy-based foods (e. 
g., milk, yoghurt and cheese) (Iuliano et al., 2021). Numerous studies 
have reported that lower vegetable intake, assessed by circulating 
carotenoid levels, were independently associated with impaired muscle 
strength and the development of walking disability (for a mini-review of 
these studies, please see Semba et al., 2007). Potential mechanisms 
include the impact carotenoids may have on fatty acid metabolism, 
dysregulation of mitochondrial ATP production, increased production of 
reactive oxygen species, and telomere shortening (see Bartali and 
Semba, 2021 for review). In-vivo evidence also indicates that glucosi-
nolates, such as sulforaphane, which are commonly found in allium and 
cruciferous vegetables, are important when considering muscle function 
(e.g., muscular dystrophy,) and bone strength in older adults (see Con-
nolly et al., 2021 for review). This raises an important question as to 
what other nutrients within vegetables might contribute towards 
musculoskeletal health. It is beyond the scope of this review to provide a 
detailed discussion of all vegetable-derived nutrients linked to muscu-
loskeletal health, instead we focus upon the emerging evidence around 
dietary vitamin K and nitrate, as they are primarily found in the 
cruciferous and green leafy vegetables that have been favourably linked 
to musculoskeletal health (Sim et al., 2018a; Blekkenhorst et al., 2017). 

4.1. Nitrate 

Since the discovery of the nitrate-nitrite-NO pathway, medical 
research has typically studied nitrate for its benefits relating to cardio-
vascular health (see Khatri et al., 2017 for review). This is supported by 
studies reporting that acute beetroot juice supplementation improves 
endothelial function (Lara et al., 2016), whilst higher habitual dietary 
nitrate intake, especially from vegetables (e.g., spinach, kale, arugula, 
beet root) has been associated with up to 37 % lower incidence of 
cardiovascular-related mortality (Liu et al., 2019). In 2007, nitrate was 
first shown to improve the oxygen costs associated with a submaximal 
cycling task (Larsen et al., 2007). Since then, a plethora of research in 
this area has emerged, with the performance benefits of nitrate sup-
plements being recognised (Peeling et al., 2018), including by the In-
ternational Olympic Committee (Maughan et al., 2018). Although the 
exact mechanism responsible for these benefits remains unclear, ni-
trate’s influence on enhancing physical performance may include 
greater contractile efficiency, greater perfusion and/or oxygenation and 
improved mitochondrial function of the skeletal muscle (Jones et al., 
2018). It has also been suggested that higher nitrate intake enhances 
nitric oxide production, thereby improving endothelial function (e.g., 
vasodilation), thus facilitating transport and uptake of oxygen by the 
muscle (see Jones et al., 2018 for review). Unsurprisingly, the benefits to 
muscle strength and power have led to nitrate being studied in older and 
clinical populations with some positive results (Coggan et al., 2015a; 
Coggan et al., 2015b; Haider and Folland, 2014). 

When considering clinical populations, such as those with heart 
failure, a detailed review reported mixed findings for the potential 
benefits for nitrate supplements on the vasculature and physical per-
formance (Ferguson et al., 2021). Nevertheless, in a small clinical trial 
that included heart failure patients (n = 9, mean age 57 years), high 
dosage acute beetroot juice supplementation (approximately 700 mg of 
nitrate) resulted in increased peak knee extensor power (~10 %) and 
knee extension velocity (~12 %) (Coggan et al., 2015b). Similarly, faster 
knee extension velocity (11 %) and power (6 %) was reported after 
providing the same beetroot juice supplement to 12 healthy middle-aged 
adults (Coggan et al., 2015a). Although these studies provide proof of 
concept for the benefits of acute nitrate supplements on muscle function, 
the dosages adopted were large and are typically unattainable through 
diet alone. Specifically, beetroot juice supplements provide ~5–6 times 
the levels of nitrate typically ingested as part of a usual diet (Zhong 
et al., 2022). 

In 2019, Sim et al. (2019) were the first to report greater hand grip 
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strength and faster TUG performance in community-dwelling older 
women (n = 1429, ≥70 years) with higher habitual dietary nitrate 
intake, coming predominantly from vegetables. In this cross-sectional 
study, women in the highest tertile of nitrate intake (>84 mg/day) 
had 35 % and 28 % lower odds for weak grip strength (<22 kg) and slow 
TUG (>10.2 s) compared to those with the lowest nitrate intake (tertile 
1, <65 mg/day). This is especially relevant because compromised grip 
strength and TUG are well established risk factors for injurious falls (Sim 
et al., 2019) and mortality (Sim et al., 2018d). Subsequently, when ni-
trate intake was assessed over 12 years in another cohort of 3759 
healthy adults (aged 25–85 years, 44 % male), individuals with the 
lowest nitrate intake (tertile 1, median 47 mg/day), had 11 % (2.6 kg) 
stronger knee extension strength and 4 % (0.24 s) faster TUG perfor-
mance, compared to those with the highest intake (tertile 3, 90 mg/day), 
irrespective of physical activity status or sex (Sim et al., 2021b). When 
comparing individuals with the lowest nitrate intake (tertile 1, median 
~ 47 mg/day), those with the highest intake (tertile 3, ~90 mg/day) 
had 11 % (~2.6 kg) stronger knee extension strength and 4 % (0.24 s) 
faster TUG performance. Most importantly, such nitrate intakes can 
easily be attained by consuming a daily serve (one cup, 75 g) of raw 
spinach (providing ~135 mg of nitrate), arugula (~362 mg), or lettuce 
(~154 mg) (Zhong et al., 2022). 

Meta-analyses of double-blinded placebo controlled, randomised 
crossover experiments (with low bias for selection/detection and per-
formance) in healthy adults have also reported benefits for nitrate 
supplements (e.g., beet root juice) on the contractile properties of skel-
etal muscle, with a small improvement in peak (n = 8 studies, SMD =
0.25, p = 0.030) and mean power output (n = 6 studies, SMD = 0.28, p 
= 0.034) (Esen et al., 2022). When studied at an individual patient level 
in healthy adults (19 studies, 268 participants, 81.3 % male), approxi-
mately 5 % increased maximal muscle power after nitrate supplemen-
tation has also been reported (Coggan et al., 2021). Evidence also exists 
for the benefits of organic nitrates (used to treat angina) to be associated 
with lower odds for fractures (11 %) and hip fractures (15 %) in a 
pharmaco-epidemiological case-control study comprising of 124,655 
Danish individuals (median [IQR] age, 42 [17–68] years) who had 
sustained a fracture in a year (cases) as well as 373,962 age- and sex- 
matched controls (Rejnmark et al., 2006). Contradictory results have, 
however, also been reported when considering organic nitrate, BMD and 
fractures (Golchin et al., 2016; Jamal et al., 2013; Pouwels et al., 2010). 
To our knowledge, no study has examined the relationship between 
higher habitual dietary nitrate intake, BMD, muscle function, falls and 
fracture risk; making this relevant for further investigation. 

4.2. Vitamin K 

Over the last decade, vitamin K has gained considerable attention for 
its potential role in musculoskeletal health (Alonso et al., 2022). Pre-
viously, vitamin K was primarily considered for its role in coagulation, 
and inadequate vitamin K intake has been linked with cardiovascular 
disease (see Palmer et al., 2020 for review). Vitamin K exists in two main 
forms, vitamin K1 (phylloquinones), found primarily in vegetables 
(especially green leafy and cruciferous varieties, including their oils), 
and vitamin K2 (menaquinones 4–13), found primarily in animal 
products (e.g., dairy, cheese, eggs and meat) (Palmer et al., 2021). About 
90 % of total vitamin K intake comes from vitamin K1 (Schurgers and 
Vermeer, 2000). As reviewed in detail previously (Palmer et al., 2020), 
the bioavailability of vitamin K1 from cooked vegetables is reported to 
be quite low (up to 10 %), increasing slightly in the presence of dietary 
lipids. In contrast, vitamin K1 absorption from oils is much higher. Long- 
chain vitamin K2 (MK-7, MK-8, and MK-9) have higher bioaccessibility 
and absorption rates (close to 100 %) from dietary sources such as natto, 
cheese, and egg yolk, and have a longer half-life than K1 and MK-4 
(Akbari and Rasouli-Ghahroudi, 2018). Whilst there is ambiguity 
regarding which form of vitamin K (K1 vs. K2) is most beneficial for 
health (Halder et al., 2019), for this section we will focus upon vitamin 

K1, keeping with the theme around vegetables for musculoskeletal 
health. 

Currently, the National Institute of Health highlights uncertainty 
regarding the benefits of vitamin K for fracture prevention (National 
Institue for Health, 2021), although pharmaceutical vitamin K2 has been 
approved in Japan for the treatment of osteoporosis since 1995 (Orimo 
et al., 2012); despite concerns having been raised regarding the scien-
tific integrity of vitamin K supplementation trials in this area (Kup-
ferschmidt, 2018). Of note, a meta-analysis of 19 randomised controlled 
trials (n = 6759 participants) reported no benefits of vitamin K2 sup-
plementation on BMD and vertebral fractures in women (Huang et al., 
2015). However, in subgroup analysis comprising post-menopausal or 
osteoporotic women, lower risk for presenting with any clinical fracture 
was evident. Of importance, this meta-analysis included large pharma-
ceutical dosages of vitamin K2, which differs substantially to a multi- 
nutrient whole foods approach, whilst also indicating between-study 
heterogeneity, small sample sizes and selection bias. Vitamin K is 
known to play a vital role in the γ-carboxylation of osteocalcin (OC), a 
vitamin K dependant protein (VKDP) associated with bone integrity, 
that is produced by osteoblasts (Sim et al., 2020). Consequently, the 
ratio of undercarboxylated OC to total OC (ucOC:tOC) is considered a 
biomarker for vitamin K status. A lower ucOC:tOC is associated with 
higher dietary vitamin K intake (Sim et al., 2020). Smith et al. (2021) 
previously reported that higher ucOC:tOC (>0.47), indicating poorer 
vitamin K status, was associated with a 31 % greater risk for an injurious 
fall in older women (n = 1261, mean age ~ 75 years). Higher ucOC:tOC 
was also associated with greater fear of falling and poorer TUG, 
including its 5-year decline. Other VKDP’s, such as higher desphospho- 
uncarboxylated matrix Gla protein (de-ucMGP, approximately >270 
pmol/l), have also been implicated in lower grip strength (by 1.1 kg) and 
smaller calf circumference (by 0.5 cm) (van Ballegooijen et al., 2018), as 
well as between 62 and 75 % greater odds for frailty risk over 13 years 
(Machado-Fragua et al., 2020). Collectively, these data suggest vitamin 
K supports musculoskeletal health. 

Despite the importance of the aforementioned findings, the optimal 
amount of vitamin K (or form) to support the carboxylation of VKDP 
remains unclear. Recent work has demonstrated a linear relationship 
between dietary vitamin K1, primarily derived from vegetables, and 
ucOC:tOC (Sim et al., 2022), and that higher vitamin K1 intakes were 
associated with lower hazards for an injurious fall (Sim et al., 2023), 
fracture and hip fracture (Sim et al., 2022) in older women (n = 1348, 
mean age 75 years). Most importantly, a nadir in the relative hazards for 
both falls and fractures was uncovered with intakes of ≥100 μg/day of 
vitamin K1. Specifically, compared to women with the lowest intakes 
(quartile 1, 60 μg/day), those with the highest intakes (>100 μg/day) 
had approximately 27 % and 49 % lower hazards for a fall and hip 
fracture, respectively. These data were independent of lifestyle factors 
(diet quality, smoking, physical activity) and circulating vitamin D 
status (plasma 25OHD) (Sim et al., 2022; Sim et al., 2023). Of interest, 
no relationship between vitamin K2 and falls was recorded. Collectively, 
these are important findings that support current vitamin K nutrition 
guidelines in the USA promoting vitamin K intakes of approximately 90 
and 120 μg/day for women and men (United States Department of 
Agriculture USDA, 2015). Comparable findings have been reported in 
older Norwegian individuals, where low vitamin K1 intake (<53 μg/ 
day) was associated with 57 % greater hazard for a hip fracture over 
~10 years, compared to those with higher intakes (>109 μg/day) 
(Apalset et al., 2011). Similar results have been reported from the Fra-
mingham Heart Study (n = 888, mean age ~ 75 years, 62.2 % women) 
(Booth et al., 2000) and the Nurses Health Study (n = 72,327 women, 
aged 38–63 years) (Feskanich et al., 1999), but not in a cohort of Chinese 
individuals (≥65 years, 55.5 % male), possibly due to the low fracture 
incidence (e.g., hip fractures ~1.6 %) and/or very high median intake of 
vitamin K1 (~240 μg/day) (Chan et al., 2012). The aforementioned 
benefits are supported by a meta-analysis reporting higher vitamin K1 
intake was associated with 22 % lower fracture risk (n = 80,982, highest 
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vs. the lowest intake, RR 0.78 95 % CI 0.56–0.99; I2 = 59.2 %, p-het-
erogeneity = 0.04). 

To this end, consuming a minimum of one to two serves per day 
(75–150 g/day) of vitamin K1-rich vegetables, especially those of the 
green leafy and cruciferous varieties, would be an effective strategy to 
meet daily vitamin K1 intakes of >100 μg/day (Palmer et al., 2021). 
Whilst the form of vitamin K (K1 vs. K2) for musculoskeletal health re-
mains less clear, public health messaging should consider the well- 
established health benefits associated with higher vegetable intake. 
Specifically, any messages around vitamin K nutrition should promote 
its intake through healthy foods, such as vegetables, which are often 
lacking in the typical Western diet. From this perspective, promoting 
vegetable consumption to support adequate vitamin K nutrition appears 
as a preferable choice. 

5. Dietary patterns and musculoskeletal health: an 
underestimated strategy for fall and fracture prevention? 

Healthy diets are nutrient-dense, which can play a role in limiting 
any age-induced loss of bone and muscle, thereby decreasing the risk of 
sarcopenia and osteoporosis, which are key risk factors for falls and 
fracture (Warensjö Lemming and Byberg, 2020). Studying dietary pat-
terns is important, as they encompass the physiological effects of several 
foods and nutrients beyond calcium, vitamin D and protein acting 
independently and/or synergistically on musculoskeletal health 
(Webster et al., 2021). This section discusses the evidence on plant- 
based diets, diet quality indices, and finally data-derived dietary pat-
terns, in-relation to musculoskeletal health. 

5.1. Plant-based diets 

Plant-based diets are becoming more widely adopted in developed 
countries due to potential health benefits, as well as for environmental 
and ethical reasons (Stewart et al., 2021). Whilst it is common for fruits 
and vegetables to be linked to better health outcomes, animal-based 
products, such as meat and dairy, are abundant in several nutrients 
related to bone and/or muscle health; their omission could negatively 
impact musculoskeletal health (Chan et al., 2021a). Similarly, vege-
tarian diets can vary widely from person to person and can be nutrient- 
dense or nutrient deficient, just like diets that include animal products 
(Gallagher et al., 2022). Recent epidemiological evidence suggests 
poorer musculoskeletal health in vegetarians (meat- and fish-free diets) 
and vegans (diets free of any product derived from animals), with 
consistent prospective evidence demonstrating that such diets are 
associated with a higher risk of fractures (Tong et al., 2020; Webster 
et al., 2022; Thorpe et al., 2021). Three recently published, large pro-
spective cohort studies have explored potential differences in fracture 
risk between vegetarians and meat-eaters, including the Oxford branch 
of the European Prospective Investigation into Cancer (EPIC-Oxford, 
UK) (Tong et al., 2020), UK Women’s Cohort Study (UKWCS) (Webster 
et al., 2022), and Adventist Health Study-2 (AHS-2, US) (Thorpe et al., 
2021). All three studies predominantly included Caucasian women; 
were well-powered with between 3818 and 15,499 vegetarians and 679 
to 945 confirmed hip fractures (confirmed using hospital records in both 
UK studies); and had follow-up durations ranging from 8.4 to 22.1 years. 
Consistent evidence across the three cohorts indicated that ‘strict’ veg-
etarians were at a greater risk of hip fracture than meat-eaters (17–33 
%), though the difference was non-significant in the AHS-2. The 
magnitude of the risk difference in both UK cohorts was similar after 
adjustment for potential confounders (UKWCS: 1.33 [1.03, 1.71] and 
EPIC-Oxford: 1.25 [1.04, 1.50], equivalent to 2.9 [0.9, 5.2] additional 
hip fractures per 1000 people over 10 years). 

The EPIC-Oxford and AHS-2 studies further explored risk differences 
between vegans and meat-eaters; vegans were at the greatest risk of hip 
fracture. In the EPIC-Oxford study, the risk difference for vegans versus 
meat-eaters was 2.30 (1.66, 3.22) for hip fracture, equivalent to 14.9 

(7.9, 24.5) additional cases per 1000 people over 10 years. This would 
indicate a clinically significant risk increase for vegans. The associations 
reported in these studies are, however, unlikely to be free from residual 
confounding, healthy participant selection bias, and dietary measure-
ment error, as well as changes in eating patterns over time. The only 
other study comparing fracture risk between vegetarians, vegans, and 
meat-eaters was one small prospective study of 210 Vietnamese women 
(including 105 vegans and 10 fracture cases in total) (Ho-Pham et al., 
2012), which reported no significant difference in total fracture inci-
dence between vegans and meat-eaters over twoyears (Tong et al., 
2020). 

Mechanisms underpinning potential risk differences are unclear, 
though a higher risk of all fractures in vegetarians and vegans could be 
due to poorer musculoskeletal structure (Iguacel et al., 2019a) and 
function (Chan et al., 2021b) compared to omnivores. Vegetarians and 
vegans face greater challenges in achieving sufficient intakes of several 
nutrients important to bone and muscle health, including protein, cal-
cium, vitamin D, and vitamin B12, among other factors that are abun-
dant in animal products (Tucker, 2014; Davey et al., 2003). These 
nutrients are less abundant and less bioavailable in plants, which re-
duces digestion and absorption kinetics compared to that of animal- 
sourced nutrients (van Vliet et al., 2015b). Further, chronic iron defi-
ciency has also been linked to increased risk of osteoporosis (Toxqui and 
Vaquero, 2015), potentially via altered bone homeostasis (Balogh et al., 
2018), and risk of falls (Kim and Kim, 2022). Vegetarians and vegans 
may consequently have lower body mass index, fat-free mass, fat mass, 
BMD, and lower IGF-1 levels (Tong et al., 2018; Barnard et al., 2015; 
Allen et al., 2002), which are each independently associated with a 
higher risk of fractures (Kim et al., 2018; Gonnelli et al., 2014; Yuan 
et al., 2021). A meta-analysis of cross-sectional studies reported that 
among adults over 50 years of age, vegetarians and vegans had lower 
BMD compared to omnivores, though between-study heterogeneity was 
high (Iguacel et al., 2019b). There is a paucity of prospective evidence 
on the topic and it is unclear if differences might be clinically relevant 
(Iguacel et al., 2019a). Muscle strength and physical function may also 
differ in those on plant-based versus omnivorous diets (Chan et al., 
2021b; Tong et al., 2018), though it is unclear if differences are due to 
dietary factors, such lower protein intake and/or quality (see section on 
protein). This warrants further investigation. 

More large-scale, long-term prospective cohort studies with repeated 
diet measurements and access to hospital data are needed to confirm if 
vegetarians and vegans are at a greater risk of fractures than meat- 
eaters, particularly in vegans, men, and in non-European populations, 
for whom there is a lack of research. Further research elucidating factors 
responsible for potential risk differences is needed given the increasing 
popularity of these diets, and the growing need to devise public health 
interventions and policy guidelines to reduce risk of fractures in those on 
plant-based diets. 

5.2. Diet quality indices 

Studies have investigated associations between diet quality and 
fracture risk by assigning scores that reflect adherence to pre-defined 
diets, based upon foods and nutrients that are considered healthy or 
unhealthy. To date, a consistent pattern has been shown with increased 
adherence to the Mediterranean diet (MD) and lower fracture risk 
(Malmir et al., 2018; Benetou et al., 2018; Jennings et al., 2020; Byberg 
et al., 2016; Benetou et al., 2013; Haring et al., 2016). The MD is 
characterised by high intake of olive oil, fruit, vegetables, cereals, le-
gumes, nuts, and oily fish; moderate intake of poultry, eggs, dairy, and 
red wine; and low intake of red and processed meat and sweets (Davis 
et al., 2015). The MD can be scored in multiple ways, with the most 
common being from a 0–9 scale, and higher scores indicating greater 
adherence. A 2018 meta-analysis of three large cohort studies and a 
pooling project of eight EPIC-cohorts reported that a 1-unit increase in 
MD score was associated with a 5 % reduction in hip-fracture risk, with 
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low between-study heterogeneity (HR: 0.95, 95 % CI’s: 0.92, 0.98, I2 =

0 %) (Malmir et al., 2018). Similar results are reported in 140,775 Eu-
ropean and US adults (≥60 years, n = 5454 hip fractures) where a 2-unit 
increase in MD score was associated with a 4 % lower risk of hip fracture 
(Benetou et al., 2018). The EPIC-Norfolk cohort of middle-aged to older 
adults also reported a lower risk of both total (23 %) and hip fracture risk 
(21 %) in the highest vs lowest quintile of MD adherence over an average 
of 17.4 years of follow-up (Jennings et al., 2020). 

Benefits between other indices of diet quality and lower risk of 
fractures have also been reported, but with less consistency across 
studies than for the MD (Fung et al., 2018; Panahande et al., 2019; Dai 
et al., 2014; Veronese et al., 2018). A meta-analysis including three 
cohort studies and a case-control study in the US (Haring et al., 2016; 
Fung et al., 2018), China (Dai et al., 2014) and Singapore (Zeng et al., 
2014), including 6938 incident hip fractures, reported that increased 
adherence to the alternative healthy eating index (AHEI) was related to 
lower hip fracture risk (31 % for highest vs lowest adherence compari-
son) (Panahande et al., 2019). Two large US cohorts showed similar 
associations between increased adherence to an alternative MD score, 
the AHEI, and the Dietary Approaches to Stop Hypertension (DASH) 
score with lower hip fracture risk in women under 75 years, but not in 
older women or in men (Fung et al., 2018). Inconsistencies in results 
across studies may be due to variations in both the diet quality index 
used and in defining its scoring system, which depends upon the study 
population and available dietary data (Warensjö Lemming and Byberg, 
2020). For example, high dairy consumption is considered beneficial in 
the alternative MD index but is considered harmful in the traditional MD 
index. As such, an individual with a low calcium intake, may present 
with a higher traditional MD score, but an unfavourable alternative MD 
index (Warensjö Lemming and Byberg, 2020; Davis et al., 2015). 

Generally, there appears to be a protective role for diet quality on 
musculoskeletal health, especially when considering hip fractures. 
Separate meta-analyses (Noori et al., 2022; Coelho-Júnior et al., 2021) 
concluded that higher MD adherence was associated with higher BMD at 
various sites, including the hip, lumbar spine, femoral neck, and whole- 
body; and with walking speed and isometric knee muscle strength, but 
not handgrip strength, in older adults. This is an important finding as a 
combination of higher BMD and/or muscle function are likely to sub-
stantially reduce the risk of falls and resulting injuries such as fracture. It 
is important to acknowledge, however, that evidence is limited to small 
cross-sectional studies. Further investigation through well-powered 
long-term clinical trials is warranted. 

5.3. Data-driven dietary patterns 

Observational studies (Fabiani et al., 2019; Rogers et al., 2018; 
Monma et al., 2010; Langsetmo et al., 2011; Zeng et al., 2013; de Jonge 
et al., 2017; Warensjö Lemming et al., 2017) have investigated re-
lationships between dietary patterns and fracture risk using a posteriori 
data-driven approaches, such as principal component or cluster ana-
lyses. These methods aim to group foods and/or nutrients consumed 
together in a specific population into collapsed exposure variables. For 
example, high intakes of red and processed meat (≥1–2 serves/day) and 
refined grains (≥2–3 serves/day) may be collapsed into an exposure 
variable (Fabiani et al., 2019). A systematic review of observational 
studies investigating data-derived dietary patterns, low BMD and frac-
ture risk in adults (≥ 50 years of age) identified three dietary patterns of 
importance; (i) Healthy Diet, involving high intakes of fruits and vege-
tables, fish and seafood, poultry, and wholegrains; (ii) Meat/Western, 
involving high intakes of red and processed meat, eggs, refined grains, 
and sweets; and (iii) Milk/dairy, characterised by high intakes of milk 
and dairy products (Fabiani et al., 2019). Increased adherence to the 
Healthy Diet was associated with a lower risk of fractures, whilst the 
opposite was observed with the Western Diet. Both the Healthy and 
Milk/dairy rich diets were associated with lower risk of low BMD. The 
Meat/Western diet was linked with lower BMD risk. Similarly, in a 

cohort of older US men, greater adherence to a prudent dietary pattern 
(abundant in vegetables, salad, and non-fried fish) attenuated total hip 
but not femoral neck BMD loss over 4 years; however the Western di-
etary pattern was not significantly associated with change in BMD 
(Rogers et al., 2018). Other results also indicate that a healthy diet is 
associated with lower risk of fractures (Monma et al., 2010; Langsetmo 
et al., 2011; Zeng et al., 2013; de Jonge et al., 2017; Warensjö Lemming 
et al., 2017), and increased bone and muscle health (Fabiani et al., 2019; 
Bloom et al., 2018; Denova-Gutiérrez et al., 2018; Samadi et al., 2021). 
Another systematic review concluded that healthier data-derived diets 
may be associated with better muscle mass outcomes and lower declines 
in muscle strength and physical performance, though the quality of 
evidence was considered weak and/or inconsistent (Bloom et al., 2018). 
Future work should examine how these data-driven dietary patterns 
might be related to falls. 

As highlighted consistently in these sections, it is apparent that a 
balanced diet rich in fruits, vegetables, unprocessed meat as well as oily 
fish and dairy are likely to best meet the overall nutrient requirements to 
optimise musculoskeletal health; as summarised in Fig. 1. Most impor-
tantly, current evidence suggests that vegetarian and vegan diets (unless 
carefully planned and ideally supported by a dietician), may not provide 
adequate amounts of some of the key nutrients (e.g., calcium, protein, 
vitamin D, vitamin B12, docosahexaenoic acid [DHA]) essential to 
musculoskeletal health. The message is not that plant-based foods are 
detrimental, instead an optimal diet includes a combination of plant and 
animal-based foods consumed in appropriate amounts, specifically an 
increase in the former and a decrease in the latter. This is particularly 
relevant in the context of the typical Western diet, which is low in 
vegetables, representing an area that can be vastly improved to support 
musculoskeletal health. 

6. Conclusion 

This review highlights the importance of diet in optimising muscu-
loskeletal health for fall and fracture prevention beyond just dietary 
vitamin D, calcium, and protein; a key message that should be 
communicated through public health messaging and promoted by cli-
nicians to the community. Current guidelines recommending the con-
sumption of least five serves per day of vegetables, including different 
varieties (e.g., three colours of vegetables with each meal) are likely to 
optimise musculoskeletal health. From a public health perspective, the 
inclusion of one to two serves of green leafy and cruciferous vegetables 
each day, as part of overall vegetable consumption, likely represents a 
novel and simple strategy to increase nitrate and vitamin K1 intake, in 
conjunction with a plethora of other nutrients, to optimise muscle 
function and bone integrity. The next step could be for clinical trials to 
determine if habitual consumption of such vegetables is a strategy 
capable of optimising muscle function to lower fall and fracture risk. 
Current evidence suggests that vegan (plant-only) diets may be detri-
mental for musculoskeletal health. The increasing trend for eliminating 
and/or replacing animal products (e.g., plant-based milk, especially if 
unfortified, for dairy-based milk) could have long-term negative impacts 
for muscle and bone that we are yet to fully understand. This would be 
especially relevant to the diets of teenagers and younger adults (<30 
years) as part of the acquisition of peak bone mass and subsequent long- 
term risk of osteoporosis, an area that warrants further investigation. 
Therefore, individuals who choose to adopt a vegan/vegetarian diet 
should carefully consider how they can achieve sufficient intake of key 
nutrients for musculoskeletal health, ideally under expert guidance (e.g., 
dietician/nutritionist). Seeking fortified plant-based alternatives could 
help to improve diet quality. To this end, a balanced diet that includes 
habitually high intakes of vegetables, in combination with lower 
amounts of processed and discretionary foods (Fig. 1), comparable to the 
MD, in conjunction with regular exercise, appears to be the best primary 
prevention strategy currently available to optimise musculoskeletal 
health. 
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Iguacel, I., Miguel-Berges, M.L., Gómez-Bruton, A., Moreno, L.A., Julián, C., 2019. 
Veganism, vegetarianism, bone mineral density, and fracture risk: a systematic 
review and meta-analysis. Nutr. Rev. 77 (1), 1–18. 
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Rodríguez-Artalejo, F., Guallar-Castillón, P., 2019. Protein intake and risk of falls: a 
prospective analysis in older adults. J. Am. Geriatr. Soc. 67 (2), 329–335. 

Schurgers, L.J., Vermeer, C., 2000. Determination of phylloquinone and menaquinones 
in food. Pathophysiol. Haemost. Thromb. 30 (6), 298–307. 

Semba, R.D., Lauretani, F., Ferrucci, L., 2007. Carotenoids as protection against 
sarcopenia in older adults. Arch. Biochem. Biophys. 458 (2), 141–145. 

Shams-White, M.M., Chung, M., Du, M., Fu, Z., Insogna, K.L., Karlsen, M.C., et al., 2017. 
Dietary protein and bone health: a systematic review and meta-analysis from the 
National Osteoporosis Foundation, 2. Am. J. Clin. Nutr. 105 (6), 1528–1543. 

Shams-White, M.M., Chung, M., Fu, Z., Insogna, K.L., Karlsen, M.C., LeBoff, M.S., et al., 
2018. Animal versus plant protein and adult bone health: a systematic review and 
meta-analysis from the National Osteoporosis Foundation. PLoS One 13 (2), 
e0192459. 

Sherrington, C., Michaleff, Z.A., Fairhall, N., Paul, S.S., Tiedemann, A., Whitney, J., et al., 
2017. Exercise to prevent falls in older adults: an updated systematic review and 
meta-analysis. Br. J. Sports Med. 51 (24), 1750–1758. 

Siddiqui, J.A., Partridge, N.C., 2016. Physiological bone remodeling: systemic regulation 
and growth factor involvement. Physiology 31 (3), 233–245. 

Sim, M., Blekkenhorst, L.C., Lewis, J.R., Bondonno, C.P., Devine, A., Zhu, K., et al., 2018. 
Vegetable and fruit intake and injurious falls risk in older women: a prospective 
cohort study. Br. J. Nutr. 120 (8), 925–934. 

Sim, M., Blekkenhorst, L., Lewis, J., Bondonno, C., Devine, A., Zhu, K., et al., 2018. 
Vegetable diversity, injurious falls, and fracture risk in older women: a prospective 
cohort study. Nutrients 10 (8), 1081. 

Sim, M., Prince, R., Scott, D., Daly, R., Duque, G., Inderjeeth, C., et al., 2019. Utility of 
four sarcopenia criteria for the prediction of falls-related hospitalization in older 
Australian women. Osteoporos. Int. 30 (1), 167–176. 

Sim, M., Prince, R.L., Scott, D., Daly, R.M., Duque, G., Inderjeeth, C.A., et al., 2018. 
Sarcopenia definitions and their associations with mortality in older Australian 
women. J. Am. Med. Dir. Assoc. 20 (1), 76–82. 

Sim, M., Lewis, J.R., Blekkenhorst, L.C., Bondonno, C.P., Devine, A., Zhu, K., et al., 2019. 
Higher dietary nitrate intake is associated with better muscle function in older 
women. J. Cachexia. Sarcopenia Muscle 10 (3), 601–610. 

Sim, M., Lewis, J.R., Prince, R.L., Levinger, I., Brennan-Speranza, T.C., Palmer, C., et al., 
2020. The effects of vitamin K-rich green leafy vegetables on bone metabolism: a 4- 
week randomised controlled trial in middle-aged and older individuals. Bone Rep. 
12, 100274. 

Sim, M., Zhu, K., Lewis, J.R., Hodgson, J.M., Prince, R.L., 2021. Association between 
vitamin D status and long-term falls-related hospitalization risk in older women. 
J. Am. Geriatr. Soc. 69 (11), 3114–3123. 

Sim, M., Blekkenhorst, L.C., Bondonno, N.P., Radavelli-Bagatini, S., Peeling, P., 
Bondonno, C.P., et al., 2021. Dietary nitrate intake is positively associated with 
muscle function in men and women independent of physical activity levels. J. Nutr. 
151 (5), 1222–1230. 

Sim, M., Smith, C., Bondonno, N.P., Radavelli-Bagatini, S., Blekkenhorst, L.C., Dalla 
Via, J., McCormick, R., Zhu, K., Hodgson, J.M., Prince, R.L., Lewis, J.R., 2023. 
Higher dietary Vitamin K intake is associated with better physical function and lower 
long-term injurious falls risk in community-dwelling older women. J. Nutr. Health 
Ageing. 27, 38–45. 

Sim, M., Strydom, A., Blekkenhorst, L.C., Bondonno, N.P., McCormick, R., Lim, W.H., 
et al., 2022. Dietary vitamin K1 intake is associated with lower long-term fracture- 
related hospitalization risk: the Perth longitudinal study of ageing women. Food 
Funct. 13 (20), 10642–10650. 

Smith, C., Lewis, J.R., Sim, M., Lim, W.H., Lim, E.M., Blekkenhorst, L.C., et al., 2021. 
Higher undercarboxylated to Total osteocalcin ratio is associated with reduced 
physical function and increased 15-year falls-related hospitalizations: the Perth 
longitudinal study of aging women. J. Bone Miner. Res. 36 (3), 523–530. 

de Souto, Barreto P., Rolland, Y., Vellas, B., Maltais, M., 2019. Association of Long-term 
Exercise Training with Risk of falls, fractures, hospitalizations, and mortality in older 
adults: a systematic review and meta-analysis. JAMA Intern. Med. 179 (3), 394–405. 

Stevens, J.A., Olson, S., 2000. Reducing falls and resulting hip fractures among older 
women. Home Care Provid. 5 (4), 134–141. 

Stewart, C., Piernas, C., Cook, B., Jebb, S.A., 2021. Trends in UK meat consumption: 
analysis of data from years 1–11 (2008–09 to 2018–19) of the National Diet and 
nutrition survey rolling programme. Lancet Planet. Health 5 (10), e699–e708. 

Szulc, P., Beck, T.J., Marchand, F., Delmas, P.D., 2005. Low skeletal muscle mass is 
associated with poor structural parameters of bone and impaired balance in elderly 
men—the MINOS study. J. Bone Miner. Res. 20 (5), 721–729. 

Thorpe, D.L., Beeson, W.L., Knutsen, R., Fraser, G.E., Knutsen, S.F., 2021. Dietary 
patterns and hip fracture in the adventist health study 2: combined vitamin D and 
calcium supplementation mitigate increased hip fracture risk among vegans. Am. J. 
Clin. Nutr. 114 (2), 488–495. 

Titchenal, C.A., Dobbs, J., 2007. A system to assess the quality of food sources of calcium. 
J. Food Compos. Anal. 20 (8), 717–724. 

Tong, T.Y., Key, T.J., Sobiecki, J.G., Bradbury, K.E., 2018. Anthropometric and 
physiologic characteristics in white and british indian vegetarians and 
nonvegetarians in the UK biobank. Am. J. Clin. Nutr. 107 (6), 909–920. 

Tong, T.Y.N., Appleby, P.N., Armstrong, M.E.G., Fensom, G.K., Knuppel, A., Papier, K., 
et al., 2020. Vegetarian and vegan diets and risks of total and site-specific fractures: 
results from the prospective EPIC-Oxford study. BMC Med. 18 (1), 353. 

Toxqui, L., Vaquero, M.P., 2015. Chronic iron deficiency as an emerging risk factor for 
osteoporosis: a hypothesis. Nutrients 7 (4), 2324–2344. 

Tucker, K.L., 2014. Vegetarian diets and bone status. Am. J. Clin. Nutr. 100 (Suppl. 1), 
329s–335s. 

United States Department of Agriculture (USDA), 2015. United States Department of 
Health and Human Services. The United States Department of Agriculture, 
2015–2020 Dietary Guidelines for Americans. Washington D.C.  

United States Department of Agriculture (USDA), United States Department of Health 
and Human Services, 2020. Dietary Guidelines for Americans, 2020-2025, 9th 
edition. December.  

van Ballegooijen, A.J., van Putten, S.R., Visser, M., Beulens, J.W., Hoogendijk, E.O., 
2018. Vitamin K status and physical decline in older adults—The longitudinal aging 
study Amsterdam. Maturitas 113, 73–79. 
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