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Abstract: Plant-based diets provide well-established physical and environmental health benefits.
These benefits stem in part from the degree of restriction of animal-derived foods. Historically,
meat and other animal-derived proteins have been viewed as an integral component of athletes’
diets, leading some to question the adequacy of vegetarian or vegan diets for supporting athletic
performance. The purpose of this review is to examine the impact of plant-based diets on human
physical health, environmental sustainability, and exercise performance capacity. Based on currently
available literature, it is unlikely that plant-based diets provide advantages, but do not suffer from
disadvantages, compared to omnivorous diets for strength, anaerobic, or aerobic exercise performance.
However, plant-based diets typically reduce the risk of developing numerous chronic diseases over
the lifespan and require fewer natural resources for production compared to meat-containing diets.
As such, plant-based diets appear to be viable options for adequately supporting athletic performance
while concurrently contributing to overall physical and environmental health. Given the sparse
literature comparing omnivore, vegetarian, and vegan athletes, particularly at the elite level, further
research is warranted to ascertain differences that might appear at the highest levels of training and
athletic performance.

Keywords: vegetarian; vegan; plant-based; sustainability; health; nutrition; diet; athlete; exercise;
protein

1. Introduction

Plant-based diets (including generally less animal-food intensive, vegetarian, or vegan diets)
represent a growing area of interest in the promotion of physical and environmental health [1,2].
Reductions in risk for developing chronic diseases are linked to adherence to plant-based diets [3-25],
and production of plant foods tends to be less resource-intensive and environmentally destructive for
a number of reasons, especially due to lower levels of greenhouse gas emissions (GHGEs) compared
to raising animals for human consumption [26—40]. However, in spite of well-documented human
and environmental benefits of plant-based diets, among the general population, some continue
to question the adequacy of plant-based diets in supporting exercise performance. This review
addresses these issues by examining literature on differences between plant-based and meat-containing
diets with respect to nutrient composition, human health, performance, and environmental impact.
Particular focus is placed on differences between plant and animal proteins as well as discussion of
literature comparing vegetarian, vegan, and omnivorous diets on exercise performance.
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2. Vegetarian Diets and Health

Observational data show that vegetarians tend to have better cardiovascular outcomes compared
to those consuming omnivorous diets, including a reduced risk of morbidity and mortality from
ischemic heart disease [23,41,42]; reduced incidence of cancers, particularly among vegans [42];
decreased risk of developing Type 2 Diabetes [24,43]; decreased risk of developing metabolic syndrome
(MetS) [44,45]; and lower all-cause mortality [5,37]. These positive health outcomes likely relate to
the lower body mass index (BMI) [46]; lower glucose levels [42]; lower systolic and diastolic blood
pressure [10,22]; lower total and low-density lipoprotein cholesterol [17,25]; lower triglycerides [16];
lower levels of uric acid and high-sensitivity C-reactive protein; and higher levels of plasma ascorbic
acid observed among vegetarians [23]. Experimental studies utilizing vegetarian and vegan diets
offer similar results. Dietary interventions in which participants adopt a vegetarian diet have
demonstrated improvements in lipid profiles of participants including decreases in total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and triglycerides (TG) [11,47]. Other research has
shown reduced visceral fat, improved oxidative stress markers, and insulin sensitivity among patients
with diabetes [20]. Although interventions utilizing vegan diets are less common, one experimental
study resulted in a reduction in C-reactive protein (CRP), a marker of inflammation, over the course
of a 3-week vegan dietary intervention [48]. Another 4-week vegan dietary intervention significantly
reduced total medication use among participants due to reduced systolic and diastolic blood pressure
and lipids [49].

Dietary choices affect the environment as well as human health. Producing plant protein
generally requires less land [29,30,33,34], water [30,32-34], and energy [27,29,32-34] compared to
producing animal protein and results in less GHGEs in aggregate [34,37,38,50,51]. Meat and other
animal products require more life cycle inputs per kilogram (kg) of product than plant products as
well [52]. Consequently, following a more plant-based diet is often considered the most effective
strategy for systemically reducing GHGEs and agricultural land use related to food production and
consumption [53]. One other environmental concern that is less well publicized, but certainly not less
important, is the rapidly depleting global supply of high-quality, mineable phosphorus. Used as part
of fertilizers for food production, known reserves of phosphorus are limited and could potentially
be depleted within 50-100 years if consumption trends continue at the same rate [28,54]. Vegetarian
diets require considerably less phosphorus to produce than meat-containing diets; as such, shifting
broad-scale dietary patterns to less meat consumption could be a vital strategy to contend with a
looming mineable phosphorus shortage [28].

Not all meat or animal protein exerts the same environmental toll, however. For example,
switching from consuming ruminant meat (such as beef) to monogastric meat (such as poultry or
pork) reduces GHGEs associated with the diet [55]. Avoiding overconsumption of nutrients, including
protein (particularly animal protein), has been suggested as a means of reducing the environmental
impact of a diet [56]. Based on life cycle assessment studies, 1 kg of protein from beef generated
45-640 kg of carbon dioxide equivalents (CO2e) in comparison to 10 kg CO2e per kg of protein from
tofu [57]. Notably, pork, chicken, and seafood fared better than beef with ranges of 20-55, 10-30, and
4-540 kg CO2e per kg of protein, respectively [58]. Although vegan and vegetarian diets dramatically
reduce GHGEs, following a healthy, yet less-animal intensive diet compared to the average American
diet would also provide environmental benefits [55,59]. Wirsenius et al. (2010) calculated that a 25%
reduction in meat consumption and transition to vegetarian eating patterns would minimize the
impact of agricultural land expansion on ecosystems, biodiversity, and carbon dioxide emissions [60].
Other researchers call for greater reductions in animal protein consumption. For example, Machovina
and colleagues (2015) encourage a global reduction in animal product consumption to less than 10%
of total calories, an amount approximately equivalent to 100 g of animal product, or the amount of
meat about the size of a deck of playing cards. This goal is predicated upon balancing the needs of
nutritional health, ecological footprint, and people’s desires to eat meat [53]. Others have urged per
capita global reductions down to 90 g of animal products per day [61]. Another option for high-quality
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protein that is less-resource intensive compared to traditional animal-based protein is edible insects.
On average, the protein content of edible insects meets or exceeds the indispensable amino acid
requirements for adults and is comparable to that of beef, eggs, milk, and soy [62]. Various types
of insects have been part of traditional diets in tropical and sub-Saharan societies, and references
to consuming insects in the United States are documented as early as 1885 [63]. One benefit of
consuming insects for protein is their high feed conversion efficiency. To calculate an animal or insect’s
feed conversion ratio (FCR), one divides the mass of the feed consumed by the mass of the edible
component [64]. FCRs for insects have been reported to range from 1.47 to 5.3 [64], whereas they
range from 6-25 for beef [65]. Additionally, edible insects require little land and emit low levels of
greenhouse gas emissions compared to traditional animal husbandry [63]. As of the time of writing
this paper, 584 products are available for purchase on Amazon.com using the search phrase “insect
protein,” including cricket protein powder, cricket flour, whole “gourmet” crickets, and cricket protein
bars [66]. Inclusion of insect protein has recently been encouraged for athletes as well [67].

The choice of whether to include animal-derived protein (dairy, eggs, meat, fish, or poultry) in the
diet may relate to concerns about physical health, environmental sustainability, ethics related to worker
or animal welfare, or religious convictions among other motivations. Consumer interest in plant-based
nutrition is growing, as evidenced by the increase in Google searches for the term “vegan” over the
past 5 years [68]; 2016 being named the “International Year of Pulses” by the United Nations [69]; and
Mintel predicting that annual food trends will see a continued emphasis on sustainability, vegetarian,
vegan, and other plant-focused food formulations [1]. Additionally, in 2018, Mintel reported that
“natural” and “ethical” claims were rising for food and drink products, and that animal-free “dairy”
and laboratory-grown meat were being increasingly pursued in development to help address the
problem of resource-intensive animal agriculture. Mintel predicts that such scientifically engineered
food will become more acceptable to the mainstream population due to growing eco-consciousness [2].
The type of animal protein being consumed is shifting, too, according to a report by the United States
Department of Agriculture Economic Research Service (USDA ERS), indicating that consumption of
red meat is steadily decreasing whereas consumption of poultry is increasing [70].This shift in types of
animal protein being consumed likely relates in part to growing eco-consciousness and to increased
understanding of the association between red meat consumption and increased risk of cancer and
other chronic diseases [71].

3. Protein Quality and Current Recommendations

Several features differentiate plant-based protein from animal-based protein, in addition to the
source. Of the indispensable amino acids, branched-chain amino acids (BCAAs) are particularly
important for promoting muscle protein synthesis (MPS) and include leucine, isoleucine, and valine.
These amino acids are more concentrated in animal-based protein compared to plant protein [72].
Digestion and absorption rates of different proteins can also differ and thus impact postprandial MPS
rates. As such, some proteins (such as whey) are considered “fast” since they are rapidly digested,
resulting in amino acids appearing quickly in the bloodstream. Other proteins, such as casein, are
considered “slow” since they result in a slower, more prolonged, rate of absorption [73]. Soy protein
is also considered a fast protein, although it does not stimulate MPS to the same extent as whey
protein, even when both protein sources provided 10 g of essential amino acids, an amount generally
considered sufficient to induce maximal MPS in young adults (about age 30) [74,75]. This may be due
to differences in amino acid composition (specifically, a lower leucine content) [75]. Since it has been
suggested that total leucine content may be of primary importance in driving muscle protein anabolic
responses [76], more research is needed to investigate MPS in response to protein doses matched
for total leucine content. Interestingly, intervention studies utilizing either a whey protein or soy
protein supplement in conjunction with strength training, typically yield negligible differences between
groups for lean mass development [77-79]. Another difference between animal or plant proteins is
the presence or absence of antinutritional factors, compounds that affect digestibility of the protein.
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Antinutritional factors naturally occur more often in vegetable foods and include glucosinolates,
trypsin inhibitors, hemagglutinins, tannins, phytates, and gossypol. They may also be formed by heat
or alkaline processing of animal and vegetable protein foods [80].

These factors work in different ways to reduce the digestibility of protein, and they are often
found in plant foods such as beans, legumes, soybeans, and cereals. One mechanism of action includes
disruption of enzymes involved in protein digestion. For example, trypsin, a pancreatic enzyme, is
involved with breaking down protein. Trypsin inhibitors in raw soybean meal, beans, legumes, cereals,
tomatoes, and potatoes result in less efficient protein digestion [81]. Tannins, found in sourghum,
millet, barley, legume seeds, beans, and peas, reduce the digestibility of carbohydrates, minerals, and
protein, likely by inhibiting digestive enzymes. Tannins further influence digestion by chelating certain
mineral cofactors of digestive enzymes, thereby reducing enzymatic action [82]. Phytate, found in nuts,
seeds, and grains, binds with proteins in the digestive tract, reducing their absorption [83]. However,
the impact of antinutritional factors can also be lessened through a variety of preparation techniques.
Soaking, fermentation, and germination all can reduce levels of phytate in foods [84]. In addition,
home processing or commercial canning of beans improves the digestibility of protein, with home
cooking resulting in better digestibility compared to commercial preparation [80]. This is likely due to
the reduced formation of complexes between trypsin inhibitors and trypsin, thus freeing more of the
enzymes for protein digestion. For a more comprehensive review of antinutritional factors and their
mechanisms of action, readers are directed to a review by Gilani and colleagues (2005) [80].

Despite the more frequent occurrence of antinutritional factors in vegetable-based protein foods,
consuming a balanced vegetarian or vegan diet that includes a variety of plant protein sources has
consistently been shown to be nutritionally adequate in terms of providing sufficient amounts of
essential amino acids [85,86]. As such, these diets are still supported and promoted by major food and
nutrition organizations such as the Academy of Nutrition and Dietetics [86-88].

In order to compare protein foods effectively in relation to amino acid composition, digestibility,
and overall quality, various scoring systems for protein-containing foods have been created. One of the
most widely used methods was developed in 1989 when the Food and Agriculture Organization and
the World Health Organization convened an expert consultation to quantify the quality of proteins
through the Protein Digestibility Corrected Amino Acid Score (PDCAAS) [89]. While the PDCAAS has
been helpful for comparing protein quality between foods, it has suffered limitations. First, PDCAAS
scores are truncated at 1.00, even though some proteins could have higher values than 1.00 if this were
permitted by the method [89,90]. Second, PCDAAS values likely overestimate protein quality since the
method relies upon fecal (not illeal) analysis of protein digestibility. This is problematic since some
of the nitrogen disappearance in the large intestine is due not to protein digestion and absorption,
but rather to microbial degradation, resulting in ammonia production, absorption, and excretion as
urine [91]. Given these concerns, an updated assessment of protein quality was created in 2011 by the
Food and Agriculture Organization Expert Consultation. This newer system is called the Digestible
Indispensable Amino Acid Score (DIAAS) [90]. DIAAS is considered a superior measure of protein
quality because it is calculated using illeal digestibility, and values are not truncated at 1.0, as they are
with the PDCAAS. Typically, animal proteins have higher PDCAAS and DIAAS scores compared to
plant proteins, reflecting the higher digestibility.

In spite of these protein quality assessments, current recommendations regarding the amount
of protein to consume do not directly address the quality of protein. The Acceptable Macronutrient
Distribution Range (AMDR), created by the Food and Nutrition Board of the Institute of Medicine
(now the Health and Medicine division of the National Academies of Science), suggests a range of
protein intake providing between 10-35% of daily calories in the diet, and the Recommended Dietary
Allowance (RDA) for protein is 0.80 g of “good quality protein” per kg of body weight per day
(g/kg/day) [92]. These recommendations were originally developed based on the minimum amount
of protein needed to achieve body nitrogen equilibrium (zero balance) in healthy adults as determined
by nitrogen balance studies [93]. However, results derived from improved methodologies, such as
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the indicator amino acid oxidation technique, suggest higher protein intakes (1.2-1.6 g/kg/day) to
optimize health above and beyond simply meeting minimal needs for the general population [94].
The concept of optimizing health versus meeting minimal needs for various nutrients is nuanced
and remains open to debate as the definition of “optimal health” may vary depending upon one’s
goals (for example, preventing chronic disease, enhancing MPS for building muscle maintenance to
help prevent sarcopenia in older age, or maximizing MPS in relation to training and performance
outcomes).

Variables that affect dietary protein requirements to optimize MPS include age, physical activity
expenditure, and energy balance. Young adults need less protein per meal or snack (0.24 g/kg) to
maximally stimulate MPS compared to older adults (0.40 g/kg) [95]. Physical activity level also affects
protein needs. Although the Dietary Reference Intakes do not make specific provisions for athletes, the
American College of Sports Medicine, the Academy of Nutrition and Dietetics, and Dietitians of Canada
in a joint position statement recommended athletes consume 1.2-1.7 g/kg/day [85]. During times of
energy restriction, in order to promote retention of lean body mass, athletes may be encouraged to
consume up to 2.0 g/kg/day [96].

Timing and distribution of protein consumption throughout the day are also important factors
impacting MPS. It is not adequate to focus solely on the total amount of protein per day without
considering the distribution and timing of protein intake. Consuming protein evenly throughout the
day instead of in skewed distributions results in greater MPS [68], which is advantageous for building
and preserving lean body mass. Additionally, exercising prior to consuming protein enhances anabolic
responsiveness to dietary protein consumption [97,98]. Distributing protein consumption throughout
the day may include a pre-sleep protein feeding. Recent work has shown that this promotes MPS
overnight, a time when people are typically not in an anabolic state, and the response is augmented
when preceded by resistance training [99].

4. Nutrient Intake and Diet Quality by Dietary Pattern

In spite of the marked differences in food consumption of vegetarians, vegans, and omnivores,
literature about the effect of dietary patterns on athletic or exercise performance outcomes is sparse.
Useful literature in this area, however, might come from observational studies. Although these studies
cannot offer the insights that randomized controlled trials (RCTs) can, observational designs might still
be advantageous for comparing vegetarian and omnivorous athletes. Many exercise or sport-related
RCTs assign omnivores to a vegetarian diet for brief periods of time, yet extrapolate conclusions
to athletes who follow vegetarian diets long-term. It is likely that brief interventions do not reflect
completely the effect on athletic performance of plant-based dietary patterns maintained for longer
durations. There are broad-scale differences in nutrient intake and nutrient profiles among vegans,
vegetarians, and omnivores, hence, the length of adherence to a dietary pattern may also factor into
exercise and fitness-related outcomes including cardiorespiratory fitness, strength, and power.

Nutrient intakes most certainly differ depending on the level of animal-food restriction. A large
cross-sectional study (n = 1475) of omnivores (n = 155), pesco-vegetarians (n = 145), semi-vegetarians
(defined in this study as those who consume meat, fish, or poultry no more than once per week)
(n = 498), vegetarian (n = 573), and vegans (n = 104) compared macro- and micronutrient intakes
by dietary pattern [100]. Data indicated that omnivores consumed more total energy, saturated
fat, cholesterol, sodium, and protein but less fiber, calcium, and iron than vegetarians [100].
Vegans consumed the least energy, saturated fat, sodium, and calcium, but the most fiber and iron.
Other studies with smaller sample sizes have largely substantiated these observations [101-103].
In spite of the higher iron content in vegan diets, typically vegetarians have lower serum ferritin
(iron stores) than meat-eaters, likely due to the reduced bioavailability of the type of iron found in
plants. As high iron stores may be a risk factor for developing some chronic diseases, a fine balance
must be achieved to optimize oxygen-carrying capacity of blood while avoiding increased risk of
non-communicable diseases [104]. Conversely, low iron stores can result in iron-deficiency anemia,
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which can be problematic for athletic performance, particularly for endurance events, as iron plays
a critical role in oxygen transport [105]. Given the key role of carbohydrate for energy production
during exercise, particularly at high intensities, and of protein for building and repairing muscle tissue,
differences in patterns of consumption between vegetarians and omnivores could theoretically lead to
differences in exercise performance and recovery capacity. Not only are there documented specific
nutrient intake differences between vegetarian and omnivores, but overall diet quality has also been
assessed. Among a group of vegan, vegetarian, and omnivore recreational runners, overall diet quality
scores were higher among vegans and vegetarians as compared to omnivores [106].

5. Exercise Performance and Plant-Based Diets

Athletes training for endurance sports versus strength and power-oriented sports have different
training and fueling needs. As such, following a vegetarian diet may have different effects on
performance outcomes for these athletes. Some studies have assessed the diet’s potential for impact on
performance outcomes indirectly by measuring maximal oxygen uptake, strength, blood acid-base
status, acute MPS, and chronic muscle growth instead of actual performance in sporting events, while
others have measured performance outcomes such as time to exhaustion when cycling. The next
sections will describe what is known currently about dietary pattern associations with outcomes
related to endurance exercise and strength or power-focused exercise.

A recent systematic review by Craddock and colleagues (2016) summarized much of the literature
to date pertaining to a vegetarian diet and strength, anaerobic, and aerobic exercise performance.
Given the search terms used, only eight studies were included in the review, highlighting the dearth of
literature directly examining the impact of vegetarian diet upon performance. Furthermore, only three
of these studies focused on strength training and power, four assessed both anaerobic and aerobic
performance, and only one examined the impact of endurance exercise on immune markers. Of the
studies reviewed (seven RCTs and one cross-sectional study), no differences in strength, anaerobic,
or aerobic performance were identified, leading authors to conclude that vegetarian diets neither
improved nor decreased performance [107]. These studies, in addition to other more recent additions
to the literature, are described below.

5.1. Endurance Exercise

The only cross-sectional study reviewed by Craddock was by Hanne and colleagues (1986),
comparing vegetarian and omnivore athletes (primarily endurance athletes) matched by type of sport
on a number of parameters. Maximal oxygen uptake (VO2 max) was indirectly predicted by a stress
test on a cycle ergometer, and a Wingate anaerobic test provided measurements of total power, peak
power, and percent of fatigue. Neither aerobic nor anaerobic capacity significantly differed between
vegetarians and omnivores [108]. While this study is one of the few to compare vegetarians who had
adhered to their dietary pattern for at least 2 years, a drawback was that maximal oxygen uptake was
only indirectly estimated. Additionally, there was no analysis of nutrient composition of the diet.

The intervention studies reviewed by Craddock included vegetarian interventions that lasted
4 days (Hietavala 2012), 5 weeks (Baguet 2011), 6 weeks (Richter 1991, Raben 1992), and 12 weeks
(Campbell 1999, Wells 2003, Haub 2005). In a randomized cross-over design with a 16-day washout
period, Hietavala and colleagues (2012) examined the impact of adopting a vegetarian diet for four days
prior to completing a graded exercise test on a cycle ergometer compared to adhering to participants’
normal diets. Participants on the vegetarian diet had higher oxygen consumption at a given workload,
although this did not reduce their maximal aerobic performance. However, not only was the source of
the dietary protein changed for participants in this study, they also had their habitual daily protein
intake of 1.59 g/kg reduced by nearly half to 0.8 g/kg. Thus, it was not possible to determine whether
dietary protein amount, source, or another dietary change (such as the concurrent reduction in total
calories and dietary fat) may have influenced these performance results [109].
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As the ability to train well may be compromised during periods of sickness, having a strong
immune system is important for athletes. A 6-week crossover design with a 4-week washout period
comparing immune function among male athletes consuming either a lacto-ovo vegetarian (LOV)
or mixed diet was conducted by Richter and colleagues (1991) and was included in Craddock’s
review [110]. Macronutrient contribution to the diet was consistent between dietary patterns (57%
carbohydrate, 14% protein, 29% fat). The meat-containing diet provided 69% of the protein from animal
sources, whereas the vegetarian diet had 18% of the protein from animal sources. Training volume
was similar during both diets, and maximal oxygen uptake did not change over time. A blood sample
was collected 36 h after the last training period for both diet periods to determine the concentration of
various mononuclear cells and the activity of natural killer cells. The number of CD3*, CD4*, CD8",
CD14%, and CD16" cells were similar between groups, as was the activity of natural killer cells.

Another cross-over design (Raben 1992) examined the impact of following a vegetarian diet
for 6 weeks on a number of physiologic and performance outcomes among trained male endurance
athletes (mean maximal oxygen uptake (VO2max) 67 mL/kg/min). Mixed diets included 58% of
calories from carbohydrates, 27% by fat, and 15% by protein. Vegetarian diets similarly had 58%
of energy from carbohydrates, 28% from fat, and 14% from protein. Additionally, the amino acid
composition of the diet was not significantly different between groups. To assess exercise endurance,
participants began a test on either a cycle ergometer or treadmill at a workload corresponding to
100-120 heart rate beats per minute (bpm). Every 15 min the workload increased corresponding to an
additional 10-15 bpm. This was continued until exhaustion, and time to exhaustion was used as an
indicator of exercise endurance capacity. Maximal voluntary contraction and isometric endurance at
35% of maximal voluntary contraction for elbow flexors and the quadriceps were determined by a
strain-gauge when the participant was sitting upright. There were no significant differences between
groups for VO2 max, time to exhaustion on the endurance test, maximal voluntary contraction, or
isometric endurance upon adoption of the vegetarian diet [111].

The 12-week interventions reviewed by Craddock (Campbell 1999, Wells 2003, Haub 2005)
all compared strength gains following a 12-week resistance training program between participants
randomized to an LOV diet or to a meat-containing control diet. In each case, there were no significant
differences between groups for strength on any test, except for knee extensions in Wells’ study (2012),
in which the LOV group had greater increases in strength. While these studies did not directly
measure sport-specific performance, strength development is a critical component for excelling in
many high-level athletic endeavors and therefore relates to athletic success. One drawback, however,
is that training status of the participants was unspecified in Wells” and Haub’s studies.

The only study assessing muscle buffering capacity, an important function for high-intensity
activity, reviewed by Craddock et al. compared the effect of 5 weeks of sprint training coupled
with adherence either to a vegetarian or mixed diet (Baguet 2011) [112]. Muscle carnosine content
of the soleus, gastrocnemius lateralis, and tibialis anterior were measured by proton magnetic
resonance spectroscopy (H-MRS), and non-bicarbonate muscle buffering capacity, carnosine content,
and carnosine synthase mRNA expression were determined by true-cut biopsy of the gastrocnemius
lateralis. Mean power output during six repeated 6-second sprints on a cycle ergometer was also
measured pre- and post-dietary intervention. There was a significant time by group interaction for
muscle carnosine content of the soleus in which the vegetarian group had a non-significant decrease
and the mixed diet had a non-significant increase. However, in vitro muscle buffering capacity and
peak power output did not differ between groups.

Since the publication of Craddock’s review, several other studies have been published comparing
vegetarian and omnivore athletes’ performance. Of these, one cross-sectional study compared maximal
oxygen uptake (VO2 max), peak torque using an isokinetic dynamometer for knee extensions and
flexions, and body composition between 27 vegetarian and 43 omnivore male and female endurance
athletes. This study also included a 7-day food log to compare nutrient intake between groups.
Results indicated that although total protein intake was lower among vegetarians, protein as a function
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of body weight (grams/kg) did not differ significantly by group (1.2 £ 0.3 and 1.4 £ 0.5 g per kg body
mass for vegetarians and omnivores, respectively), and both groups were consuming protein within the
range recommended for endurance athletes [85]. Peak torque when doing leg extensions and flexions
did not differ significantly by diet group, and maximal oxygen uptake did not differ significantly for
males (62.6 + 15.4 and 55.7 & 8.4 mL/kg/min respectively). However, female vegetarian athletes
had higher VO2max values (53.0 £ 6.9 and 47.1 £ 8.6 mL/kg/min for vegetarians and omnivores,
respectively) [113].

Blancquaret and colleagues (2018) conducted a three-arm, 6-month intervention in which
women were randomized either to continuing an omnivorous diet, to adopting a vegetarian diet
without supplementation, or to a vegetarian diet with daily 3-alanine (0.8-0.4 g/day) and creatine
(one gram creatine monohydrate) supplementation [114]. Supplementation status was double-blinded.
Researchers measured muscle and plasma creatine, and carnitine and carnosine homeostasis at baseline,
after 3 months, and after 6 months through a fasted venous blood sample, proton magnetic resonance
spectroscopy (!H-MRS), and muscle biopsies. VO2 max and time to exhaustion on an incremental
cycling test pre- and post-intervention were compared as well. Muscle total creatine declined only
among the vegetarian plus placebo group after 3 months, whereas there was a main effect for time with
no differences by group for carnitine moieties to decrease over time. Whereas fasting plasma (-alanine
concentrations remained stable for the control and vegetarian plus placebo groups, the vegetarian plus
supplement group increased plasma (3-alanine concentration. This pattern was observed for soleus
and gastrocnemius muscle (3-alanine content as well. In spite of these differences, VO2max and time
to exhaustion did not differ between groups at any time period.

Additionally, recent case studies have also highlighted the capabilities of prominent vegan
endurance athletes [115,116]. A case study by Wirnitzer and Kornexel (2017) reported energy intake
and performance data for a female vegan cyclist competing in the 8-day Transalp Challenge 2004
(662 km, total altitude: 22,500 m). Given the grueling nature of the race, athletes must compete in
teams of two for safety purposes. Prior to the race, the athlete trained about 25 h per week for 1 year.
Relative peak power output during a pre-race laboratory assessment on an incremental cycling test was
4.6 watts per kg. Percent of peak power output and heart rate maximum were monitored continuously
during the race. Over the course of the race, her body weight remained stable, indicating appropriate
fueling and hydration practices, and she finished in 16th place out of 64 teams in the mixed category,
meeting her goal of finishing in the top 20 [115].

Another case study by Leischik and Spelsberg (2014) compared a vegan male Triple-Ironman
distance athlete with 10 non-vegetarian Triple-Ironman distance athletes on the basis of
echocardiography, spiroergometry, and a blood test. Triple-Ironman race distance includes 11.4 km
swimming, 540 km cycling, and 126 km running. The vegan athlete completed the race in 41 h 18 min.
The athlete had been adhering to a raw vegan diet for 6 years; prior to this, he followed a vegan diet
for 3 years. Before becoming vegan, he was vegetarian for 13 years. Given the nature of the study,
it is not possible to make statistical comparisons between the vegan athlete and the average values
of the 10 non-vegetarian athletes. However, their VO2max, oxygen uptake at ventilatory anaerobic
threshold, and percent of VO2 max at ventilatory anaerobic threshold were similar. The vegan athlete
had lower heart rates at rest, ventilatory anaerobic threshold, and maximal work. Left ventricular end
diastolic diameter, end diastolic volume, and stroke volume also appeared higher in the vegan athlete.
No dietary deficiencies or impaired health were indicated by bloodwork [116]. While such case reports
are hardly sufficient for making recommendations about the adequacy of a vegetarian or vegan diet
for endurance athletes, a large study (target n = 1500) is in progress comparing running performance
among omnivore, vegetarian, and vegan runners, and results are forthcoming [117]. This study may
serve as a model for other studies that could investigate the impact of dietary pattern on other types of
sport, such as triathlon or cycling.
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5.2. Strength and Power Exercise

Equally important is the impact of adoption of a plant-based diet on strength and power
performance. Some of this research has involved examining differences in the physiological
concentrations of creatine and carnosine, and how these differences may influence anaerobic activities.
Beta-alanine is the rate-limiting precursor to forming carnosine, a key buffer in human skeletal muscle
tissue, and beta-alanine is present in meat, fish, and poultry. As there is a positive correlation between
buffering capacity and high-intensity exercise performance, it is important to determine whether
the adoption of a vegetarian diet could impact muscle buffering capacity and consequently sprint
or high-intensity performance. Baguet and colleagues (2011) conducted a 5-week intervention in
which participants were randomized to either a lacto-ovo vegetarian group (supplemented with 1 g of
creatine in order to compensate for a lower creatine content) or an omnivorous diet, and all participants
engaged in sprint training 2-3 times per week. Power output increased during sprints on a cycle
ergometer for both groups, with no significant between-group differences, and muscle carnosine
concentrations did not change significantly from baseline in either group. There was a significant
time-by-group interaction for carnosine concentration in the soleus with a non-significant decrease in
the vegetarian group and a non-significant increase in the omnivorous group, but this did not affect
buffering capacity [112].

Creatine levels represent another important physiological difference between vegetarians and
omnivores that could affect strength and power in particular. Vegetarians generally present with
lower total creatine levels. However, this difference appears to make them more receptive to creatine
supplementation and its effects, as vegetarian participants receiving a creatine supplement exhibited
greater increases in total creatine, phosphocreatine, lean body mass, and total work performed
doing leg extensions and flexions on an isokinetic dynamometer compared to omnivores receiving
creatine supplementation and undergoing the same training program [118]. There were no significant
differences in total work output at baseline between groups, in spite of the lower total creatine levels.

A study by Novakova (2016) compared body carnitine stores and physical performance between
vegetarians and omnivores who were not specifically athletes. Vegetarians had lower plasma carnitine
stores, but comparable skeletal muscle carnitine stores to omnivores. Additionally, skeletal muscle
phosphocreatine, glycogen, lactate, and ATP levels were not significantly different between groups.
Performance outcomes also did not differ by diet group. Maximal work performed and maximal
oxygen uptake relative to body weight did not differ significantly, nor did respiratory exchange ratio,
blood lactate, or other muscle metabolite levels during submaximal exercise [119].

Shomrat and colleagues (2000) also conducted a creatine supplementation study among
vegetarians and omnivores, and compared peak and mean power output during modified Wingate
tests, plasma creatine, and changes in lean body mass. At baseline, the only difference between
vegetarians and omnivores was plasma creatine levels, a difference that did not significantly affect
mean or peak power output during the modified Wingate tests. Post-supplementation, both groups had
similar increases in mean power output, but only omnivores increased their peak power output [120].

5.3. Other Aspects

Increasingly, healthcare professionals and the public are recognizing the importance of quality
of life as part of health and wellness. To compare quality of life scores between vegan, vegetarian,
and omnivore male and female runners, Boldt and colleagues (2018) administered the World Health
Organization Quality of Life Brief questionnaire to 281 recreational runners. This questionnaire
addressed physical health, psychological wellbeing, social relationships, and one’s environment
(e.g., satisfaction with where one lives and works, financial freedom, and access to healthcare), broadly
representing overall life satisfaction. All diet groups reported high quality of life scores without
significant differences between groups, leading authors to conclude that vegan and vegetarian diets
represented viable options in support of high quality of life similar to meat-containing diets [121].
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Exercise clearly is important for promoting optimal health, yet it also produces free radicals,
compounds known to play a role in some conditions such as cardiovascular disease and the
development of some cancers. Antioxidants found in fruits and vegetables help to neutralize free
radicals. As such, it has been hypothesized that a plant-based diet higher in fruits and vegetables may
help combat free radical production generated during exercise. To explore this assertion, Trapp and
colleagues (2010) conducted a review of the literature on this topic. Although typically vegetarians
and vegans consume more antioxidants such as vitamins C, E, and beta-carotene, this has not
definitively translated to higher antioxidant status and reduced levels of oxidative stress in response
to exercise. Most studies have simply examined nutrient intake and have not considered the effect on
exercise-induced oxidative stress, which is a key area for future research [122].

6. Conclusions

In spite of differences in macro- and micronutrient intake between vegetarians and omnivores, as
well as some physiological differences such as lower total body creatine and plasma carnitine among
vegetarians, exercise performance does not appear to differ between dietary groups across multiple
measures and types of activities. As much of this research has been done with recreational athletes;
further work ought to be conducted among elite athletes to ascertain if differences may appear at
higher levels of training and competition.
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