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Abstract

Purpose To critically examine the research on novel supplements and strategies designed to enhance carbohydrate delivery
and/or availability.

Methods Narrative review.

Results Available data would suggest that there are varying levels of effectiveness based on the supplement/supplementation
strategy in question and mechanism of action. Novel carbohydrate supplements including multiple transportable carbohydrate
(MTC), modified carbohydrate (MC), and hydrogels (HGEL) have been generally effective at modifying gastric emptying
and/or intestinal absorption. Moreover, these effects often correlate with altered fuel utilization patterns and/or glycogen
storage. Nevertheless, performance effects differ widely based on supplement and study design. MTC consistently enhances
performance, but the magnitude of the effect is yet to be fully elucidated. MC and HGEL seem unlikely to be beneficial
when compared to supplementation strategies that align with current sport nutrition recommendations. Combining carbo-
hydrate with other ergogenic substances may, in some cases, result in additive or synergistic effects on metabolism and/or
performance; however, data are often lacking and results vary based on the quantity, timing, and inter-individual responses
to different treatments. Altering dietary carbohydrate intake likely influences absorption, oxidation, and and/or storage of
acutely ingested carbohydrate, but how this affects the ergogenicity of carbohydrate is still mostly unknown.

Conclusions In conclusion, novel carbohydrate supplements and strategies alter carbohydrate delivery through various
mechanisms. However, more research is needed to determine if/when interventions are ergogenic based on different contexts,
populations, and applications.

Keywords Endurance - Metabolism - Glucose - Fructose - Hydrogel - Multiple transportable carbohydrate - Ketogenic -
Caffeine - Nitrate - Carbohydrate periodization

Abbreviations HGEL Carbohydrate hydrogel solution
fHB Beta hydroxybutyrate IFABP Intestinal fatty acid-binding protein
CHO Carbohydrate L:R Lactulose to rhamnose ratio
CHO+PRO Combined carbohydrate and protein MC Modified carbohydrate or starch
solutions MCT Medium-chain triglycerid
FFA Free fatty acid MTC Multiple transportable carbohydrate
FMC Fast-absorbing modified carbohydrate or RER Respiratory exchange ratio
starch RM Repetition maximum
GLUTS Intestinal fructose transporter SGLT1 Sodium-dependent glucose transporter 1
SMC Slow-absorbing modified carbohydrate or
starch
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Introduction

In the last few decades, we have seen exponential growth
in the field of endurance sport nutrition, with hundreds of
studies published examining nutritional supplements and
strategies for optimizing performance and training adapta-
tions. These studies have generally focused on strategies
for augmenting exogenous carbohydrate (CHO) oxidation
and/or glycogen storage, altering fuel utilization patterns,
and/or enhancing gastrointestinal tolerance to nutrient-
dense interventions (Aulin et al. 2000; Leiper et al.
2000; Jeukendrup 2010; Roberts et al. 2011; Ormsbee
et al. 2014; Rowlands et al. 2015; Baur et al. 2016, 2018,
2019). This work has resulted in dramatic advances in our
understanding of the nutritional impacts of supplemental
nutrients on human metabolism and performance. Based
on this, nuanced recommendations have been published
detailing precise nutrient intake strategies and hydration
requirements for optimal performance and/or training out-
comes (Sawka et al. 2007; Thomas et al. 2016).
Importantly, access to sport nutrition research has never
been greater with open-access publishing, popular media
reporting, and direct cooperation between athletes and
researchers. For many athletes, this has aided in the attain-
ment of record-breaking performances. Additionally, it has
resulted in the development of dozens of new products and
dietary strategies designed to better provide nutrients in
line with recommendations. However, access to this valu-
able information and the ubiquity of sport nutrition sup-
plements has also resulted in a “levelling of the nutritional
playing field” in some ways. Athletes of all ability levels
can no longer assume a competitive advantage from simply
following sport nutrition guidelines. As such, there is a
great demand for novel, innovative, and potentially par-
adigm-shifting nutritional strategies and/or products that
may provide a competitive advantage for early adopters.
In response to this demand, a number of new products
have been developed that purport to enhance performance
relative to traditional nutritional supplements. Some of
these products have a high degree of notoriety likely as
a result of effective marketing and the early adoption by
champion athletes. Another reason for their popularity
may be that many of these products are highly innovative,
utilizing new or reimagined technologies/processes and/
or integrative scientific approaches that encompass mul-
tiple disciplines (e.g., physiology, food science, chemis-
try, biopharmaceuticals, etc.) for product development. A
recent example is carbohydrate hydrogels (HGEL), which
transform from liquid to gel when exposed to the pH levels
present in the stomach, which purportedly results in more
rapid carbohydrate delivery to the small intestine (Sute-
hall et al. 2018). Such advancements exemplify scientific
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progress in the field, which certainly warrants excitement,
debate, and further examination.

In addition to newly developed CHO supplements, recent
research has also emphasized dietary approaches aimed at
improving performance via optimization of fuel metabo-
lism to maximize CHO availability. For instance, dozens
of studies have recently examined the impact of manipulat-
ing dietary CHO either chronically or periodically (Impey
et al. 2018). Additionally, a number of investigations have
assessed the impact of combining CHO with other presum-
ably ergogenic substances to determine whether additive or
synergistic benefits result (Jeukendrup et al. 1998; Saunders
et al. 2004; Acker-Hewitt et al. 2012; Cox et al. 2016). As
with novel supplements, these dietary and supplementa-
tion strategies have drawn substantial notoriety and have
become hotly debated topics within popular and sport cul-
tures (Burke et al. 2018).

Importantly, while enthusiasm is valuable for innovation
and discovery, it can also potentiate myopia and dogmatism
when it comes to critically evaluating new data. There are
varying degrees of evidence supporting the ergogenic poten-
tial of these newly developed supplements and strategies. In
some cases, a wealth of data exists, but it requires reexami-
nation to accurately characterize the likely effects based on
newly available research. In other instances, data are often
limited, equivocal, or misinterpreted based on the findings
of individual studies. Finally, little focus has been paid to
how different strategies interact. For example, the effects of
manipulating dietary CHO on the ergogenicity of acutely
ingested CHO are still mostly undetermined. As such, there
is a need for a review of studies in this area that holisti-
cally examines the data and reevaluates it from different
perspectives. Therefore, the aims of this review are to: (1)
determine the mechanistic underpinnings of recent findings
and develop hypotheses for future studies and applications,
(2) qualitatively evaluate the relative strength of evidence
for given supplements/strategies and draw conclusions as to
value/potential, (3) contextualize new data within the litera-
ture, and (4) consider the potential effects and interactions of
different supplements/strategies used concurrently.

Multiple transportable carbohydrates

CHO intake during exercise is perhaps the most widely
practiced nutritional strategy to influence endurance per-
formance. Though not a unanimous finding, there is a sub-
stantial body of evidence, indicating that CHO ingestion can
extend time to exhaustion (TTE) and enhance time-trial (TT)
performance/power output in endurance events >45 min in
duration (Saunders and Luden 2012). Mechanistically, the
effects of CHO on performance can be partially attributed
to influences on the central nervous system, and related
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effects on perceived effort, affect, and reduced inhibition
of central motor drive (Saunders and Luden 2012). This is
best illustrated by numerous studies reporting that mouth
rinsing with CHO (without swallowing) can significantly
improve TT performance (Carter et al. 2004; Chambers
et al. 2009). These central influences are likely the primary
mechanism responsible for ergogenic effects of CHO during
shorter endurance events (~45 to 75 min). However, with
progressively longer exercise durations, the metabolic effects
of CHO ingestion become more critical to performance. It
has been known for well over a century that dietary intake
can influence the magnitude of relative CHO/fat utilization
(Zuntz and Loeb 1894). In fasted conditions, endogenous
CHO reserves, primarily from skeletal muscle glycogen and
blood glucose (derived from liver glycogen stores and glu-
coneogenesis), are the predominant energy substrate utilized
by the working muscles during endurance exercise at mod-
erate-vigorous intensities (Romijn et al. 1993). However,
endogenous CHO stores can be significantly depleted dur-
ing endurance exercise, limiting CHO availability and oxi-
dation during the later stages of prolonged exercise (Coyle
et al. 1986; Gonzalez et al. 2015). Depletion of endogenous
CHO stores has been shown to contribute to fatigue and
impaired exercise capacity (Bergstrom et al. 1967; Coyle
et al. 1986). Furthermore, reduced CHO oxidation may neg-
atively impact endurance performance even in the absence
of critically low endogenous reserves, as the oxygen cost of
constant-load exercise is increased with low CHO oxidation
(and higher fat oxidation) (Burke et al. 2017). CHO inges-
tion during exercise maintains higher rates of total CHO
oxidation throughout prolonged exercise, which is associated
with improved performance in prolonged endurance events
(Coyle et al. 1986; Smith et al. 2010). Improved CHO avail-
ability in late-exercise is due to increased oxidation of the
exogenous CHO itself (Jeukendrup 2008; Smith et al. 2010),
combined with greater availability of endogenous reserves
due to sparing of hepatic glycogen (Jeukendrup et al. 1999;
Gonzalez et al. 2015), and possibly muscle glycogen (Stel-
lingwerff et al. 2007; De Bock et al. 2007), though the later
finding is not consistently observed in the literature (Coyle
et al. 1986; Gonzalez et al. 2015).

Oxidation of exogenous CHO is modulated by various
factors related to the exercise bout (i.e., intensity and dura-
tion) and nutritional approach (i.e., amount, type, and tim-
ing of CHO ingestion). As indicated above, the metabolic
influences of CHO ingestion are most important for perfor-
mance during prolonged exercise (> 2 h, generally at intensi-
ties <85% VO,.x), because CHO availability can be limit-
ing to energy demands during such events. During exercise
of this type, the oxidation of ingested CHO is typically initi-
ated within 5 min of the initial feeding and, presuming con-
tinued feedings at regular intervals, increases progressively
over the first 75-90 min of exercise; thereafter, exogenous

CHO oxidation rates typically plateau at high rates for the
remainder of exercise (Jeukendrup and Jentjens 2000). Exog-
enous CHO oxidation rates are also dose-dependent. When
glucose (or glucose polymers such as maltodextrin) alone is
consumed during exercise, oxidation rates increase curvilin-
early, reaching maximal rates at ingestion rates of ~66 g-h™!
(1.1 g-min™!) (Jeukendrup and Jentjens 2000). The factor(s)
limiting this rate are not definitively known, but could poten-
tially be influenced by rates of gastric emptying, digestion,
and absorption, hepatic factors influencing passage into
systemic blood supply, and glucose uptake/oxidation by the
working muscles (Fuchs et al. 2019). However, intravenous
glucose infusion studies have achieved CHO oxidation rates
much higher than 66 g-h~! (Hawley et al. 1994), suggesting
that muscle glucose uptake/oxidation is not limiting. Simi-
larly, gastric emptying rates of glucose have been shown to
exceed maximal CHO oxidation rates (Rehrer et al. 1992).
Thus, the major factor limiting maximal exogenous CHO
oxidation is presumed to be intestinal absorption and hepatic
limitations influencing release to systemic circulation (Ros-
set et al. 2017; Fuchs et al. 2019). Glucose is primarily
absorbed across the intestinal mucosa by the transport pro-
tein sodium-dependent glucose transporter 1 (SGLT1) and
transported from the splanchnic region via portal circulation
to the liver, where it largely passes into systemic circulation
and can be taken up by the working muscle for oxidation
(Rosset et al. 2017; Fuchs et al. 2019). However, intestinal
absorption of glucose becomes limited with saturation of
the SGLT1 transporter, which occurs at glucose ingestion
rates of ~66 g-h™!. Consuming higher rates of glucose (or
other single CHO forms) does not elevate exogenous oxi-
dation of CHO by the working muscle (Jeukendrup 2008).
Furthermore, residual intestinal CHO is likely to contribute
to gastrointestinal distress during exercise, which can impair
performance (Rehrer et al. 1992; Pfeiffer et al. 2012).
Traditional nutritional guidelines from sport science
groups such as the American College of Sports Medicine
have generally recommended consuming 30-60 g-h™!
(0.5-1.0 g-min~"!) of CHO during endurance exercise (Rod-
riguez et al. 2009). These guidelines are consistent with
the aforementioned description of glucose metabolism, as
these rates are sufficiently high to elicit meaningful rates of
exogenous CHO oxidation, without exceeding the intestinal
absorption threshold of glucose. It is generally presumed
that higher intake rates of glucose within this range are
associated with better effects on performance in prolonged
events, though studies directly supporting this concept are
minimal. The most convincing evidence comes from Smith
et al. (2010), who examined the effects of four different
rates of glucose ingestion (0, 15, 30, and 60 g-h™') during
exercise consisting of 2 h of constant-load cycling (~77%
VOypear)> followed immediately by a simulated 20-km TT.
Higher CHO intake was associated with stepwise increases
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in exogenous CHO oxidation rates and hepatic glycogen-
sparing, and these metabolic effects were associated with
improved TT performance with increasing dose (210 +36;
225 +40; 227 +40; and 232 +34 W, respectively) (Smith
et al. 2010).

It has been consistently reported that higher than recom-
mended rates of glucose ingestion do not elevate exogenous
CHO oxidation beyond levels achieved at~66 g-h™! (Jeu-
kendrup 2008). However, intestinal absorption of fructose
occurs primarily via the GLUTS transporter, which is unique
for glucose. Fructose alone is not considered ideal for opti-
mizing CHO availability, as exogenous oxidation rates dur-
ing exercise are less than or equal to glucose (Massicotte
et al. 1990; Adopo et al. 1994), and large amounts of fruc-
tose ingestion are associated with gastrointestinal distress
(Truswell et al. 1988). However, because these two mono-
saccharides are absorbed via non-competitive pathways,
the consumption of high levels of glucose (or glucose poly-
mers) combined with fructose during exercise has repeatedly
been shown to increase maximal exogenous CHO oxidation
(Jeukendrup 2008). Co-ingestion of glucose—fructose may
elevate maximal exogenous oxidation >40%, depending
on the doses provided, up to maximal levels of ~ 105 g-h™!
(Jentjens and Jeukendrup 2005; Wallis et al. 2005). These
high rates of exogenous CHO oxidation also occur when
sucrose (a disaccharide that includes glucose and fructose
molecules) is co-ingested with glucose (Trommelen et al.
2017). Unlike glucose, fructose is not believed to be directly
oxidized by skeletal muscle at meaningfully high levels dur-
ing exercise (Fuchs et al. 2019). As mentioned previously,
the majority of glucose ingested during exercise is released
into systemic circulation following intestinal absorption. By
contrast, most fructose is rapidly converted into glucose and
lactate in splanchnic organs (intestines and liver), and these
substrates are then released into systemic circulation (Rosset
et al. 2017). As a result, fructose ingestion elicits only mini-
mal increases in plasma fructose concentrations, while the
majority is converted to secondary substrates that are deliv-
ered to peripheral tissues and/or to contribute to liver glyco-
gen synthesis (Rosset et al. 2017). The co-ingestion of high
rates of fructose and glucose (48 and 72 g-h™!, respectively)
during exercise has been shown to significantly elevate the
rate of appearance of systemic glucose/lactate versus isoca-
loric amounts of glucose alone (Lecoultre et al. 2010), and
the oxidation of these substrates may completely account for
the elevated exogenous CHO oxidation rates reported with
glucose and fructose co-ingestion (Gonzalez et al. 2017).
Therefore, the utilization of multiple transportable CHO
(MTC) appears to substantially elevate maximal rates of
exogenous CHO oxidation during prolonged exercise versus
single CHO sources. There is also evidence that glucose and
fructose co-ingestion reduces gastrointestinal malabsorption
and symptoms of gastrointestinal discomfort in comparison
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to fructose (Latulippe and Skoog 2011) or glucose alone
(Jentjens et al. 2006; Triplett et al. 2010; Rowlands et al.
2012). In addition, the more rapid intestinal absorption of
MTC may reduce feedback inhibition to the stomach, result-
ing in faster gastric emptying and fluid delivery compared
to glucose alone (Jeukendrup and Moseley 2010). Collec-
tively, these factors have the potential to positively influence
endurance performance, which is discussed further below
(Fig. 1). In addition, the increased CHO availability induced
by ingesting large doses of MTC have been hypothesized
to augment glycogen repletion rates during post-exercise
recovery. However, this topic is beyond the scope of the
present paper, as it has reviewed recently elsewhere (Fuchs
et al. 2019).

There is a variety of evidence supporting the concept that
MTC augments performance in prolonged endurance activi-
ties. Of particular interest are studies comparing the effects
of MTC to isocaloric amounts of glucose (see Table 1), so
that performance differences can be attributed to the combi-
nation of MTC, rather than additional CHO calories alone.
Currell and Jeukendrup (2008), were the first to report per-
formance gains with consumption of MTC versus isocaloric
amounts of glucose, during a protocol consisting of 2 h of
constant-load cycling followed by a simulated 1-h TT. Spe-
cifically, high doses of glucose and fructose co-ingestion (72
and 36 g-h™!, respectively) resulted in 8% faster TT perfor-
mance versus when glucose alone was ingested (108 g-h™).
Numerous studies have subsequently examined performance
outcomes when MTC are consumed during prolonged exer-
cise at intake rates > 60 g-h™!, in comparison to isocaloric
amounts of glucose. Most studies have reported better mean
performance outcomes with MTC, though not all effects
have been statistically significant (Tarpey et al. 2013; Lee
et al. 2014; Hill and Bosch 2017; Baur et al. 2019). Ergo-
genic effects have been reported with MTC in laboratory tri-
als consisting of pre-loaded cycling TT with total durations
of 2.75 to> 4 h (Currell and Jeukendrup 2008; Tarpey et al.
2013; Baur et al. 2014; Roberts et al. 2014), a pre-loaded
running trial (~2.5 h; Wilson and Ingraham 2015), a simu-
lated 100-km (>3 h) cycling TT (Triplett et al. 2010), and a
pre-loaded cycling sprint test (total duration: ~3 h; Rowlands
et al. 2012). In addition, performance gains with MTC ver-
sus isocaloric glucose have also been reported in field-based
performance tests, including a simulated mountain bike race
(~2.5 h; Rowlands et al. 2012) and long-distance triathlon
(~5 h; Rowlands and Houltham 2017).

The magnitude of ergogenic effects reported in stud-
ies comparing MTC versus isocaloric amounts of glucose
may be at least partly influenced by the total CHO ingestion
rates utilized in individual studies (Rowlands et al. 2015).
For example, in the six trials which utilized CHO ingestion
rates of 78-90 g-h™!, the mean performance improvement
with MTC ranged from 0.5 to 3.0% (Rowlands et al. 2012
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Fig. 1 Purported metabolic effects of novel carbohydrate supplements
(versus glucose). HGEL carbohydrate hydrogel, FMC fast modified
carbohydrate, SMC slow modified carbohydrate, MTC multiple trans-

[2 sub-studies]; Baur et al. 2014, 2019; Wilson and Ingra-
ham 2015; Rowlands and Houltham 2017). However, the
four trials that utilized ingestion rates from 102 to 144 g-h™!
reported mean performance improvements of 5.0-8.0% with
MTC versus glucose (Currell and Jeukendrup 2008; Triplett
et al. 2010; Tarpey et al. 2013; Roberts et al. 2014). On one
hand, this information fits appropriately with the mecha-
nisms proposed for MTC efficacy, whereby higher doses
of glucose—fructose ingestion are associated with greater
increases in exogenous CHO oxidation (and fluid absorp-
tion) compared to glucose alone, which could potentially
explain the greater performance effects in these studies.
However, it is important to recognize that these higher inges-
tion rates for MTC also require higher ingestion rates in the
glucose-only control beverages of these studies, to maintain
an isocaloric comparison between beverages. The control
beverages used in the latter group of studies necessitated
glucose ingestion rates which exceeded the presumed maxi-
mal intestinal uptake of glucose (~66 g-h™") by at least 50%.
Thus, it is likely that significant CHO malabsorption was
present in the glucose-only trials of these studies, leading
to potentially negative effects on gastrointestinal comfort,
or other inhibitory factors that could impair performance

MTC

During Exercise

SMC

portable carbohydrates, CHO carbohydrate, FFA free fatty acids, G/
gastrointestinal

(Triplett et al. 2010; Rowlands et al. 2012). As a result,
the “real-world” benefits of MTC on performance could
be substantially overstated, in comparison to what may be
expected when compared to ecologically relevant glucose
beverages (i.e., those consumed at rates <60 g-h™!). Only
one study to date has directly compared the effects of a
glucose—fructose beverage (60 and 30 g-h™!, respectively)
versus both an isocaloric glucose-only beverage (90 g-h™")
and glucose-matched beverage (60 g-h~' with no fructose)
(Baur et al. 2014). Performance was assessed in a simu-
lated 30-km TT which followed 120 min of constant-load
cycling at 55% W,,,,. Performance in the glucose-fructose
trial (50.4 +2.2 min; 244 +27 W) was likely improved
(3.0%) versus the 90 g-h™! glucose trial (52.0 +3.7 min;
229 +38 W), but no statistically clear benefit (1.2%) was
observed versus the 60 g-h™! glucose trial (51.1 +2.4 min;
237 +30 W). These findings suggest that a large portion
of the reported performance benefits with MTC could be
attributable to excess glucose in control beverages, rather
than a true beneficial effect versus recommended glucose
beverages. A recent study from King et al. (2018) provides
additional insight on this issue, as they compared perfor-
mance differences between a glucose—fructose beverage (60

@ Springer
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and 30 g-h™!) and a glucose-matched beverage (60 g-h™1),
as well as additional beverages containing higher glucose
(75 g-h~!) and higher glucose—fructose (75 and 37.5 g-h™!),
using a similar pre-loaded cycling trial (30 min TT follow-
ing 120 min constant-load cycling). Compared to Baur et al.
(2014), these investigators observed a more robust effect of
glucose—fructose (225 +45 W) versus the 60 g-h~! glucose
trial (206+41 W), which was an 8.9% (likely) improvement
(King et al. 2018). However, mean power output decreased
by 5% in the higher glucose trial (75 g-h™'; 196 +46 W),
magnifying the observed performance effect between glu-
cose—fructose and the higher glucose beverage (15.2%; very
likely improvement). In addition, a performance decrement
was also observed in the higher glucose—fructose trial (75
and 37.5 g-h™!; 213 +43 W) compared to when glucose and
fructose were provided at presumably appropriate levels for
gastrointestinal uptake (60 g-h~'and 30 g-h™!; 225 +45 W).
Collectively, the data above suggest that the use of control
beverages with glucose content that exceeds gastrointestinal
absorption rates (>60 g-min~') may distort the magnitude
of the reported ergogenic effects of MTC beverages, espe-
cially when levels exceed 90 g-h™!. In addition, the findings
of King et al. (2018) indicate that excessive CHO ingestion
from either glucose or fructose (alone or in combination)
may negatively impact performance. This concept is sup-
ported by data from Smith et al. (2013) who conducted a
multi-laboratory study investigating the effects of 12 dif-
ferent MTC beverages (3 per laboratory; doses ranged from
10 to 120 g-h~!in 10 g increments, provided at 2:1 ratios
of glucose + maltodextrin:fructose) on pre-loaded TT per-
formance versus a placebo beverage. Based on regression
analyses, they reported that CHO influenced performance
(total duration~2.5 h) in a curvilinear dose-responsive man-
ner, with the best performance occurring with MTC pro-
vided at~78 g-h~!. In a recent similar study assessing MTC
(glucose—fructose 2:1) dose—response effects, King et al.
(2019) reported a similar curvilinear trend albeit with opti-
mal performance occurring at a higher CHO ingestion rate
(90 g-h~! rather than 78 g-h™!). Specifically, 30-min power
output (following 180 min constant-load cycling) improved
as the MTC dose increased from 78 g-h™! (219 +48 W) to
90 g-h~! (228 +37 W), but then decreased by 7% when the
MTC dose was further elevated to 102 g-h_1 (212+48 W).
Interestingly, despite exogenous CHO oxidation being high-
est in the 102 g-h™! trial, the authors also reported greater
reliance on muscle glycogen utilization (with no differences
in liver glycogen use) with this dose—which could provide
another potential mechanism (beyond gastrointestinal limi-
tations) for impaired performance with high CHO doses.
In total, there is clear evidence that ingesting MTC at
high rates can elevate peak exogenous CHO oxidation
rates beyond those achievable with single CHO sources.
In addition, there is also evidence that fluid uptake and

@ Springer

gastrointestinal comfort may be improved with MTC use.
These effects have been associated with improvements in
performance during prolonged endurance exercise last-
ing> 2.5 h, versus isocaloric glucose beverages. However,
further investigation is required to quantify the beneficial
effects of MTC beverages versus glucose doses ingested
at rates that do not exceed gastrointestinal uptake limits,
as isocaloric comparisons magnify the presumed benefits
of MTC versus lower glucose doses. Furthermore, some
recent studies have provided evidence refuting the presence
of augmented performance with CHO doses above mod-
erate (39.6 g-h_l) intake rates (Newell et al. 2018). Thus,
there remains a need for additional well-powered studies
investigating the dose—response effects of MTC ingestion
(and CHO ingestion in general) on endurance performance.
Dose-response studies of MTC should also consider how
varying ratios of glucose:fructose may influence perfor-
mance. As reviewed elsewhere, there is some evidence that
MTC beverages containing higher fructose ratios than com-
monly used in the literature (i.e., increasing the proportion
of fructose from 0.5 to 0.8—1.0 versus glucose) may elicit
improved intestinal absorption and exogenous oxidation
(Rowlands et al. 2015). Finally, future studies should assess
how prior dietary status and exposure to high-dose CHO
consumption (i.e., “gut training”’) may influence responses
to different MTC doses. As recently reviewed (Jeukendrup
2017), repeated exposure to glucose or fructose can increase
gastric emptying rates of these monosaccharides, and ele-
vated CHO intake levels in the diet can increase SGLT1
transporter activity and intestinal absorption of CHO. Fur-
ther exploration in these areas can provide athletes and
coaches with greater insights to personalize MTC dosage
recommendations under specific conditions.

Modified carbohydrates

Based on findings from studies of MTC, it is clear that
metabolic and performance outcomes can be mediated by
CHO type. In this case, consuming specific combinations
of CHO monomers or rapidly digested polymers (i.e., glu-
cose, maltodextrin, and fructose) can increase CHO absorp-
tion and oxidation, thereby enhancing CHO delivery and
performance. Besides the likely ergogenic effects already
noted, simple forms of CHO such as are utilized in MTC
are logical ingredients for sport supplements due to their
typically high degree of solubility and palatability. More
complex forms of CHO (e.g., polysaccharides like starches)
have historically lacked practical application for athletes as
most are derived from whole foods like oats, corn, potato,
and barley, which are not commonly consumed by athletes
before/during competition, possibly because they are more
likely to cause gastrointestinal distress (Pfeiffer et al. 2010,
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2012; Guillochon and Rowlands 2017). However, the vari-
ety of sources and diversity of physicochemical structures
across different types of complex CHO provide a wide range
of digestion/absorption profiles that can alter metabolism
in multiple potentially advantageous ways (e.g., increasing/
decreasing CHO/fat oxidation, glycogen synthesis, blood
glucose concentrations, etc.). Importantly, a number of
newly developed supplements employ complex CHO in tra-
ditional and easily consumable forms (e.g., beverages, gels,
and bars). Moreover, advanced processing and modification
techniques have been utilized to alter their digestibility to
enhance metabolic and performance outcomes. Several stud-
ies have investigated the effects of consuming modified CHO
supplements (MC) on physiology and performance.

Complex carbohydrates and their modification

Most recently developed MC are starch-based. Starches
are the primary storage form of CHO in plants and can be
found in pollen, leaves, fruits, tubers, bulbs, stems, roots,
etc. (Lehmann and Robin 2007). Based on the botanical
origin, starches can have a wide variety of structures and
physicochemical properties that mediate digestibility and
metabolism. The primary structural components of starches
are the glucose polymer chains amylose and amylopectin
(Buléon et al. 1998). Amylose chains are essentially linear
and helical, composed almost entirely (>99%) of a-(1-4)
bonds. Conversely, a relatively large amount of branch-
ing in amylopectin results in a greater proportion (5%) of
linkages being derived from a-(1-6) bonds (Buléon et al.
1998). These structural differences seem to play an impor-
tant role in mediating digestibility. Specifically, the lack of
branching in amylose reduces the surface area for hydrolysis,
which slows and/or prevents digestion compared to the more
densely branched and typically faster digesting amylopectin
(O’Dea et al. 1980; Goddard et al. 1984).

Non-starch complex CHO like trehalose, maltose, and
isomaltulose have also been examined for potential ergo-
genic effects (Jentjens and Jeukendrup 2003; Venables
et al. 2008; Oosthuyse et al. 2015; Konig et al. 2016). These
CHO are composed of two or more monomers and bound
by linkages similar to those found in starches (e.g., oa-[1-4]
and a-[1-6]) as well as others (e.g., a-[1-1], a-[1-2], etc.)
(Higashiyama 2002; Maresch et al. 2017). As with starches,
the non-starch CHO glycosidic bonds can impact digest-
ibility by altering the surface area for hydrolysis. Digestion
is also impacted by hydrolytic enzyme availability/activ-
ity. Whereas starch digestion is primarily dependent on
a-amylase (i.e., hydrolysis of polysaccharides to the disac-
charide maltose) and maltases (i.e., hydrolysis of maltose
to glucose), non-starch CHO are hydrolyzed by a number
of enzymes that can differ widely in their availability and
activity. Certain enzymes, like trehalase for example, are

substantially less active relative to other hydrolytic enzymes
(e.g., maltase) (Dahlqvist and Thomson 1963). As a result,
digestion of trehalose, the substrate for trehalase, is slower
relative to maltose (Venables et al. 2008). As with starches,
the distinctive characteristics of non-starch complex CHO
result in a range of digestion/absorption rates depending on
the source.

Due to the diversity of sources and hydrolytic rates of dif-
ferent complex CHO, various methods have been developed
to categorize CHO based on their digestibility and absorp-
tion profiles. The glycemic index is utilized as the measure
of CHO digestion/absorption in vivo. With this method,
CHO digestibility is based on the measurement of the incre-
mental area under the curve of blood glucose concentrations
following ingestion (Jenkins et al. 1981). The greater the
elevation in blood glucose, the higher is the glycemic index
of the CHO. Most simple CHO (e.g., glucose or dextrose)
such as can be found in traditional sport supplements have
high glycemic indices due to their rapid absorption profiles
(Wolever and Jenkins 1986). While some starches or non-
starch CHO can also have high glycemic indices particularly
following processing, there is a wide range of complex CHO
that are slow or resistant to digestion resulting in low gly-
cemic indices (Wolever and Jenkins 1986; Atkinson et al.
2008). Importantly, CHO that differ in their glycemic indi-
ces can have substantially different metabolic effects. For
example, high glycemic index CHO enhance glycogen stor-
age and CHO oxidation rates, whereas low glycemic index
CHO are associated with enhanced fat utilization (Burke
et al. 1993; Leijssen et al. 1995; Stevenson et al. 2009).
Based on this, there has been a wealth of research examin-
ing how the glycemic index of CHO may influence health
outcomes. For example, low glycemic index CHO have been
extensively evaluated as a means of maintaining/improving
metabolic health (i.e., glucose stability and insulin sensitiv-
ity) in diabetic patients due to the attenuated glycemic and
insulinemic responses post-ingestion (Brand-Miller et al.
2009). The glycemic index is also potentially of interest to
athletes as will be discussed below (see “Pre-exercise modi-
fied carbohydrates™).

Of interest, complex CHO can be selectively modified
to alter their digestibility. This is typically accomplished by
exposing CHO to heat, moisture, and/or different chemi-
cals/enzymes for a given amount of time, which changes
their fine properties (e.g., linkage type and branching den-
sity) without altering the overall structure (Lehmann and
Robin 2007). Modification is common practice in the food
industry to alter shelf-life, cooking outcomes, etc. How-
ever, it has only recently been employed in the development
of endurance supplements. This application is logical and
exciting, because it permits supplement designers to target
certain metabolic outcomes without necessarily changing
nutrient structure and function. For example, hydrothermal
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modification of corn starch results in a low glycemic index
CHO supplement (GI =30) despite its very high amylopectin
content (>99%), a characteristic associated with rapid diges-
tion and a high glycemic index (GI=70) when in a unmodi-
fied state (Correia et al. 2008). Modification can also be
utilized to alter molecular weight and stability. For example,
enzymatic treatment of potato starch results in a starch with
high molecular weight (500,000—700,000) that gels in solu-
tion (Brynolf et al. 1995; Leiper et al. 2000). Both examples
have been employed as CHO supplements in efforts to alter
fuel utilization patterns and gastric emptying, respectively.

In terms of evaluating the research on MC, it is most use-
ful to categorize the studies based on the timing of intake
employed, as this relates to the hypothesized metabolic
effects. Modified CHO supplements designed to absorb
slower (i.e., low glycemic index; SMC) are more typi-
cally employed before exercise as this characteristic would
conceivably lead to fewer glycemic and insulinemic per-
turbations and prolong glucose absorption and availability
throughout exercise. Conversely, faster digesting/absorbing
modified CHO supplements (FMC) can provide rapid access
to CHO, which may enhance exogenous CHO oxidation and/
or glycogen resynthesis during- and/or post-exercise. The
following review will first examine supplements more suit-
able to pre-exercise applications (i.e., SMC) followed by an
analysis focusing on post-exercise supplements (i.e., FMC).
During exercise, ingestion of MC is relatively rare in the
research, but will be addressed where relevant.

Pre-exercise modified carbohydrates

The perceived benefits of consuming SMC align with the
theoretical benefits of consuming unmodified low glycemic
index CHO. As described above, the structure and com-
position of a CHO influences the speed of digestion and
absorption. The slower the digestion/absorption, the lower
is typically the glycemic index. Many unmodified complex
CHO such as can be found in foods like lentils and oats
have low glycemic indices, meaning that blood glucose and
insulin responses following ingestion are attenuated relative
to high glycemic index simple CHO like glucose (Atkinson
et al. 2008). This is potentially of interest prior to exercise
as large elevations in blood glucose and insulin can lead
to rebound hypoglycemia when exercise commences (Cos-
till et al. 1977). Moreover, insulin is antilipolytic leading
to attenuated fat availability and oxidation during exercise,
a finding consistently reported with high vs. low glycemic
index pre-exercise CHO (DeMarco et al. 1999; Stevenson
et al. 2005; Choi et al. 2010). For these reasons, low gly-
cemic index CHO would seem to confer an advantage in
terms of endurance by enhancing overall fuel availability
during exercise (i.e.. blood glucose and fat) relative to high
glycemic index CHO. Importantly, research assessing the
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impact of the glycemic index of CHO on endurance capacity
(i.e., TTE) does seem to confirm this notion (Thomas et al.
1991; DeMarco et al. 1999; Kirwan et al. 2001; Karamano-
lis et al. 2011; Moore et al. 2013), albeit not unanimously
(Hargreaves et al. 1987; Wee et al. 1999; Stannard et al.
2000). While intriguing, the practical value for endurance
athletes is limited, because unmodified low glycemic index
CHO are typically found in whole foods that may lack pal-
atability in proximity to exercise. Moreover, whole foods
are less likely to be consumed by endurance athletes during
exercise (Pfeiffer et al. 2012). SMC potentially address both
concerns, since they can be made in traditional supplement
forms such as beverages that can be consumed before and/
or during exercise.

While individual modified CHO have distinct composi-
tions (e.g., amylose:amylopectin ratios) and physicochemi-
cal properties that may uniquely influence digestion, most
research investigating the effects of SMC aligns with find-
ings from studies investigating low glycemic index unmod-
ified starches and complex CHO (Thomas et al. 1991;
Febbraio et al. 2000; Kirwan et al. 2001) (see Fig. 1 and
Table 2). In the first study to examine potential exercise
applications for SMC, ingestion of an acid/alcohol-modified
corn starch (70/30% amylose:amylopectin) prior to cycling
(2 h at~65% VO,,,,) resulted in attenuated pre-exercise
blood glucose and insulin concentrations relative to dextrose
(Johannsen and Sharp 2007). Similarly, pre-exercise inges-
tion of a hydrothermally modified corn starch (95% amy-
lopectin, 5% amylose) or isomaltulose (i.e., enzymatically
modified sucrose) reduced resting blood glucose and insulin
response relative to high glycemic index CHO (i.e.. malto-
dextrin and sucrose) (Roberts et al. 2011; Konig et al. 2016;
Baur et al. 2018). Of interest, some evidence suggests that
these attenuated blood glucose and insulin responses may
lead to improved glucose stability (Johannsen and Sharp
2007), or even higher glucose concentrations (Konig et al.
2016) during exercise relative to high glycemic index CHO
control presumably as a result of an attenuated rebound
glycemic response. These findings would seem to confirm
the hypothesis that pre-exercise SMC ingestion results in
an extended and prolonged absorption of glucose, which
enhances glucose availability throughout exercise.

Importantly, SMC glycemia and insulinemia outcomes
are associated with potentially advantageous changes in
fuel utilization patterns. Both hydrothermally modified
corn starch and isomaltulose ingestion have been reported
to increase pre- and/or during-exercise free fatty acid (FFA)/
glycerol concentrations and fat oxidation relative to high
glycemic index CHO (Roberts et al. 2011; Konig et al. 2016;
Baur et al. 2018). These findings suggest that pre-exercise
SMC enhances access to adipose tissue fuel stores, which
greatly exceed CHO stores (Acheson et al. 1988). This is of
obvious interest to endurance athletes as enhanced adipose
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tissue lipolysis, FFA delivery, and oxidation reduces mus-
cle glycogen utilization, which has been associated with
enhanced performance (Vukovich et al. 1993; Pitsiladis
et al. 1999). However, the impact of SMC on adipose tis-
sue metabolism is yet to be fully elucidated. In a study uti-
lizing the microdialysis technique to assess subcutaneous
abdominal adipose tissue lipolysis, hydrothermally modified
corn starch ingestion (75 g; 30 min prior to exercise) did not
alter resting or exercise lipolytic rates despite reduced pre-
exercise insulin concentrations and elevated fat oxidation
(Baur et al. 2018). It is possible that the increased fat oxida-
tion noted in this study and others with low glycemic index
treatments is due to an increased reliance on intramuscular
triglycerides, or that changes in fat metabolism may occur in
other depots besides subcutaneous abdominal adipose tissue.
However, Trenell et al. (2008) reported decreased reliance
on intramuscular triglycerides when a low glycemic index
diet was consumed following exercise (90-min cycling at
70% VOypeq) and for 12 h preceding a second exercise bout
relative to a high glycemic index diet. Moreover, adipose
tissue is more lipolytically active and contributes more FFA
for oxidation during exercise than other depots (e.g., visceral
and femoral), suggesting that any impact on whole-body
lipolysis would presumably be revealed via measurement
of this specific depot (Arner et al. 1990; Nielsen et al. 2004).
It is also possible that low glycemic index CHO reduces FFA
reesterification without impacting lipolysis relative to high
glycemic index CHO (Enevoldsen et al. 2004). This hypoth-
esis is supported by the significant interaction for plasma
FFA despite unchanged plasma glycerol in Baur et al.
(2018). More research is clearly warranted to determine the
precise mechanism underlying changes in fuel utilization
with SMC or other unmodified low glycemic index CHO.
Whether SMC-mediated alterations in fuel use enhance
performance is equivocal. Most studies report no improve-
ments in running or cycling performance following SMC
ingestion despite seemingly beneficial metabolic responses
(Roberts et al. 2011; Parks et al. 2018; Baur et al. 2018;
Dudar et al. 2020). Konig et al. (2016) found a likely 2.7%
enhancement of pre-loaded (90-min cycling at 60% VO,,,,,)
TT performance with pre-exercise isomaltulose ingestion
(75 g; 45 min prior). While intriguing, the lack of external
validity in this study makes assessment of the practical value
of isomaltulose challenging. For any event> 1 h, it is recom-
mended that athletes consume CHO both before and dur-
ing exercise to optimize performance (Thomas et al. 2016).
As such, consuming a supplement like isomaltulose prior
to 2 h or more of exercise without consuming additional
CHO during exercise is inadvisable and likely to run counter
to common and best practices (Pfeiffer et al. 2012). Thus,
confirmation of ergogenic effects within a more externally
valid design is necessary. Importantly, studies employing
more realistic designs for a pre-exercise-only intervention

(30-90 min in duration) have reported null performance
effects with SMC that have similar metabolic effects to iso-
maltulose (Parks et al. 2018; Baur et al. 2018; Dudar et al.
2020).

It is worth considering from a practical standpoint
whether SMC produce ergogenic effects when consumed
before and during exercise. However, combining pre- and
during-exercise ingestion of SMC does not seem to ben-
efit performance. Only one study to date has examined
combined pre- and during-exercise SMC ingestion (Baur
et al. 2016). In this study, pre-exercise (30 min prior) CHO
intake was held constant (60 g; hydrothermally modified
SMC or sucrose/dextrose). During exercise (~ 3-h intermit-
tent high-intensity cycling), subjects ingested isocaloric
CHO doses (60-g-h~! SMC or sucrose/dextrose). In a third
condition, subjects ingested a low dose of SMC (30 g-h™!)
during exercise to determine whether the purported slow
absorption/prolonged glucose release of SMC permitted the
intake of less total CHO while maintaining performance.
Of interest, the combination of pre-exercise SMC with both
during-exercise doses enhanced fat oxidation and attenu-
ated blood glucose responses relative to pre- and during-
exercise sucrose/dextrose. However, repeated sprint perfor-
mance was unchanged or impaired with the isocaloric and
low-dose condition versus sucrose/dextrose, respectively.
Additionally, SMC ingestion was associated with increased
gastrointestinal distress, which likely had a negative impact
on performance. These findings are supported by Oost-
huyse et al. (2015) who reported increased gastrointestinal
distress and impaired performance with during-exercise
(2 h cycling at 60% VO, + 16 km time-trial) ingestion
of isomaltulose versus glucose/fructose (63 g-h™!). Col-
lectively, these findings are not surprising considering the
slow absorption rates and low glycemic index of the SMC
utilized in these studies. When CHO is consumed at rates
in excess of their maximal absorption capacity, malabsorp-
tion occurs which is associated with gastrointestinal distress
(Triplett et al. 2010; Rowlands et al. 2012). Furthermore,
osmolality is also thought to be a primary contributor to
gastrointestinal distress owing to osmotic fluid secretion and
gastric distension (Rehrer et al. 1992; Rowlands et al. 2015).
With this in mind, it is noteworthy that gastrointestinal dis-
tress occurred in both studies despite very low (37-53 vs.
278-363 m-Osm-kg™!) (Baur et al. 2016) or approximately
matched (245 vs. 212 m-Osm~kg_1) (Oosthuyse et al. 2015)
solution osmolality with SMC versus control beverages.
These findings indicate that osmolality may play a second-
ary role in CHO absorption in manifesting gastrointestinal
distress. Finally, with these results in mind, it may seem
logical that combining pre-exercise SMC or low glycemic
index CHO with during-exercise high glycemic index CHO
may represent a compromise that maximizes gastrointestinal
comfort and performance. However, this nutritional strategy
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negates the metabolic effects of low glycemic index CHO
and does not further enhance performance relative to a high
glycemic index CHO-only nutritional strategy (Burke et al.
1998).

The prolonged glucose release associated with SMC
also potentiates elevated blood glucose availability in the
morning following pre-sleep SMC ingestion. If true, this
application may be beneficial for morning events in which
many athletes may be reluctant to consume nutrients prior
to competing due to low gastrointestinal tolerability. Dudar
et al. (2020) recently investigated this question in trained
runners completing an incremental exercise test followed by
a 5-km TT 7-9 h (including sleep) after consuming 75 g of
SMC, a sucrose-based supplement, or non-nutritive placebo.
Of interest, the authors noted a trend for increased CHO
oxidation with SMC relative to the other treatments, but
there were no differences in blood glucose or running perfor-
mance. Thus, this study lends some support to the concept
that SMC can prolong metabolic effects, even overnight,
but not in a way that meaningfully impacts performance. As
with similar and previously described studies, this finding
is not surprising considering the duration and consequent
intensity of exercise prescribed (Parks et al. 2018; Baur
et al. 2018), which is likely glycogen-dependent, but not
glycogen-limited making blood glucose release profiles to
be of relatively less import (Romijn et al. 1993).

When considered together, these limited data suggest that
the above-described SMC have limited utility for endur-
ance athletes. Despite presumably advantageous metabolic
effects, performance is unchanged or impaired in practi-
cally relevant scenarios. These include short-moderate
duration (30-90 min) exercise in which one might conceiv-
ably consume CHO-only before exercise, or with prolonged
(> 90 min) exercise requiring combined pre- and during-
exercise ingestion. Nevertheless, a number of studies have
indicated enhanced fat utilization with pre-exercise SMC
(Roberts et al. 2011; Konig et al. 2016; Baur et al. 2018).
While an increased reliance on fat may not necessarily trans-
late into enhanced performance, it has been associated with
increased endurance capacity (Thomas et al. 1991; Pitsiladis
et al. 1999; DeMarco et al. 1999), which may be of interest
to certain populations that are frequently engaged in a pro-
longed low-intensity exercise with limited access to during-
exercise nutrients (i.e., wildland firefighters, soldiers, etc.).
Thus, determination of the effects of pre-exercise SMC on
endurance capacity and potential ergogenic effects in differ-
ent populations/contexts is warranted.

Post-exercise modified carbohydrates
For endurance athletes, post-competition or training nutri-

tion typically focuses on maximizing glycogen restoration
for subsequent competition/training (Thomas et al. 2016).

@ Springer

Glycogen can be synthesized rapidly following exercise
with CHO intake due to enhanced insulin sensitivity and
insulin-independent GLUT4 translocation to the sarcolemma
(Richter et al. 1982; Lund et al. 1995; Thorell et al. 1999).
Rates of glycogen synthesis seem to be heavily mediated by
the timing and amount of CHO/nutrients consumed. Gly-
cogen restoration rates are highest when CHO is consumed
within the first 2 h of recovery at rates of 1.0-1.2 g-kg™!-h™!
but decline thereafter likely due to attenuated GLUT4
translocation (Ivy et al. 1988; Goodyear et al. 1990). The
type of nutrients consumed is also a critical consideration
for glycogen restoration. Faster absorbing high glycemic
index CHO enhance glycogen restoration relative to low
glycemic CHO likely because of higher insulin produc-
tion (Blom et al. 1987; Burke et al. 1993; Jozsi et al. 1996).
This theory is supported by the fact that the addition of
0.3-0.5 g-protein~'-kg~!-h~! to a post-exercise CHO bever-
age enhances the insulin response and glycogen synthetic
rate relative to energy-matched CHO alone (van Loon et al.
2000; Ivy and Goforth 2002; Williams et al. 2003; Berardi
et al. 2006). Taken together, an effective supplement for
post-exercise glycogen synthesis would ideally be well-
tolerated/easy to consume in large quantities, fast to absorb,
and maximize insulin production. All of these characteristics
can be potentially targeted by CHO modification.

Studies suggest that CHO modification may provide a
means of enhancing post-exercise glycogen restoration
and subsequent exercise performance (see Table 3). All of
the available research in this area employ high amylopec-
tin (78-98%) starches derived through fractionation [acid
modification at high temperatures (110-140 °C)] of vari-
ous native starches (e.g., potato, wheat, corn, and barley)
(Brynolf et al. 1995). The resultant FMC has very high
molecular weight ~500,000 to 700,000 and thus lower
osmolality (~20-80 m-Osm-L~") when compared to simple
CHO that are typically found in sport supplements (e.g.,
glucose, maltodextrin, and fructose; ~ 150-1400 m-Osm-L~!
depending on dose/formulation). This is noteworthy, because
osmolality can impact gastric emptying. Specifically, low
osmolality solutions empty faster from the stomach when
matched for energy content, particularly at high CHO con-
centrations and/or when compared to hypertonic solutions
with osmolalities exceeding ~ 350 mOsm-kg~! (Rehrer et al.
1992; Shi et al. 2017). As such, low osmolality CHO solu-
tions could conceivably enhance glycogen restoration due
to faster delivery of CHO to the small intestine, and there
is evidence that apparently supports this notion. Aulin et al.
(2000) reported a 70% higher glycogen synthesis rate within
2 h post-exercise with ingestion of the aforementioned FMC
compared to maltodextrin (2.1 g-kg=!-h™! for the first 2 h
of a 4 h measurement period). Findings from a follow-up
study suggest higher rates of glycogen synthesis may be
related to the low osmolality of the FMC and its influence
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Table 3 (continued)

(5

on gastric emptying. Leiper et al. (2000) reported 80% faster

=
; ‘§ gastric emptying rates with FMC versus a maltodextrin con-
o % § trol within the first 10 min following ingestion (75 g CHO).
g o 2 Cumulatively, these studies point to faster delivery of CHO
E 5 fz to the small intestine, enhancing CHO availability for gly-
8 E : cogen restoration (Fig. 1).
= While these findings are intriguing, further examina-
2 E é tion of the data from these studies and others reveals that
af:: 5 o & potential ergogenic effects derived from this FMC may be
g ¢ '_% 2 transient and dependent on the dosing strategy. Specifically,
& Qx 5 the primary effects in both above-described studies seem
=3 Lz) ~ a confined to the early post-prandial period. For example, the
s = E study by Aulin et al. (2000) found that, despite enhanced
i - § glycogen synthesis from 0 to 2 h with FMC, glycogen con-
;6; % % centrations were equal at 4 h post-suggesting that glycogen
g E . N synthesis rates “caught up” with the control solution over
E =8 = the final 2 h. Similarly, Leiper et al. (2000) reported that
“% g E 3 § the gastric emptying rate of FMC lowered to control levels
i g after the first 10-min measurement period and remained at
S k § this level for the remainder of the experiment (10—60 min).
g '&D _ g While speculative, this suggests that the FMC is delivered
;,; o é g rapidly to the intestine following an initial dose, but then
ks 5 = ° slows over time or with repeated doses. Importantly, this
& a E é potential slowing seems to impact CHO absorption in a way
8 - ) é that may nullify the benefits of fast initial gastric emptying.
5 . & g Both Aulin et al. (2000) and Leiper et al. (2000) reported
% § e § similar blood glucose and insulin concentrations post-
a § = S ingestion between FMC and the control solution signifying
§D El én E EE similar (or even slower, considering the faster initial gastric
E» = § g ?é)“ emptying rate) rates of CHO absorption. In support, three
Sa |07 £ studies that assessed exogenous CHO oxidation rates with
= = - i during-exercise ingestion of the same FMC reported that
%: % % 9 = Iﬁ g oxidation rates were either the same (Rowlands et al. 2005)
z E f.LS8EE :ié g '§ or lower versus a maltodextrin control solution (Rowlands
g § 2 E 'i': E— g g % é ;ﬁ and Clarke 2011) or MTC solutions (Pettersson et al. 2020).
g uf:“. T?i g £ ¢ § (EJ E 3| = Again, this points to similar or even impaired absorption of
£ [BTCT T TET T 4 glucose derived from this FMC.
e As several authors have speculated (Leiper et al. 2000;
oo %“ Rowlands and Clarke 2011), there are two mechanisms
. ~ E that may explain slower glucose absorption with this FMC
% ﬁ ‘: relative to maltodextrin. In the first, digestion and absorp-
2 & = tion may be delayed with FMC due to the time needed for
3 = Té S hydrolysis from amylopectin to maltose and from maltose to
&Ez ki Z g glucose. Second, the high molecular weight of the FMC may
g § :QT: % t contribute to gel formation in the small intestine slowing
2 g Q€ ‘§ _§ the movement of glucose into the intestinal villi for absorp-
a S ol tion (Johnson and Gee 1981). If true, this slowed absorp-
= S = tion would likely also contribute to accumulation of CHO
g g % in the small intestine, stimulation of gut receptors sensitive
< £ E to nutrient density, and feedback inhibition of gastric emp-
g % El tying thereby slowing the delivery of CHO from any future
,5» %5 % = doses (Brener et al. 1983). This mechanism is supported by
7 pS SE reports of increased gastrointestinal distress with during- or
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post-exercise ingestion of this FMC (McGlory and Morton
2010; Rowlands and Clarke 2011). Whatever the precise
mechanism, collectively, these data suggest that the primary
benefits to be gained from ingestion of FMC (i.e., enhanced
glycogen synthesis) may be almost entirely explained by the
initial CHO dose and that further ingestion may actually lead
to slower CHO delivery compared to a traditional CHO sup-
plement. This mechanistic analysis is instructive in terms of
contextualizing later findings.

Recent findings show that post-exercise FMC may be
beneficial in specific scenarios. Two studies have reported
ergogenic effects with post-exercise ingestion of FMC. In
the first, recreationally active males cycled to exhaustion
at 75% VO, and then immediately consumed 100 g of
FMC, maltodextrin, or a non-caloric placebo (Stephens et al.
2008). Participants then rested for 2 h, and then completed
a 15-min TT. Performance was enhanced ~ 10% with modi-
fied starch relative to all other treatments. In addition to this
substantial ergogenic effect, post-exercise FMC ingestion
increased blood glucose and insulin concentrations relative
to maltodextrin. This is noteworthy as it contrasts with prior
findings (Aulin et al. 2000; Leiper et al. 2000; Rowlands
et al. 2005), but also because it suggests enhanced CHO
absorption with FMC. Based on the above discussion, an
explanation for this glycemia/insulinemia finding is chal-
lenging, but may be related to sampling technique as Ste-
phens et al. assessed arterialized rather than venous blood
and sampled more frequently than prior studies (Stephens
et al. 2008). This hypothesis is plausible as no other studies
measured arterialized blood (Aulin et al. 2000; Leiper et al.
2000; Rowlands et al. 2005; McGlory and Morton 2010;
Rowlands and Clarke 2011; Oliver et al. 2016). Moreover,
arterialization of blood results in meaningful differences in
glucose/insulin relative to venous blood, and differences can
be magnified by exercise and/or feeding (Edinburgh et al.
2017; Chen et al. 2018). If true, the increased glucose and
insulin concentrations reported in this study would provide
a potential mechanism for the enhanced glycogen restoration
reported by Aulin et al. (2000). Nevertheless, firm conclu-
sions in terms of a mechanism are elusive due to methodo-
logical differences between studies that may have impacted
gastric emptying and/or CHO absorption (i.e., CHO dose/
concentration, single versus repeated doses, etc.). More
research is clearly needed.

The other study reporting ergogenic effects with modi-
fied starch utilized a similar dosing strategy. In this study,
resistance-trained males completed a glycogen-depleting
intermittent ride on an cycle ergometer (60 min at 70%
VO,,ax + high-intensity intervals) and then immediately
consumed 1.2 g-kg™! of FMC, maltodextrin, or a non-caloric
placebo (Oliver et al. 2016). After 2-h recovery, subjects
performed repeated back squats (5 10; 75% 1RM) in which
power output was measured with a force plate. Post-exercise

FMC enhanced average back squat power by 3.1% and 4.9%
relative to maltodextrin and placebo, respectively. This
performance effect occurred despite similar glucose and
insulin concentrations post-ingestion for both CHO treat-
ments, which contrasts with the above study and further
complicates the determination of a mechanism. Neverthe-
less, these studies seem to support the post-exercise use of
FMC for endurance or resistance training performance in
subsequent exercise. However, the designs of both studies
(and subsequent research) seemingly limit extrapolation to
unique, and potentially unrealistic, situations. Both Stephens
et al. (2008) and Oliver et al. (2016) employed designs in
which subjects ingested a single bolus of CHO (or placebo)
(Stephens et al. 2008; Oliver et al. 2016). Moreover, the tim-
ing between exercise bouts was relatively short (2 h). These
design choices contrast with current recommendations for
optimal post-exercise refueling, which state that athletes
should consume 1.0-1.2 g-kg~!-h~! over a 4-h period fol-
lowing exercise (4.0-4.8 g-kg™! total) preferably as multi-
ple smaller doses (Burke et al. 2004; Thomas et al. 2016).
Thus, it would seem that utilizing FMC under the conditions
in which it was shown to be effective would result in sub-
optimal post-exercise refueling relative to current best prac-
tices. Importantly, the existing study designs would seem to
magnify the potential benefits of FMC, as ergogenic effects
seem to primarily derive from the initial bolus ingested as
described above.

When modified starch is employed in a study design that
more closely adheres to best practices, effects may be less
apparent. McGlory and Morton (2010) investigated the
impact of post-exercise ingestion of FMC on subsequent
running endurance utilizing a refueling strategy that meets
current recommendations. Following prolonged running (1 h
70% VO,,,.,)> subjects consumed three treatment doses over
a 3-h period (1.2 g-kg™! each; 3.6 g-kg™! total) of FMC,
maltodextrin/dextrose, or a non-caloric placebo. Following
this, intermittent running endurance was assessed. While
both CHO treatments improved endurance and increased
blood glucose concentrations relative to placebo, there were
no differences between CHO conditions. Additionally, FMC
ingestion was associated with increased gastrointestinal
distress. Taken together, these results suggest that ingest-
ing FMC in a manner consistent with recommendations
results in no additional benefits relative to traditional CHO
supplements.

Additionally, recent research suggests that post-exercise
FMC does not benefit female endurance athletes, even when
employed in the most likely beneficial manner (i.e., single
dose; 2-h recovery) (Mock et al. 2018). In this study, female
cyclists consumed a placebo or 1.2 g-kg~! CHO (i.e., FMC
or maltodextrin/dextrose/fructose) immediately following a
ride to exhaustion at 75% VO,,,,,. After 2-h rest, subjects
completed a 15-min TT. Both CHO treatments resulted in
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increased CHO oxidation as determined via RER, but no
other variables were different including performance. It is
possible that the lack of ergogenic effects in this study stems
from sex-specific differences in fuel utilization that favor
fat oxidation over CHO utilization (Tarnopolsky 2000).
Additionally, some research has suggested that rates of
glycogen storage may be different across sexes (Tarnopol-
sky et al. 1995, 2001; Walker et al. 2000). However, dif-
ferences in substrate utilization and glycogen storage in
females have been found to be the result of cyclical changes
in 17p-estradiol, a hormone measured and statistically con-
trolled for in this study (Kendrick et al. 1987; Ruby et al.
2002; Mabher et al. 2010). Moreover, recent research found
that females restore glycogen at similar rates compared to
males with post-exercise ingestion of various forms of CHO
suggesting that any enhancement of glycogen restoration
present in males should theoretically also occur in females
(Flynn et al. 2020). Thus, more research is required to deter-
mine if there are sex differences in response to FMC or other
post-exercise supplements designed to restore glycogen.

Collectively, research examining post-exercise FMC
points to a number of conclusions. First, it seems that FMC
enhances gastric emptying possibly due to its molecular
weight and osmolality. This faster rate of CHO delivery to
the small intestine also seems to contribute to faster glyco-
gen synthesis. However, these benefits appear limited to the
early post-prandial period (2 h), and seem to diminish over
time and with additional CHO doses. As such, performance
benefits may occur when a single dose is ingested post-
exercise and subsequent exercise commences relatively soon
thereafter (within 2 h). This may be a relevant scenario for
athletes such as soccer players seeking to quickly refuel at
halftime prior to a subsequent 45-min period of exercise that
may be glycogen-limited. However, in scenarios commonly
experienced by endurance athletes (i.e., refueling between
training/competition) who are following best practices for
refueling (consuming large amounts of CHO across multiple
doses and hours), FMC does not appear to be beneficial and
may actually be detrimental due to its potential to induce
gastrointestinal distress.

Carbohydrate hydrogel

As discussed above, early research on CHO supplementation
revealed the importance of maintaining CHO availability
during exercise to maximize endurance performance. The
“next generation” of CHO supplements (MTC, MC, HGEL,
etc.) has seemingly been designed to further enhance CHO
availability by targeting the presumed primary limiters of
CHO delivery—gastric emptying and CHO absorption.
The recently developed “CHO hydrogel” supplement would
seem to represent a convergence of these mechanisms for
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enhancing CHO delivery and is therefore of great interest as
a potential ergogenic aid. Along these same lines, the excite-
ment surrounding this supplement has grown substantially
of late based on reports that it has been utilized by champion
athletes in record-breaking performances (e.g., see www.
maurten.com/achievements).

The distinctive characteristics of hydrogels are derived
from the ingredients alginate and pectin. These soluble
dietary fibers are typically derived from brown seaweed
and citrus fruits, respectively (Sriamornsak 2011; Lee and
Mooney 2012). Due to their distinctive physicochemical
properties, alginate and pectin can form three-dimensional
cross-linked aqueous gels when exposed to certain stimuli
(e.g., temperature, pH, ionic strength, etc.) (Lee and Mooney
2012). As such, these fibers have been utilized for a number
of applications in the food and cosmetics industries often
as thickening or stabilizing agents. However, the applica-
tion most relevant to this review is drug delivery. Alginate
and pectin are frequently utilized as a means of protecting
or encapsulating drugs that are ingested to ensure delivery
and release at a specific site (Sriamornsak 2011; Lee and
Mooney 2012). This is possible via preparation (e.g., addi-
tion of HCI, Ca?*, NaCl, etc.) that causes gel formation in
certain regions of the body that have specific characteristics
(e.g., low/high pH, temperature, etc.). A common example is
a hydrogel that protectively forms around a drug at the low
pH levels present in the stomach and then dissolves in the
neutral pH environment of the small intestine allowing for
drug release and absorption (Colinet et al. 2009).

Through use of this mechanism, hydrogels could poten-
tially be employed to enhance CHO delivery while simul-
taneously maintaining fluid delivery and gastrointestinal
comfort. As mentioned, current recommendations advise
consuming large amounts (30-90 g-h~!) of CHO during
prolonged (> 60 min) exercise, which typically necessi-
tates consuming highly concentrated beverages even if fluid
intake is near optimal (0.4-0.8 L-h™") (Thomas et al. 2016).
While this has been shown to optimize performance, it also
reduces gastric emptying, fluid delivery, and gastrointesti-
nal comfort (Vist and Maughan 1995; Pfeiffer et al. 2012).
Gastric emptying is the result of a balance between feed-
forward stimulation (stomach volume) and feedback inhi-
bition (nutrient density) (Thomson et al. 2001). Feedback
inhibition of gastric emptying is thought to occur via osmo-
and/or chemoreceptors in the duodenum (Brener et al. 1983;
Thomson et al. 2001). Theoretically, pectin and alginate
hydrogels could be utilized to enhance gastric emptying of
concentrated solutions through encapsulation of CHO in the
stomach to prevent detection of nutrient density by duodenal
receptors. If true, faster gastric emptying may enable earlier
and/or faster absorption of fluid and CHO. This is particu-
larly true if employed in a solution containing MTC, which
have already been shown to enhance both gastric emptying
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and absorption relative isocaloric amounts of glucose/malto-
dextrin (Jeukendrup and Moseley 2010). Such a supplement
would hypothetically enhance performance relative to other
CHO supplements due to enhanced CHO/fluid delivery and
attenuated gastrointestinal distress owing to enhanced CHO
absorption efficiency (i.e., attenuated malabsorption (Fig. 1))
(Rowlands et al. 2015).

Early reports (see Table 4) on a newly developed hydrogel
supplement that contains MTC (HGEL; maltodextrin + fruc-
tose; 1:0.5-0.7 ratio) lend support to this hypothesis based
on findings relating to gastrointestinal tolerance. Sutehall
et al. (2018) observed no incidences of gastrointestinal dis-
tress among Kenyan distance runners consuming a highly
concentrated HGEL (~90 g-h_l; 18-30%) during a~95-min
training run. In agreement, a recent laboratory study reported
no differences in gastrointestinal comfort with ingestion of
HGEL consumed at an even higher rate of 132 g-h™! (18%
solution) during cross-country skiing (2 h at~70% VO,,,.,)
compared to a non-caloric flavor-matched placebo (Petters-
son et al. 2019). This is noteworthy as several prior studies
have reported severe gastrointestinal distress among cyclists
and runners with similar, or even lower, doses and concen-
trations of CHO (Triplett et al. 2010; Wilson and Ingraham
2015).

While intriguing, the mechanism for enhanced gastro-
intestinal comfort with HGEL is yet to be fully elucidated.
Flood et al. (2020) recently investigated whether HGEL
attenuated gastrointestinal damage during exercise (90-min
cycling 45% VO,,,, followed by a 15-min TT) in hot condi-
tions (32 ©C; 70% humidity). Exercise in such conditions
has been reported to increase intestinal permeability and
potentiate endotoxemia (Rowell et al. 1968; Lambert et al.
2008; ter Steege and Kolkman 2012; Zuhl et al. 2014; de
Oliveira et al. 2014). HGEL (90 g~h_l; 16%; 1:0.73 ratio)
and the CHO-matched control attenuated markers of gut
damage (i.e., intestinal fatty acid-binding protein and the
percent ratio of lactulose to rhamnose) relative to water.
However, there were no differences between CHO treat-
ments. Thus, any benefits of HGEL in terms of gastrointes-
tinal tolerance relative to traditional CHO supplements do
not seem related to enhanced maintenance of intestinal wall
integrity and/or prevention of endotoxemia.

Another possible explanation for the reported enhanced
gastrointestinal comfort with HGEL is related to enhanced
gastric emptying and/or CHO absorption. In a recent study
by Sutehall et al. (2020), gastric emptying rates were
assessed via doubling-sampling technique following inges-
tion of an HGEL (90 g; 18%; 732 mOsmol-kg_l) versus iso-
caloric and ratio-matched (1:0.7) control solutions: osmo-
lality-matched maltodextrin + fructose (727 mOsmol-kg™")
and high osmolality glucose + fructose (1392 mOsmol-kg~1).
Gastric emptying (i.e., half-emptying time) was faster
with HGEL (21 +9 min) compared to the non-hydrogel,

osmotically matched control solution (37 + 8 min) and the
high osmolality control (51 + 15 min). Clearly, this suggests
that the addition of alginate and pectin to an MTC solution
is effective in terms of enhancing CHO delivery to the small
intestine. Moreover, this effect is presumably the result of
hydrogel formation, which has been confirmed in vitro and
in vivo at pH levels found in stomach (Marciani et al. 2019;
McCubbin et al. 2020). While this suggests enhanced CHO
delivery with HGEL, gastric emptying is only one of the
limiters of CHO and fluid uptake. For HGEL to truly confer
ergogenic effects, faster gastric emptying would likely need
to be coupled with enhanced CHO and fluid absorption.
While data are limited, evidence at present suggests that
HGEL increases intestinal absorption relative to CHO-
matched controls is equivocal. Pettersson et al. (2020)
recently assessed exogenous CHO oxidation rates during
the first 100 min of cycling (3 h at 55% W,,,,) with HGEL
95 g~h‘1; 14%; 1:0.72 ratio) relative to iso-carbohydrate
FMC and a maltodextrin + sucrose control. Interestingly,
the authors noted enhanced exogenous CHO oxidation with
HGEL relative to both control beverages. While enhanced
exogenous CHO oxidation with HGEL relative to FMC was
expected as this has been previously reported with MTC
versus the same FMC (Rowlands and Clarke 2011), the
increased oxidation relative to maltodextrin + sucrose is
notable as this would seemingly indicate enhanced CHO
delivery versus a traditional MTC solution. However, this
interpretation is challenged by the fact that these solutions
were not matched for CHO type. Specifically, the compari-
son beverage contained less fructose than HGEL (10.2 g-h™!
vs. 40.8 g-h~!, respectively). As the authors acknowledged,
this resulted in substantially different maltodextrin:fructose
ratios (1:0.25 vs. 1:0.75). As MTC ratios closer to 1:0.8
have been reported to increase fructose oxidation efficiency
and total exogenous CHO oxidation relative to lower ratios
(O’Brien et al. 2013), it is perhaps no surprise that HGEL
enhanced exogenous CHO oxidation relative to the malto-
dextrin + sucrose solution. This notion is supported by the
lower blood glucose concentrations reported in the HGEL
trial at the end of exercise relative to the control solutions.
Since CHO supplementation ceased at 100 min, the higher
levels of blood glucose at the end of exercise with the control
solutions can be interpreted as evidence of slower glucose
absorption prolonging glucose appearance in the blood, but
also likely contributing to attenuated exogenous CHO oxida-
tion. Taken together, it is impossible to conclude, based on
this study, that alginate and pectin enhance CHO absorp-
tion and oxidation without comparing HGEL to a solution
matched for CHO type and quantity. Notably, another recent
study assessed exogenous CHO oxidation rates during run-
ning (2 h at 60% VO,,,.,;) between HGEL (90 gh™l; 16%;
1:0.72 ratio) and a non-hydrogel, but otherwise identi-
cal, MTC control solution. Importantly, exogenous CHO
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Table 4 (continued)

Performance

Significant effects

Exercise protocol

Delivery rate (CHO/fluid/

CHO%)
95 g-h!

Treatments

Subjects

Study

N/A

HGEL vs. FMC/MS: 1

180-min cycling

FMC: high amylopectin

12 trained male cyclists (VO

Pettersson et al. (2020)

exogenous carbohydrate
oxidation; | blood glu-

cose at 180 min
MS vs. FMC: 1 exogenous

~600 mL-h™!

MS: maltodextrin+ sucrose 14%

modified starch

65.6+5.0 mL-kg'min")

Only consumed from
0-100 min

(1:0.25 M:F ratio)
HGEL: maltodex-

carbohydrate oxidation

trin + fructose hydrogel

(1:0.75)

CHO carbohydrate, G/ gastrointestinal, FFA free fatty acids, /[FABP intestinal fatty acid-binding protein, L:R lactulose (5 g) to rhamnose (2 g), RER respiratory exchange ratio, VO,,,,, maximal

oxygen consumption, VO, peak oxygen consumption, W,,,, peak power output (W), 7TE time to exhaustion, 77 time-trial

oxidation rates were not different between HGEL and the
isocaloric MTC control. These data indicate that when CHO
type and quantity is matched, alginate and pectin provide no
additional enhancement of exogenous CHO oxidation. More
evidence for a lack of benefit to CHO absorption comes from
studies assessing the impact of HGEL on blood glucose
and insulin concentrations. None have found differences in
these variables relative to CHO-matched controls (Baur et al.
2019; McCubbin et al. 2020; Barber et al. 2020; Mears et al.
2020; Sutehall et al. 2020; Flood et al. 2020). When com-
bined with gastric emptying and exogenous CHO oxidation
data, these findings indicate that HGEL may arrive earlier
to the small intestine, but absorption is delayed or slowed
resulting in similar exogenous CHO oxidation rates and
blood glucose appearance relative CHO-matched solutions.

Despite limited data, there are possible mechanisms
explaining the lack of difference in CHO absorption between
HGEL and MTC. As noted by Sutehall et al. (2020), gastric
emptying kinetics following HGEL ingestion closely mir-
rored those reported by Leiper et al. (2000) with ingestion
of a high amylopectin FMC. Both studies reported faster
gastric emptying compared to solutions containing malto-
dextrin, fructose, and glucose. However, this difference
seemed to stem almost entirely from a faster initial empty-
ing (10—40 min following ingestion) that slowed to control
levels thereafter. In addition, neither study reported differ-
ences in blood glucose or insulin concentrations, suggesting
that faster initial gastric emptying did not lead to appreci-
able increases in CHO absorption versus control solutions,
a notion mostly confirmed by studies of exogenous CHO
oxidation rates for these treatments (Rowlands et al. 2005;
Rowlands and Clarke 2011; Barber et al. 2020). Collectively,
these data suggest that the gel-forming properties inherent
to HGEL and presumed present with this FMC enhance gas-
tric emptying in the immediate post-ingestion period due to
either CHO encapsulation-induced attenuation of duodenal
feedback inhibition or feed-forward stimulation of mecha-
noreceptors in the stomach wall resulting from the volume
expansion that occurs with gel formation (Powley and Phil-
lips 2004). Following initial emptying, absorption of both
treatments appears slowed possibly due to the increased
viscosity of the gels inhibiting infiltration by hydrolytic
enzymes or slowing movement of contained glucose and/or
fructose to the intestinal epithelia (Johnson and Gee 1981).
Due to this delay, stimulation of intestinal osmoreceptors
may be increased, leading to subsequent slowing of further
gastric emptying (Brener et al. 1983; Vist and Maughan
1995). This hypothesis is supported by reports of increased
fullness with HGEL ingestion (Georg Jensen et al. 2012;
Wanders et al. 2013; Baur et al. 2019; Mears et al. 2020).
Higher ratings of fullness could be interpreted as representa-
tive of synergistic effects on both feed-forward and feedback
mechanisms initiated by volume expansion in the stomach
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and reinforced by nutrient sensing in the intestinal track that
induces release of satiety hormones like glucagon-like pep-
tide 1 and peptide YY (Maljaars et al. 2007). However, this
is purely speculative. Further study is needed to confirm
the precise mechanism, but the available evidence indicates
that HGEL does not alter CHO availability relative to non-
hydrogel, but CHO-matched controls. Moreover, confirma-
tion that hydrogels increase satiety is warranted as such a
finding would presumably discourage use of this supplement
for endurance athletes aiming to consume as many calories
as feasibly possible during exercise.

Additional indirect evidence for the hypothesis that
HGEL does not meaningfully enhance CHO availability
relative to non-hydrogel CHO solutions comes from stud-
ies assessing metabolic and performance responses with
HGEL ingestion during exercise. Across the studies assess-
ing these outcomes, it has been consistently reported that
CHO hydrogel solutions do not impact fuel utilization or
performance (Baur et al. 2019; McCubbin et al. 2020; Mears
et al. 2020; Flood et al. 2020). This appears to be the case
in runners (McCubbin et al. 2020) and cyclists (Baur et al.
2019; Mears et al. 2020; Flood et al. 2020) with a range
of CHO ingestion rates (6890 g-h~", high and low CHO
concentrations (7.8-16%), and varied fluid ingestion rates
(~500 mL-h~" vs. 1 L-h™"). Moreover, similar results were
reported regardless of the performance protocol employed
(TT or repeated sprinting). While these findings are certainly
discouraging and suggest that HGEL is not ergogenic despite
likely faster gastric emptying, it is worth noting that data are
limited. Moreover, the variety of study designs and bever-
age formulations employed make drawing firm conclusions
challenging.

It is also worth considering in terms of performance
responses that potential HGEL-mediated ergogenic effects
are non-metabolic in nature and obscured by the study
designs employed thus far. Specifically, it is possible that
any beneficial effects of HGEL will stem from enhanced
gastrointestinal tolerance to very high CHO doses. Indeed,
it has already been noted that ingesting highly concentrated
HGEL at very high CHO delivery rates (132 g-h™!) resulted
in no differences in gastrointestinal distress versus a flavor-
matched placebo (Pettersson et al. 2019). With this in mind,
it is important to note that all studies that have assessed
performance responses thus far have utilized CHO ingestion
rates in line with current recommendations (60-90 g-h™!)
(Baur et al. 2019; McCubbin et al. 2020; Mears et al. 2020;
Flood et al. 2020). In these studies, there were no reported
differences in gastrointestinal comfort between HGEL and
CHO-matched solutions (Baur et al. 2019; McCubbin et al.
2020; Mears et al. 2020). A likely explanation for similar
findings is that non-hydrogel MTC solutions are already
well tolerated at these ingestion rates and cannot be further
improved by the addition of pectin and alginate (Rowlands

@ Springer

et al. 2015). Perhaps, detection of possible benefits with
HGEL requires substantially higher CHO intake rates that
exceed recommendations, but appear to be well tolerated
(Pettersson et al. 2019).

It may seem counterintuitive to consume CHO at rates far
exceeding recommendations and known maximal absorp-
tion capacities, as it would simply lead to reduced oxida-
tion efficiency and accumulation of CHO in the gut. How-
ever, there may be practical value to athletes who either
do not have access to or are unwilling/unable to consume
CHO consistently during exercise. For example, distance
runners rarely consume fluid at recommended levels dur-
ing training or competition, which compromises both fluid
and CHO delivery (Pfeiffer et al. 2012). In the field study
described above, Kenyan distance runners consumed fluid
at a rate of only ~ 185 mL-h~! (Sutehall et al. 2018). With
such low fluid intake rates, any fluid ingested would need
to be highly concentrated to deliver CHO at recommended
levels (30-90 g-h™!). However, attempting to meet CHO
needs with infrequent, but highly concentrated, CHO doses
is not well tolerated. Stocks et al. (2016) assessed the impact
of consuming different concentrations (high =24%; moder-
ate=12%) of MTC (maltodextrin + fructose; 1:1 ratio) and
dosing frequencies (high=6 doses per 140 min; low =2
doses per 140 min) on metabolism and performance in cross-
country skiers, another population prone to under-consump-
tion of fluid/CHO due to logistical challenges. The authors
reported that consuming the highest concentration (24%) at
the lowest frequently (2 doses within 140 min) resulted in
higher average gastrointestinal distress relative to all other
conditions (i.e., high concentration—high frequency, moder-
ate concentration—low frequency, and moderate concentra-
tion—high frequency) (Stocks et al. 2016). While 30-km TT
performance was unaffected, the authors estimated a prob-
able 60-s advantage with the low-frequency dosing strategy
due to less time spent slowing to collect/consume beverages.
Viewed in this light, the similar performance with the high
concentration and low-frequency condition could be viewed
as a performance impairment. Moreover, there was an order
effect reported that may have obscured gastrointestinal-
distress-induced reductions in performance. Regardless, it
is obvious that gastrointestinal distress during endurance
exercise is undesirable and potentially harmful (Rowlands
et al. 2012; Baur et al. 2016). From this study, one could
conclude that there may be potential advantages inherent to
a supplement that is well tolerated even when consumed in
highly concentrated and infrequent doses. Importantly, the
limited evidence suggests that HGEL may fit this charac-
terization. Indeed, in the same field study of Kenyan run-
ners described above, the three that consumed the highly
concentrated hydrogel supplement (18-30%) were still able
to ingest CHO at a rate of ~30 to 55 g-h~! despite the very
low (~ 185 mL-h™") fluid intake rates (Sutehall et al. 2018).
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Moreover, they reported no gastrointestinal symptoms. Nev-
ertheless, it is worth noting that with during-exercise HGEL
(90 g'h_'; 1:0.7 ratio) in the heat (32 °C; 70% humidity)
(i.e., another scenario in which gastrointestinal distress is
likely to be increased), some have reported hydrogels to
actually increase gastrointestinal distress relative to a CHO-
matched control and water (Flood et al. 2020). Collectively,
these findings indicate that HGEL tolerability may be condi-
tion-specific (i.e., temperate vs. hot) even when intake rates
are within recommended ranges. Clearly, more research is
needed in this area to establish under which, if any, scenario
HGEL-mediated CHO tolerance is beneficial.

In total, the limited studies conducted investigating the
effects of adding pectin and alginate to CHO solutions do not
indicate ergogenic effects. No studies to date have reported
benefits to performance or metabolic alterations indicative
of enhanced CHO availability. Nevertheless, the noted high
gastrointestinal tolerance to very high CHO concentrations/
doses requires further research to evaluate potential scenar-
ios in which hydrogels may be advantageous.

Supplementation strategies

The basis for the above-described research seems to be that
CHO supplementation is effective, and that harnessing any
additional CHO-based ergogenic effects requires manipula-
tion of CHO type, physicochemical properties, and/or form
to enhance CHO availability. This is a sound assumption
and hypothesis. Decades of research (Jeukendrup 2004;
Temesi et al. 2011; Vandenbogaerde and Hopkins 2011;
Cermak and Van Loon 2013; Stellingwerff and Cox 2014)
support CHO supplementation for endurance performance
enhancement making it logical to assume further benefits
by refinement of delivery methods. As described, there
is some evidence in support of this theory. However, it is
conceivable, and perhaps likely based on the above review,
that the potential ergogenic effects of acute CHO supple-
mentation have reached a point of diminishing returns as a
result of extensive experimentation. With this in mind, it is
prudent to consider alternative strategies for nutritionally
augmenting endurance performance beyond that which is
afforded by acute CHO supplementation alone. Specifically,
combining CHO with other presumably ergogenic nutrients/
substances may additively or synergistically enhance perfor-
mance. Additionally, dietary alterations may influence CHO
metabolism in ways that influence performance (Table 5).
It is worth noting that many of the below topics have
been reviewed elsewhere (and readers will be directed to
relevant reviews where appropriate). As a result, the below
discussion of these topics will be concise and the focus
will remain on how these approaches may interact with
CHO supplementation to potentially alter metabolism and

performance. Moreover, research in these areas, and particu-
larly with said focus, is somewhat limited. Therefore, some
of the discussion that follows will be necessarily speculative
and hypothetical.

Caffeine

The use of caffeine as an ergogenic aid is well supported
in the literature (Tarnopolsky 1994; Burke 2008). Recent
systematic reviews and meta-analyses report 2—4% improve-
ments in endurance performance with ingestion of moderate
doses of caffeine (2-5 mg-kg™!) (Ganio et al. 2009; Shearer
and Graham 2014; Souza et al. 2017; Southward et al. 2018),
and there appears to be no additional benefit from higher
doses (Graham and Spriet 1995; Desbrow et al. 2012). A
number of potential mechanisms for this performance effect
have been suggested. These include muscle glycogen-spar-
ing via enhanced fat oxidation (Costill et al. 1978; Ivy et al.
1978; Graham and Spriet 1991; Cox et al. 2002), adeno-
sine receptor antagonism resulting in attenuation of pain
receptor stimulation and perceived effort (Davis et al. 2003;
Aguiar et al. 2020), increased motor output via simulation
of oral caffeine and/or bitter taste receptors (Beaven et al.
2013), and enhanced skeletal muscle force production via
increased mobilization of myofibrillar calcium and subse-
quent increased nitric oxide production (Cappelletti et al.
2015). Based on these well-documented effects, the ease of
supplementing foods/beverages with caffeine, and the fact
that many of these purported mechanisms are separate from
those impacted by CHO, it is logical to hypothesize that
combining caffeine with CHO supplementation may result
in superior endurance performance compared to either sub-
stance alone.

Support for a combined ergogenic effect comes from
studies examining the impact of caffeine supplementation
on CHO metabolism. However, this support seems confined
to exercise studies. Early research on resting subjects sug-
gested that caffeine may actually counteract the ergogenic
effects of CHO. Indeed, studies employing an oral glucose
tolerance test or hyperinsulinemic—euglycemic clamp indi-
cated that caffeine supplementation resulted in attenuated
muscle glucose uptake and glycogen synthase activity via
insulin desensitization (Graham et al. 2001; Greer et al.
2001; Thong et al. 2002). The reduced insulin sensitivity
noted in these studies would seemingly reduce the availabil-
ity of ingested CHO negatively impacting exogenous CHO
oxidation during exercise or glycogen restoration follow-
ing exercise. While seemingly undesirable, it is important
to note that exercise both enhances insulin sensitivity and
increases muscle glucose uptake via insulin-independent
GLUT4 translocation (Richter et al. 1982; Lund et al. 1995;
Thorell et al. 1999; Thong et al. 2002). The combined con-
tribution of these mechanisms may explain why data from
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exercise studies seemingly contradict the above-described
findings from resting studies.

A number of exercise studies indicate that caffeine may
enhance exogenous CHO delivery to skeletal muscle. For
instance, studies have reported faster intestinal absorption
(23%) and increased exogenous CHO oxidation rates (26%)
with during-exercise ingestion of caffeine and CHO ver-
sus CHO alone (Van Nieuwenhoven et al. 2000; Yeo et al.
2005). These effects may also be present post-exercise. Ped-
ersen et al. (2008) reported the highest glycogen synthesis
rates ever recorded (60 mmol-kg~"dry weight™!-h™'); 66%
higher compared to CHO alone) with post-exercise CHO
and caffeine ingestion (1.0 g-kg™!-h™! and 2 mg-kg™"-h7!,
respectively). While a mechanism to explain these findings
is still lacking, it has been suggested that caffeine-induced
increases in cAMP concentrations may enhance SGLT1
and/or GLUT?2 transporter activity in the intestinal entero-
cytes, thereby augmenting intestinal glucose absorption
(Van Nieuwenhoven et al. 2000; Yeo et al. 2005). If true,
this mechanism has potentially important implications for
MTC-based research focusing on maximal exogenous CHO
oxidation rates as the fructose transporter GLUTS is simi-
larly regulated by cAMP levels (Douard and Ferraris 2008).
While these studies are intriguing, it is important to note
that follow-up studies have failed to replicate these findings.
Specifically, studies have reported similar exogenous CHO
oxidation rates when either pre- or during-exercise caffeine
is combined with during-exercise CHO (Hulston and Jeu-
kendrup 2008; Desbrow et al. 2009). Moreover, others have
observed similar glycogen synthesis rates (31 mmol-kg dry
weight™!-h™!) following exercise when CHO was consumed
with or without added caffeine (Beelen et al. 2012). While
it is possible that the conflicting findings across studies are
the result of methodological differences (e.g., timing and
amount of CHO/caffeine, the magnitude of prior glycogen
depletion, etc.), these data indicate that metabolic responses
with combined caffeine and CHO are variable with a range
of possible effects. At worst, caffeine appears to have no
effect on CHO metabolism, which potentially implies addi-
tive ergogenic effects as the two substances seem to augment
performance via distinct mechanisms. At best, caffeine may
augment CHO delivery possibly leading to synergistic per-
formance enhancements.

Studies assessing performance responses to combined
caffeine and CHO mostly support this notion of additive
or synergistic effects. However, firm conclusions are chal-
lenging to make based on study designs. Most studies in
this area compare combined caffeine and CHO with CHO
alone (either before and/or during exercise or post-exercise
followed by subsequent exercise). These studies consistently
report enhanced performance or attenuated fatigue with
combined caffeine and CHO versus CHO alone (Kovacs
et al. 1998; Bell and McLellan 2002, 2003; Cureton et al.

2007; Hogervorst et al. 2008; Hulston and Jeukendrup 2008;
Taylor et al. 2011; Cooper et al. 2014), a conclusion sup-
ported by a meta-analysis of 21 such studies (Conger et al.
2011). This same meta-analysis also suggested that the
nature of the ergogenic effect was likely additive albeit not
perfectly so [i.e., the additional performance benefit from
adding caffeine to CHO (ES =0.26) was smaller than the
effect of caffeine compared to placebo (ES=0.51) (Conger
et al. 2011)]. Nevertheless, the true nature of the ergogenic
effect (i.e., whether it is additive or synergistic) is difficult
to fully elucidate without crossover studies comparing com-
bined caffeine and CHO to both CHO alone and caffeine
alone. In one of the few studies to make both comparisons,
Acker-Hewitt et al. (2012) reported that combined pre-
exercise caffeine and CHO ingestion enhanced pre-loaded
(20 min 60% W,,,) 20-km cycling TT performance relative
to a placebo, while caffeine alone and CHO alone did not.
As neither substance enhanced performance independently,
these data suggest that caffeine and CHO can synergistically
enhance endurance performance. While it is worth noting
that a similarly designed study (Slivka et al. 2008) did not
report synergistic effects (i.e., null effects of caffeine/CHO
vs. other treatments), subjects in this study also exercised
while in negative energy balance (1.1 kg body mass loss over
2 days), which may have influenced metabolic responses in
a way that negated potential performance improvements. In
general, it seems clear that adding caffeine to CHO solu-
tions is beneficial for performance. However, the magnitude
and nature of the benefit is yet to be fully elucidated. This
is particularly true in light of recent research examining
genetic polymorphisms that influence caffeine metabolism,
sex-based differences, the effects of time of day, and the
degree to which caffeine habituation affects responses (see
review: Pickering and Grgic 2019). More research is clearly
warranted to determine the metabolic effects, performance
outcomes, and individual characteristics that may predict
responsiveness to combined caffeine and CHO.

Protein

Within the past 20 years, researchers have investigated the
potential ergogenic effects of co-ingesting CHO and protein
(CHO + PRO) during endurance exercise (> 90 min). The
findings in this area have been mixed. Three early studies
reported sizable improvements (13-37%) in cycling TTE
with CHO +PRO versus CHO beverages (Ivy et al. 2003;
Saunders et al. 2004, 2007), while others have observed no
augmented performance with CHO +PRO (van Essen and
Gibala 2006; Osterberg et al. 2008; Breen et al. 2010). The
specific reasons for these varied findings are not clear, but
are likely related to different performance protocols and
nutrient ingestion rates between studies. Studies reporting
the largest performance gains with CHO 4+ PRO (Ivy et al.
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2003; Saunders et al. 2004, 2007) all utilized TTE proto-
cols, which tend to magnify performance variability between
trials, in comparison to protocols using timed-trials over a
fixed distance (or amount of work) (Hinckson and Hopkins
2005). In addition, the aforementioned studies compared
treatment beverages which were matched for CHO content,
and consumed at ingestion rates of 37-47 g-h™! (i.e., below
maximal exogenous oxidation rates for CHO, as discussed
previously). Thus, the CHO + PRO beverages contained
additional calories from protein.

Other studies have compared beverages in which some
CHO calories were replaced with protein in the CHO 4+ PRO
beverage, to create an isocaloric comparison (Romano-Ely
et al. 2006; Gui et al. 2017), or utilized CHO + PRO treat-
ments that included fewer total calories than the CHO treat-
ment (Ferguson-Stegall et al. 2010; Martinez-Lagunas et al.
2010). In these studies, no overall treatment differences were
reported for TTE (Romano-Ely et al. 2006; Ferguson-Stegall
et al. 2010; Martinez-Lagunas et al. 2010) or time-trial per-
formance (Gui et al. 2017). Because this group of studies
compared beverages consumed at sub-maximal CHO inges-
tion rates, it could be argued that the protein provided in
the CHO + PRO beverages provided an ergogenic effect that
effectively replaced the potential benefits of the substituted
CHO calories. However, this hypothesis is speculative, and
it is not possible to ascertain from these studies if protein
provided any calorically-independent ergogenic effects. To
address this issue, a number of studies have now examined
the effects of protein added to CHO beverages consumed at
rates > 60 g-h~!. At these ingestion rates, most studies have
reported no beneficial effects of CHO +PRO versus CHO on
time-trial performance (van Essen and Gibala 2006; Oster-
berg et al. 2008; Breen et al. 2010; Oosthuyse and Millen
2016) or cycling TTE (Valentine et al. 2008); though one
study reported a 3% improvement in late-exercise perfor-
mance with CHO + PRO (Saunders et al. 2009).

The findings above may lead some to speculate that
the enhanced TTE observed in some studies may be sim-
ply related to additional calories provided from protein.
Amino acids derived from dietary protein are utilized in a
variety of biochemical processes during exercise, including
oxidation for ATP resynthesis, conversion to Kreb’s Cycle
intermediates, and substrate for gluconeogenesis (Dohm
1986). However, there is no compelling evidence that pro-
tein supplementation (without CHO co-ingestion) is ergo-
genic, particularly when considered within the context of
prior CHO + PRO studies. A few studies have reported that
branched-chain amino acid (BCAA) supplementation may
extend endurance by attenuating central fatigue (Blomstrand
et al. 1991; Mittleman et al. 1998). However, most studies
have reported no influence of BCAA supplementation on
endurance performance (Van Hall et al. 1996; Cheuvront
et al. 2004; Watson et al. 2004), and it is unlikely that the
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aforementioned CHO + PRO studies contained sufficient
BCAA to influence central fatigue, since those reporting
the largest ergogenic effects provided < 12 g-h~! whey pro-
tein (containing ~3 g-h~! BCAA) (Ivy et al. 2003; Saunders
et al. 2004, 2007). Similarly, the amino acid alanine has been
investigated for ergogenic properties, due to its potential to
be oxidized as a skeletal muscle fuel or utilized as a glu-
coneogenic precursor. Despite observations that significant
amounts of exogenous alanine are decarboxylated during
prolonged exercise (Korach-André et al. 2002), alanine sup-
plementation has been reported to have no effects on per-
formance (Klein et al. 2009; Schroer et al. 2014). Further-
more, in perhaps the only study directly investigating the
ergogenic effects of protein consumed at intake rates similar
to those of CHO, Schroer et al. (2014) reported that inges-
tion of 45 g-h~! of whey protein hydrolysate had no effect
on endurance cycling performance compared to a placebo.
Based on these studies, it seems unlikely that the purported
ergogenic effects of CHO +PRO are due to protein ingestion
per se. This suggests that these effects may be due to syner-
gistic effects between protein and CHO. For example, post-
exercise consumption of CHO + PRO has been reported to
elicit higher insulin levels than CHO alone, which has been
associated with augmented muscle glycogen resynthesis in
some feeding protocols (Alghannam et al. 2018), and could
hypothetically influence bioenergetic pathways during exer-
cise. However, insulin levels do not appear to be significantly
altered by CHO + PRO ingestion during exercise (versus
CHO alone), at least at doses pertinent to existing studies
(Ivy et al. 2003). Similarly, Betts et al. (2008) observed that
post-exercise CHO + PRO ingestion resulted in increased
CHO oxidation during subsequent exercise, compared to
a CHO-matched beverage without protein. However, Row-
lands and Wadsworth (2012) reported that CHO + PRO
coingestion during exercise did not elevate exogenous (or
total) CHO oxidation versus CHO alone. Thus, the potential
synergistic effects of CHO 4 PRO ingestion, and their effects
on endurance performance, remain unclear and warrant fur-
ther investigation.

Based on the evidence above, the prevailing view is that
CHO + PRO ingestion does not augment endurance time-
trial performance beyond levels elicited when optimal levels
of CHO are consumed (Van Loon 2014). However, evidence
that protein added to sub-optimal CHO doses may extend
endurance (and that performance is preserved when some
CHO calories are replaced with protein) has some potentially
useful applications for athletes, when considered alongside
evidence that protein ingestion may improve post-exercise
recovery. The effects of CHO 4+ PRO on recovery in endur-
ance athletes have been reviewed elsewhere (Saunders 2011;
Alghannam et al. 2018). Briefly, prior studies have reported
that post-exercise CHO +PRO ingestion improved mark-
ers of post-exercise recovery, including muscle glycogen
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replenishment, protein turnover, plasma markers of mus-
cle disruption (i.e., CK, myoglobin), and muscle soreness
(Saunders 2011). Importantly, CHO + PRO ingestion fol-
lowing heavy endurance exercise has also been reported to
enhance subsequent exercise performance by some studies
(Berardi et al. 2008; Ferguson-Stegall et al. 2011; Alghan-
nam 2011; Lunn et al. 2012), though this finding is not
unanimous (Betts et al. 2005; Berardi et al. 2006; Romano-
Ely et al. 2006). Furthermore, a few studies have reported
that CHO + PRO ingestion during exercise positively influ-
enced markers of post-exercise recovery (Valentine et al.
2008; Hall et al. 2013; Saunders et al. 2018). Therefore, it
is tempting to speculate that CHO + Pro ingestion during
exercise may provide some positive recovery outcomes for
endurance athletes during periods of heavy training/com-
petition. However, at least two studies have investigated the
effects of protein supplementation during exercise in endur-
ance cyclists performing multiple days of intensified train-
ing (Hansen et al. 2016; D’Lugos et al. 2016), and neither
reported significant differences in performance versus CHO
treatments. Future study in this area is warranted to deter-
mine the mechanisms by which protein affects recovery/
performance in endurance athletes, and how the influences
of varied exercise demands and protein doses may alter the
potential efficacy of CHO + PRO.

Medium-chain triglycerides and ketone salts/esters

Similar to combining CHO supplementation with protein, a
number of studies have examined the effects of co-ingesting
CHO with lipids/lipid species. There is some compelling
evidence that exogenous fat could serve as an additional
substrate during exercise. Specifically, early studies exam-
ining the effects of pre-/during-exercise fat ingestion/infu-
sion combined with heparin infusion reported elevations
in blood FFA concentrations and fat oxidation, attenuated
muscle glycogen utilization, and enhanced endurance (Cos-
till et al. 1977; Ravussin et al. 1986; Hargreaves et al. 1991,
Dyck et al. 1993, 1996; Vukovich et al. 1993; Romijn et al.
1995; Odland et al. 1998, 2000; Pitsiladis et al. 1999; Haw-
ley et al. 2000; Jacobson et al. 2001). However, attempts
to replicate these findings via ingestion of fat alone mostly
failed to meaningfully alter metabolism (i.e., in a way that
impacted endogenous CHO utilization and/or performance)
(Okano et al. 1996, 1998; Whitley et al. 1998; Rowlands
and Hopkins 2002a; Paul et al. 2003), with one exception
(Murakami et al. 2012). This is likely because fat, particu-
larly long-chain FFA (> 12 carbon atoms), slows gastric
emptying and FFA absorption likely to a degree that lim-
its availability for exercising muscle (Satabin et al. 1987,
Cunningham and Read 1989; Houghton et al. 1990). Impor-
tantly, co-ingesting fat with CHO is not likely to improve
the availability and/or utilization of either substrate. Most

research indicates that fat slows glucose absorption, which
would presumably attenuate exogenous CHO oxidation and/
or glycogen synthesis (Welch et al. 1987; Cunningham and
Read 1989; Houghton et al. 1990). Moreover, CHO inges-
tion-induced insulin elevations reduce fat oxidation likely
due to increased acetylcarnitine formation stemming from
enhanced glycolytic flux, which reduces the availability of
free carnitine for carnitine transferase 1 transport of FFA
into the mitochondria (Jeppesen and Kiens 2012). Of inter-
est, certain lipid moieties like medium-chain triglycerides
and/or ketone salts/esters are more rapidly digested and
absorbed than long-chain FFA. This both potentiates more
meaningful metabolic effects and increases the possibility of
additive or synergistic effects when co-ingested with CHO.
Nevertheless, most research in this area does not suggest
ergogenic effects.

Medium-chain triglycerides (6—12 carbon atoms) have
intriguing characteristics that suggest possible benefits
when combined with CHO. In contrast to long-chain tri-
glycerides (which are transported in chylomicrons via the
lymphatic system), medium-chain triglycerides are rapidly
emptied from the stomach and are absorbed directly into
the blood leading to comparable oxidation rates to glucose
during exercise (Massicotte et al. 1992; Jeukendrup and
Aldred 2004). Moreover, medium-chain triglycerides can
be transported into the mitochondria independently of car-
nitine (Jong-Yeon et al. 2002). Taken together with the fact
that combining medium-chain triglycerides with CHO both
enhances gastric emptying over CHO alone and increases
medium-chain triglyceride oxidation over medium-chain
triglyceride alone (Beckers et al. 1992; Jeukendrup et al.
1995), it is no surprise that many researchers hypothesized
synergistic or additive ergogenic effects when these sub-
strates were consumed together. However, almost all subse-
quent research [except for one study (Van Zyl et al. 1996)]
revealed that combining medium-chain triglycerides with
CHO has little effect on metabolism (e.g., muscle glycogen
utilization) or endurance performance relative to CHO alone
regardless of the amount consumed, timing, or endogenous
CHO availability (see reviews: Hawley 2002; Jeukendrup
and Aldred 2004). Moreover, many studies have reported
substantially increased rates of gastrointestinal distress
with medium-chain triglyceride ingestion often in combi-
nation with impaired performance (Jeukendrup et al. 1998;
Goedecke et al. 1999, 2005; Thorburn et al. 2006, 2007).
Importantly, chronic intake of medium-chain triglycerides
has been reported to acutely enhance fat oxidation, reduce
endogenous CHO, and improve gastrointestinal tolerance
(Thorburn et al. 2006). However, these adaptations are also
associated with impaired performance, which were likely
related to gastrointestinal symptoms, despite their being
slightly attenuated versus acute supplementation (Thor-
burn et al. 2006). Collectively, there is very little evidence
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to support the use of combined medium-chain triglycerides
and CHO before or during exercise.

Ketone salts/esters also have characteristics that would
seemingly potentiate synergistic or additive effects when
combined with CHO. As recently reviewed by Margolis
and O’Fallon (2020), exogenous ketones can induce ketosis
[> 0.5 mM B hydroxybutyrate (BHB)] and thereby poten-
tially provide an alternative fuel source during exercise.
Moreover, ketones may be a more efficient substrate than
CHO based on higher in vitro energy production per mole
and free energy release from ketone-derived ATP (Sato et al.
1995; Veech 2004). Nevertheless, it is well understood that
ketones are not oxidized at high rates by skeletal muscle with
naturally occurring ketosis (i.e., with high-fat diets or starva-
tion) (Hagenfeldt and Wahren 1971; Fery and Balasse 1983;
Phinney et al. 1983). This calls into question the metabolic
utility of exogenous ketones. However, the combination of
supplemental ketones and exogenous/endogenous-sufficient
CHO (i.e., non-starved and/or glycogen-depleted) represents
a previously impossible physiological state in which main-
tained glycolytic and tri-carboxylic acid cycle flux likely
sustains the production of intermediates that are required
for ketone body oxidation (Russell and Taegtmeyer 1991).
If true, consuming ketones in combination with CHO may
synergistically enhance ketone utilization, thereby sparing
endogenous CHO. Importantly, there is some evidence to
support this hypothesis.

Cox et al. (2016) observed high rates of ketone utilization
(16-18% of oxygen consumed) during exercise in glyco-
gen replete (non-starved) subjects. Additionally, the authors
observed glycogen-sparing and enhanced cycling TT per-
formance with during-exercise ingestion of a mixed ketone
monoester and CHO solution relative to CHO alone (Cox
et al. 2016). While intriguing, no subsequent studies have
replicated these findings, and some have reported impaired
performance and severe gastrointestinal distress (O’Malley
et al. 2017; Rodger et al. 2017; Leckey et al. 2017; Wald-
man et al. 2018; Evans and Egan 2018; Shaw et al. 2019;
Scott et al. 2019a; Evans et al. 2019; Prins et al. 2020). As
speculated by others (Margolis and O’Fallon 2020), the
conflicting data may be the result of the degree of ketosis
achieved (i.e., peak levels of BHB), which may have been
impacted by the ketone supplement type and/or dietary con-
trols (i.e., fasted vs. post-prandial). The majority of studies
reporting null/impaired performance reported BHB levels
below 2.0 mM (O’Malley et al. 2017; Rodger et al. 2017;
Leckey et al. 2017; Waldman et al. 2018; Shaw et al. 2019;
Scott et al. 2019a; Evans et al. 2019; Prins et al. 2020).
Additionally, an explanation for unchanged/impaired per-
formance in most studies may be explained by reductions
in pH induced by ketone ingestion (Dearlove et al. 2019).
Pofté et al. (2020) recently reported enhanced cycling TT
performance with ingestion of ketone monoester combined
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with sodium bicarbonate and CHO versus a control solution.
Importantly, neither sodium bicarbonate/CHO nor ketone
monoester/CHO enhanced performance suggesting a syner-
gistic effect with ketone monoester/bicarbonate/CHO pos-
sibly owing to better maintenance of blood pH (Poffé et al.
2020). However, it should be noted that this study did not
include a CHO-only trial. Thus, it is impossible to determine
whether ketone monoester/bicarbonate/CHO would have
enhanced performance relative to CHO alone. Finally, it is
possible that ketone/salts and CHO are actually metaboli-
cally antagonistic, such that CHO oxidation inhibits ketone
oxidation, thereby minimizing any potential effect. Petrick
et al. (2020) recently investigated the mitochondrial respira-
tion of ketones (BHB and lithium acetoacetate) and reported
that ketone oxidation was minimized in the presence of
pyruvate likely owing to product inhibition. Moreover, the
authors noted that ketone oxidation, even at supra-physio-
logical intramuscular concentrations (~ 10 mM), represented
a minor proportion of mitochondrial respiration (2-10%)
compared to maximal pyruvate respiration. The investigators
were unable to detect ketone respiration at biologic ketone
concentrations. It is worth noting that this was an in vitro
study, which does not account for the numerous interactive
factors that influence metabolism in vivo. However, when
considered together with the studies conducted on trained
subjects, the evidence strongly suggests that combining
ketone salts/esters with CHO is not ergogenic. Nevertheless,
the findings of Cox et al. (2016), Poffé et al. (2020), and the
noted variability between studies warrant further investiga-
tion to determine under what, if any, conditions exogenous
ketones can impact metabolism and performance.

Dietary nitrate

Dietary nitrate also represents an interesting potential can-
didate to combine with supplemental CHO. The ergogenic
effects of dietary nitrate have been reported in numerous
studies (see reviews and meta-analyses: Hoon et al. 2013;
Van De Walle and Vukovich 2018; Senefeld et al. 2020).
Moreover, dietary nitrate appears to exert effects via mecha-
nisms distinct from carbohydrate. Specifically, most stud-
ies suggest that it reduces the oxygen cost of exercise by
enhancing the efficiency of skeletal muscle contraction (i.e.,
reduced phosphocreatine utilization) and/or mitochondrial
oxidative phosphorylation (i.e., more ATP resynthesized
per oxygen consumed; see reviews: Jones 2014; Jones et al.
2018). As a result, the intensity of exercise at a given abso-
lute work output is reduced, thereby increasing exercise
tolerance or the highest sustainable pace in a TT (Senefeld
et al. 2020). While it is worth noting that there is significant
variability across studies, and that the efficacy of dietary
nitrate seems dependent on a number of factors including
supplementation duration, dose, training status, etc. (Jones
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et al. 2018), the available evidence is strongly suggestive
of potential additive ergogenic effects when combined with
CHO. However, to our knowledge, no studies have inves-
tigated this question. It is interesting to note that a num-
ber of studies have combined dietary nitrate with caffeine.
Two studies have reported no effects of dietary nitrate (i.e.,
beetroot juice) on the ergogenic effects of caffeine (Lane
et al. 2014; Glaister et al. 2015). One study reported non-
significant additive effects with pre-exercise ingestion of
caffeine and beetroot juice (Handzlik and Gleeson 2013).
Collectively, this, at least, provides some proof of concept
that the effects of dietary nitrate may not interfere with or
supersede those of other ergogenic substances. Thus, future
studies should investigate this hypothesis in the context of
combined CHO and dietary nitrate.

Some evidence also indicates the potential for synergistic
effects from combining dietary nitrate with CHO. Studies in
animals (Li et al. 2016; Hezel et al. 2016; Gheibi et al. 2017)
and obese men (Beals et al. 2017) have reported enhanced
glucose disposal and insulin sensitivity with dietary nitrate
supplementation combined with a glucose load. Moreover,
some have reported exercise responses that indicate poten-
tially enhanced delivery of CHO during- or post-exercise.
Specifically, several studies in animals and humans have
reported enhanced blood flow to exercising skeletal muscle
(Richards et al. 2018), Type II muscle fibers (Ferguson et al.
2013), and the gastrointestinal tract (Petersson et al. 2007).
Moreover, some evidence suggests enhanced blood glucose
uptake and relative carbohydrate oxidation during exercise
(Holloszy and Narahara 1967; Larsen et al. 2011; Roux-Mal-
louf et al. 2019). While these findings are not universally
supported (Trexler et al. 2019; Hughes et al. 2020), they at
least warrant further investigation as the effects could con-
ceivably enhance exogenous CHO oxidation during exercise
or glycogen storage post-exercise. Surprisingly, only one
study has examined the interaction between dietary nitrate
and glucose/glycogen metabolism during exercise (Bet-
teridge et al. 2016). In this study, trained cyclists consumed
beetroot juice (8 mM nitrate) prior to prolonged exercise
(60 min; 65% VO,,,,,) during which glucose was infused
to measure its metabolic fate. Importantly, beetroot juice
ingestion had no impact on metabolism including blood
metabolites (i.e., blood glucose, lactate, FFA, or insulin) or
fuel utilization (i.e., blood glucose uptake/oxidation, total
carbohydrate oxidation, or glycogen utilization). Neverthe-
less, the authors also reported no impact of beetroot juice on
the oxygen cost of exercise, which contrasts with dozens of
other studies in this area (Pawlak-Chaouch et al. 2016). As
such, further study is warranted to determine if the enhanced
exercise efficiency often observed with dietary nitrate is
associated with potentially advantageous effects that may
support synergistic enhancement of exogenous CHO metab-
olism or glycogen storage. In conclusion, no research to date

has examined the effects of combining dietary nitrate with
supplemental CHO despite the logic and ease of the pairing
(e.g., both substances support exercise efficiency in seem-
ingly complementary ways; logistical ease of combined sup-
plementation [does not need to occur simultaneously within
the same solution]) and intriguing mechanistic evidence for
potential additive or synergistic effects.

Dietary manipulation of carbohydrate availability

Aside from CHO supplementation, no other research area
within sport nutrition has received more focus and notoriety
in recent decades than the dietary manipulation of CHO.
In this area, a number of strategies have been evaluated to
determine whether altering CHO intake can influence sub-
strate utilization in ways that preserve endogenous CHO
(e.g., by increasing fat utilization) and/or enhance metabolic
flexibility (i.e., the capacity to switch between fuel sources
during exercise depending on intensity). Recent examples
include ketogenic/low-CHO diets, dietary periodization,
and fat adaptation with CHO restoration. The central tenet
of all these approaches is the selective withdrawal of CHO
availability to stimulate metabolic adaptations that optimize
fuel utilization patterns. The primary differentiating factor
between the approaches is the degree and duration of CHO
restriction. Ketogenic/low-CHO diets require long-term
adherence (i.e., weeks to years) and chronic CHO restriction
(<20-50 g-day~! CHO) (Burke 2015). Dietary periodiza-
tion involves the selective exclusion of dietary and/or peri-
exercise CHO throughout a training cycle based on the fuel
needs of a given training session (Impey et al. 2018). Finally,
fat adaptation is a short-term approach requiring 5-10 days
adherence to a high-fat diet followed by 1-3 days of a high
CHO diet with the aim of restoring muscle glycogen stores
(Yeoetal. 2011).

In terms of ergogenic effects, dietary manipulation of
CHO availability has clear metabolic effects that do not
consistently translate into performance benefits. Research
spanning the various dietary approaches consistently reports
a shift towards increased fat utilization. Specifically, stud-
ies assessing ketogenic/low-CHO diets (see review: Burke
2015), CHO periodization (see review: Impey et al. 2018),
and fat adaptation with CHO restoration (see review: Yeo
et al. 2011) report enhanced fat oxidation, upregulation
of enzyme activity (e.g., carnitine palmitoyl transferase
1, p-hydroxyacyl-CoA dehydrogenase, etc.), increased
transcription of proteins involved in FFA uptake and oxi-
dation (e.g., fatty acid translocase, fatty acid-binding pro-
tein, etc.), and reduced muscle glycogen and total CHO
oxidation. Nevertheless, there is little evidence that these
dietary approaches enhance endurance performance. Two
studies have reported benefits with ketogenic diets (Phin-
ney et al. 1983; McSwiney et al. 2018). However, enhanced

@ Springer



52

European Journal of Applied Physiology (2021) 121:23-66

performance in Phinney et al. (1983) seemed to be primarily
the result of dramatic improvements in one subject while
other subjects’ performance was unchanged/impaired;
and the analytical approach and data interpretation from
McSwiney et al. (2018) has been questioned (Pickering
2018). More recent work has reported impaired performance
in competitive race-walkers on a ketogenic diet likely owing
to reduced exercise efficiency (Burke et al. 2017, 2020).
Minimal evidence also exists in support of ergogenic effects
following CHO periodization or fat adaptation with CHO
restoration. One study reported enhanced performance with
CHO periodization (Marquet et al. 2016), but many recent
well-controlled studies in highly trained athletes have failed
to replicate this finding when compared to high CHO diets
(Burke et al. 2017, 2020; Gejl et al. 2017; Riis et al. 2019).
Additionally, one study has reported enhanced TT perfor-
mance with fat adaptation and CHO restoration (Lambert
et al. 2001), but the majority report no benefits (Carey et al.
2001; Burke et al. 2002; Rowlands and Hopkins 2002b), or
even impaired performance (Havemann et al. 2006).

There are a number of potential explanations for the
lack of an obvious performance benefit with these different
approaches that have been reviewed or discussed elsewhere
(Yeo et al. 2011; Burke 2015; Burke et al. 2020) and some
of which will be discussed below. However, it seems most
likely that a major part of the explanation lies with the poten-
tially incorrect assumption that an increase in fat utilization
is ergogenic. Despite popular conceptions, most endurance
events (and thus exercise intensities in performance assess-
ments employed in studies) are performed either wholly or
partly at high intensities (> 75% VO,,,,,), and the ability to
reach and/or sustain these intensities typically determines
race outcomes (Peronnet and Thibault 1989; Fernandez-
Garcia et al. 2000). Exercise at these intensities is CHO-
dependent (Romijn et al. 1993; Van Loon et al. 2001) and
unlikely to be influenced by subtle changes in fat metabo-
lism. As evidence, Leckey et al. (2016) reported no differ-
ence in TTE at half-marathon personal best pace (~78%
VO, max) With/without CHO intake pre-/during-exercise and
with/without nicotinic acid ingestion, which blunts lipolysis
and fat oxidation. The authors reported exercise in all trials
to be CHO-dependent (83-91% of energy expended) with
no differences in substrate utilization between conditions
regardless of nicotinic acid ingestion. A primary explanation
for CHO dependence at high exercise intensities is that CHO
requires less oxygen for ATP synthesis relative to fat making
it the preferred fuel for exercise limited by oxygen availabil-
ity (i.e., high-intensity exercise; Krogh and Lindhard 1920;
Cole et al. 2014). With this in mind, diets that increase fat
oxidation are likely to attenuate exercise efficiency thereby
increasing the relative intensity for a given work output and
reducing the highest sustainable pace in TT events/assess-
ments, a finding observed and replicated recently by Burke
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et al. (2017,2020). Thus, there appears to be little support
for the adoption of these diets based on equivocal perfor-
mance responses, potentially detrimental metabolic adapta-
tions, and the inherent challenges of adhering to diets that
partially or completely restrict access to an entire macro-
nutrient and can increase the perceived exertion of training
(Helge et al. 1996; Stepto et al. 2002). This is particularly
true when compared to traditional high CHO diets, which
have robust support and popularity within the scientific and
athletic communities, respectively (Burke 2001; Onywera
et al. 2004; Vogt et al. 2005; Burke et al. 2011; Thomas et al.
2016; Helge 2017). Nevertheless, these dietary approaches
remain highly popular, and it is still possible that metabolic
adaptations derived from these diets can result in enhanced
performance albeit in ways that are undetectable with typi-
cal study designs and sample sizes. Moreover, with any/all
of these dietary approaches, many endurance athletes are
still likely to utilize supplemental CHO during competition
and/or high-intensity training sessions. Therefore, a consid-
eration of how these diets and CHO supplementation may
interact is warranted.

Interactions between dietary approaches and supple-
mental CHO are likely to be mediated by the degree of
CHO restriction. Given a sufficient magnitude/duration of
CHO restriction, exogenous CHO oxidation is likely to be
impaired due to skeletal muscle adaptations that favor fat
oxidation at the expense of glycolytic flux. Stellingwerff
et al. (2006) reported attenuated pyruvate dehydrogenase
activity in trained cyclists exercising at moderate (70%
VO,pea) and sprint intensities (150% VOy.,;) following
5 days of a high-fat/low-CHO diet (67% fat, 18% CHO) fol-
lowed by 1 day of a high CHO diet (70% CHO) compared
to a high CHO diet for all 6 days (70% CHO). Importantly,
this reduced enzymatic flux occurred despite similar pre-
exercise glycogen levels in both conditions, suggesting that
CHO metabolism was impaired. While this adaptation is not
surprising, considering that low glycogen levels stimulate
pyruvate dehydrogenase kinase activity (Arkinstall et al.
2004), it is noteworthy that this effect occurred in such a
short time frame, with a relatively moderate degree of CHO
restriction (compared to ketogenic diets), and when glyco-
gen levels were restored. With this in mind, it seems highly
likely that similar or exacerbated reductions in glycolytic
flux occur with ketogenic diets. In addition to reductions in
glycolytic flux, exogenous CHO utilization may be altered
by reported changes in the gut microbiome with adherence
to CHO-restricted diets during heavy endurance training
(Murtaza et al. 2019). While it is yet to be fully elucidated
how these effects might influence CHO metabolism, it is
possible that changes in gut bacteria may modulate intesti-
nal absorption of CHO. This hypothesis is supported by a
recent study reporting increased exogenous CHO oxidation
in trained cyclists with 4 weeks of probiotic supplementation
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(Pugh et al. 2020). Along similar lines, 4 weeks of adher-
ence to a high CHO diet (8.5 g-kg~!-day~!) increases exog-
enous CHO oxidation without influencing muscle GLUT4
concentrations suggesting non-muscular adaptations (e.g.,
the small intestine) augmenting CHO absorption. The influ-
ence of CHO-restricted diets on intestinal absorption has not
been assessed, but it seems plausible that such diets would
have the opposite effect. Collectively, it seems likely that
the attenuated pyruvate dehydrogenase activity and possible
reductions in CHO absorption induced by CHO-restricted
diets are likely to reduce exogenous CHO oxidation and/or
glycogen storage thereby attenuating the ergogenic effects
of ingested CHO.

In theory, the selective supplementation of CHO char-
acteristic of CHO periodization may counteract some of
the possible maladaptations that likely occur with CHO-
restricted diets, without compromising the presumed benefi-
cial adaptations that upregulate fat utilization. For instance,
two recent studies indicate that consuming CHO during
exercise while in a low glycogen state does not attenuate the
elevations in fat oxidation or signaling induced by low CHO
availability (Margolis et al. 2019; Podlogar et al. 2020).
Moreover, skeletal muscle signaling relating to upregula-
tion of enzymes/proteins associated with fat metabolism
seems to be maximized so long as pre-exercise glycogen
levels are <300 mmol-kg™'-dry weight™!, suggesting that
any possible endogenous CHO sparing induced by during-
exercise CHO supplementation is unlikely to compromise
planned next day/workout "train low" sessions (Hearris et al.
2019; Margolis et al. 2019). It is even conceivable that sup-
plementing with CHO during or after “training low” may
actually enhance the uptake, storage, and/or oxidation of
exogenous CHO. Zderic et al. (2004) observed a hierarchy
of substrate utilization in which blood glucose uptake and
oxidation was enhanced by the blunting of muscle glycog-
enolysis (i.e., via high-fat diet) and fat oxidation [i.e., via
f blockade (propranolol)]. This intriguing study indicates
that fuel metabolism is dependent on substrate availability
and that sufficient scarcity of endogenous fuel may enhance
the utilization of exogenous CHO, which may conceivably
stimulate the expression of glucose transport proteins (e.g.,
GLUT4) when imposed chronically (Zorzano et al. 2005).
However, this is speculative and seems unlikely. It is more
likely that supplemental CHO employed within a CHO peri-
odization dietary model would primarily serve to maintain
exogenous CHO oxidative and intestinal absorption capacity
(Cox et al. 2010). Indeed, Margolis et al. (2019) recently
found that, in the absence of a § blockade (i.e., the physio-
logic state), fuel demands when exercising in a low glycogen
state (~215 g-kg™!-dry weight™!) were met by increasing fat
oxidation. Blood glucose and/or exogenous CHO oxidation
rates were not different between low and adequate glycogen
conditions (~400 g-kg™!-dry weight™!), which lends support

to the notion that such a strategy would primarily serve to
maintain CHO oxidative capacity, not enhance it. Finally,
studies utilizing twice per day training models, in which
the second training session is completed in a presumably
low glycogen state, indicate potentially beneficial interac-
tions with supplemental CHO. Specifically, some evidence
suggests this approach results in enhanced resting muscle
glycogen storage relative to once per day training (Hansen
et al. 2005; Yeo et al. 2008). Moreover, enhanced glycogen
storage with this approach has also been associated with
enhanced fatigue resistance in previously untrained subjects
(Hansen et al. 2005); however, no performance benefits were
reported in trained cyclists/triathletes (Yeo et al. 2008).
Thus, more research is needed to confirm ergogenic effects.
Taken together, “training low” may benefit CHO metabo-
lism in some ways (i.e., enhancing post-exercise glycogen
storage), but it is most likely that supplemental CHO is pri-
marily beneficial as a means to maintain exogenous CHO
oxidative capacity, reduce perceived exertion, and enhance
training quality without compromising targeted adaptations
(i.e., upregulation of fat oxidation).

While selective CHO supplementation may enhance out-
comes with CHO periodization, many questions still remain
in terms of the most effective coupling of dietary CHO and
supplementation. Ultimately, more research is warranted to
determine whether any particular nutrient timing paradigm
can sufficiently stimulate metabolic adaptations in ways that
enhance performance. Until then, it seems prudent for any
endurance athlete considering these dietary approaches to
carefully weigh the risks and rewards of adopting any diet
that restricts CHO intake as doing so is likely to add further
stress to already highly demanding sports.

Considerations for special populations

It is worth noting that the vast majority of research on CHO
supplementation utilizes male subjects without any specific
special needs. This has been typical of the field throughout
its history, and a number of justifications have been put for-
ward (e.g., logistical challenges in controlling for menstrual
cycle, limited subject pool, etc.) for the almost exclusive
use of this population. While it is generally assumed, and
some research supports (e.g., Davis et al. 1997), the notion
that ergogenic effects reported among healthy, male subjects
translate roughly equally to other populations, there is a pau-
city of research to confirm this hypothesis.

Most research indicates that CHO supplementation is
ergogenic in females, but it is yet to be determined how
physiological differences may impact the magnitude of
performance benefits relative to males. As noted above
(i.e., in the section titled “Post-exercise modified carbohy-
drate”), females exhibit distinct metabolic characteristics
that may influence the ergogenicity of supplemental CHO
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(see review: Devries 2016). For instance, females oxidize
more fat during exercise than males (Tarnopolsky 2000),
which may alter the contribution of exogenous CHO dur-
ing exercise. However, available data are equivocal with
one study reporting increased exogenous CHO oxidation
(Riddell et al. 2003), and two studies reporting no differ-
ences between sexes (M’Kaouar et al. 2004; Wallis et al.
2006). Moreover, the impact of supplemental CHO on
endogenous CHO utilization in females is yet to be fully
elucidated as studies have reported reduced (Riddell et al.
2003), unchanged (Wallis et al. 2006), or increased oxida-
tion rates (Tremblay et al. 2010). Whatever the case may
be, it is possible that differences in CHO utilization influ-
ence the ergogenic effects of CHO. There is some evidence
to support this hypothesis. However, data are surprisingly
limited. Glace et al. (2019) recently compared the effects of
CHO (sucrose) ingestion during exercise (2 h; 65% VO, .,
on cycling TT performance between males and females and
found ergogenic effects in males only. However, others have
reported enhanced performance across both sexes and of a
similar magnitude (Davis et al. 1997). While more research
is clearly needed, it is possible that females have unique
nutritional needs. For instance, relative fat-dependence in
females may predispose them to ergogenic effects from low
CHO and/or high-fat diets, low glycemic index CHO, or
SMC. Additionally, it is also possible females may experi-
ence larger or smaller magnitude improvements in perfor-
mance with supplements likely to maximize exogenous CHO
like MTC and/or HGEL. Females may also be less able to
synthesize muscle glycogen due to consuming an insuffi-
cient amount of dietary CHO to maximize glycogen stores
(Tarnopolsky et al. 2001). As such, perhaps females would
benefit to a greater degree from post-exercise CHO + PRO
or FMC, as these strategies may enhance glycogen synthesis
when CHO intake is sub-optimal. In general, more research
is required to refine nutritional recommendations for female
athletes based on sex differences in the response to ergo-
genic aids.

Little research also exists as to the effectiveness of sup-
plemental CHO in athletes with type 1 diabetes (T1D). Simi-
lar to females, T1D athletes have unique metabolic char-
acteristics that may influence the effects of ingested CHO
(see review: Riddell et al. 2020). Specifically, individuals
with T1D cannot produce insulin endogenously and have
an altered counter-regulatory hormone response to exercise
(e.g., attenuated glucagon release) that makes blood glu-
cose regulation challenging. Moreover, the use of exogenous
insulin, combined with an inability to rapidly alter circulat-
ing insulin concentrations following injection, further com-
plicates glucose regulation (Riddell et al. 2020). As a result,
it is common for individuals with T1D to experience hypo-
glycemia during moderate-intensity exercise owing to rela-
tive hyperinsulinemia combined with insulin-independent
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skeletal muscle glucose uptake. It is also common for T1D
athletes to experience hyperglycemia during high-intensity
exercise (i.e., due to elevated counter-regulatory hormone
stimulation of liver glycogenolysis) and/or post-exercise
(i.e., due to an inability to release insulin in response to
increasing glucose concentrations stemming from a cessa-
tion of skeletal muscle glucose uptake) (Scott et al. 2019b).
Because of these factors and due to large inter-individual dif-
ferences in terms of gluco-regulatory responses to exercise/
nutrition, it is challenging to develop and assess appropri-
ate CHO supplementation strategies for athletes with T1D.
A number of recent reviews have considered this challenge
and made recommendations based mostly on mechanistic
studies, case reports, and data from healthy subjects (Gallen
et al. 2011; Scott et al. 2019b).

Nevertheless, a small number of studies have evaluated
TID responses to CHO supplementation and the impact of
CHO type on metabolic and performance responses. These
studies indicate that T1D athletes may have a delayed
increase in exogenous CHO oxidation, reduced uptake and
oxidation of liver-derived glucose, and increased muscle gly-
cogenolysis relative to healthy controls (Riddell et al. 2000;
Robitaille et al. 2007). As such, it is possible that CHO sup-
plementation may be less effective in individuals with T1D
making fat availability/oxidation all the more important.
This combined with the overall challenge of maintaining
stable glucose levels during-/post-exercise raises the pos-
sibility that T1D athletes may benefit from low CHO diets,
a strategy recently considered by Scott and colleagues (Scott
et al. 2019¢). Additionally, T1D might also benefit from
low glycemic index CHO in proximity to exercise. Indeed,
limited evidence suggests that isomaltulose may aid in the
maintenance of euglycemia during-/post-exercise (West
et al. 2011; Bracken et al. 2012). Alternatively, some evi-
dence suggests that TID athletes could also benefit from high
glycemic index CHO. Specifically, during-exercise ingestion
of MTC was associated with increased fat oxidation and
reduced muscle glycogen utilization relative to glucose alone
in T1D subjects (Bally et al. 2017). Moreover, pre-exercise
ingestion of FMC has been associated with enhanced late-
exercise running performance versus dextrose (Gray et al.
2016). Overall, while T1D athletes are likely to always need
to follow some degree of trial-and-error approach, it is clear
that more research is necessary to improve recommendations
and evaluate the effectiveness of specific supplements and
strategies.

Conclusions and future directions

The value of CHO as an exercise fuel has been appreciated
for over 100 years (Zuntz and Loeb 1894). Nevertheless,
research over the last several decades has greatly expanded
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our understanding of the mechanisms by which CHO sup-
plementation enhances performance. Studies examining
the impact of novel CHO supplements have been crucial
in this regard. These studies strongly indicate the impor-
tance of intestinal absorption of CHO as a primary limiter
of ergogenic effects. This conclusion is based on myriad
MTC-based investigations consistently reporting high
rates of exogenous CHO oxidation coupled with enhanced
performance. Further support comes from studies on sup-
plements designed to influence other mechanisms of CHO
delivery such as gastric emptying (e.g., FMC and HGEL)
or the insulinemic response (e.g., SMC). These studies
often report these supplements to be successful at influ-
encing their target mechanisms albeit in ways that rarely
benefit performance, at least in practical scenarios. Despite
the weight of evidence, questions remain as to the precise
value (e.g., magnitude of performance benefits, contexts
that may reveal ergogenicity, etc.) of these supplements
and whether these data indicate a point of diminishing
returns for CHO-induced ergogenic effects.

With this in mind, forward-thinking sport nutrition
research should consider how other substances and/or
dietary approaches may influence or augment the effec-
tiveness of supplemental CHO. For example, research
examining the effects of combining CHO with caffeine
and/or protein is promising and suggests potential additive
or synergistic effects. However, few studies thus far have
been designed to elucidate how the substances interact,
which would facilitate the development of optimal sup-
plementation protocols. Other combinations (i.e., medium-
chain triglycerides and ketone salts/esters) appear less
promising, but variability in study designs and metabolic
responses complicate interpretation and warrant replica-
tion and/or studies in different populations/contexts. A
number of other ergogenic substances (e.g., dietary nitrate)
are mostly unexamined in this context and present intrigu-
ing research opportunities. Finally, despite a wealth of
research examining dietary approaches aimed at enhancing
endogenous CHO availability (i.e., which have resulted in
mostly equivocal effects on performance), little attention
has been paid to how these approaches may influence the
metabolism of supplemental CHO, and how this interac-
tion may affect training adaptations and/or performance.
In conclusion, numerous questions remain to support the
next generation of carbohydrate research.

Future areas of inquiry include the following:

1. Optimal ingestion rates and ratios for multiple trans-
portable carbohydrates.

2. A comparison of the dose responsiveness of glucose/
maltodextrin versus glucose/maltodextrin + fructose
and their potential overlap.

3. The impact of high, low, or periodized carbohydrate
diets on multiple transportable carbohydrates oxidation
efficiency, training adaptations, and performance.

4. The mechanism underlying increased fat oxidation
with pre-exercise modified carbohydrate and/or low
glycemic index carbohydrates.

5. Practical scenarios in which pre-exercise modified car-
bohydrates and/or low glycemic index carbohydrates
may be beneficial.

6. Conditions under which post-exercise modified car-
bohydrates are beneficial for glycogen restoration and
subsequent performance.

7. The impact of dose concentration and frequency on
gastrointestinal distress and performance outcomes
with carbohydrate hydrogels.

8. Special population responsiveness to different CHO
supplements and strategies including women and type
1 diabetics. Recent studies investigating the ergogenic-
ity of caffeine provide an excellent model for future
research in this area (Clarke et al. 2019; Skinner et al.
2019).

9. Further research examining the effects of combining
carbohydrate with other ergogenic supplements includ-
ing dietary nitrate.

10. The role of the microbiome, genetic factors, muscle
fiber type, etc. in mediating carbohydrate-based ergo-
genic effects.

11. The use of novel or exemplary experimental designs to
elucidate subtle differences or confirm the magnitude
of ergogenic effects in larger samples and/or “real-
world” situations. For example, replicated crossovers,
multi-site studies, and field studies have been previ-
ously utilized to great effect (Smith et al. 2013; Row-
lands and Houltham 2017; Goltz et al. 2018).
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