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Case Study: Nutrition and Training Periodization 
in Three Elite Marathon Runners


Trent Stellingwerff


Laboratory-based studies demonstrate that fueling (carbohydrate; CHO) and fluid strategies can enhance 
training adaptations and race-day performance in endurance athletes. Thus, the aim of this case study was 
to characterize several periodized training and nutrition approaches leading to individualized race-day fluid 
and fueling plans for 3 elite male marathoners. The athletes kept detailed training logs on training volume, 
pace, and subjective ratings of perceived exertion (RPE) for each training session over 16 wk before race day. 
Training impulse/load calculations (TRIMP; min × RPE = load [arbitrary units; AU]) and 2 central nutritional 
techniques were implemented: periodic low-CHO-availability training and individualized CHO- and fluid-
intake assessments. Athletes averaged ~13 training sessions per week for a total average training volume of 
182 km/wk and peak volume of 231 km/wk. Weekly TRIMP peaked at 4,437 AU (Wk 9), with a low of 1,887 
AU (Wk 16) and an average of 3,082 ± 646 AU. Of the 606 total training sessions, ~74%, 11%, and 15% were 
completed at an intensity in Zone 1 (very easy to somewhat hard), Zone 2 (at lactate threshold) and Zone 3 
(very hard to maximal), respectively. There were 2.5 ± 2.3 low-CHO-availability training bouts per week. On 
race day athletes consumed 61 ± 15 g CHO in 604 ± 156 ml/hr (10.1% ± 0.3% CHO solution) in the following 
format: ~15 g CHO in ~150 ml every ~15 min of racing. Their resultant marathon times were 2:11:23, 2:12:39 
(both personal bests), and 2:16:17 (a marathon debut). Taken together, these periodized training and nutrition 
approaches were successfully applied to elite marathoners in training and competition.


Keywords: TRIMP, carbohydrate and fluid, caffeine, endurance, performance


Since the legendary run of Pheidippides in the Battle 
of Marathon (490 B.C.) no event has captured the human 
imagination quite like the marathon, as evidenced by 
the long interest in marathon-associated physiology and 
performance (“Proceedings of the 2006 World Congress,” 
2007). However, only a few published studies have 
examined physiological, anthropometric, nutritional, or 
training characteristics of truly world-class marathon-
ers (Billat, Demarle, Slawinski, Paiva, & Koralsztein, 
2001; Billat et al., 2003; Lucia et al., 2006; Onywera, 
Kiplamai, Boit, & Pitsiladis, 2004). Traditionally, most 
elite marathon training expertise is tackled anecdotally 
through word of mouth and practical experience and not 
systematically documented through validated methodolo-
gies in peer-reviewed scientific journals.


Scientific interest in the marathon, and what causes 
fatigue and ultimately limits performance, continues to 
be highly relevant as evidenced by the recent viewpoint 
article by Joyner, Ruiz, and Lucia (2011) titled “The 
Two-Hour Marathon: Who and When?” and the 38 
unique published countercommentaries (Stellingwerff & 
Jeukendrup, 2011). What has become clear is that there 
are a myriad of potential physiological, psychological, 


environmental, and sociological determinants of mara-
thon performance. One distinctive facet to the marathon 
is that carbohydrate (CHO) metabolism, primarily muscle 
glycogen, is the dominate fuel at exercise intensities 
greater than 75% VO2max and can start to become limit-
ing after ~90 min. So despite the fact that endurance 
running played a significant role in the evolution of man 
(Bramble & Lieberman, 2004), given the high exercise 
intensities of marathon racing dictating a high muscle 
glycogen use (>80% VO2max; O’Brien, Viguie, Mazzeo, 
& Brooks, 1993), it could be argued that humans are not 
adapted to racing marathon distances at high exercise 
intensities. Thus, perhaps underappreciated is the vital 
role that fueling and hydration status plays on marathon 
success, which is not necessarily a prerequisite for suc-
cess over shorter distances (<90 min).


Contemporary scientific studies have started to exam-
ine the interactions that altered nutrition approaches may 
have on endurance-training adaptations. For example, a 
periodic lack of CHO availability may further enhance 
training adaptations (Burke, 2010), the gastrointestinal 
(GI) tract may also be adapted to handling increased fluid 
and CHO, and an individualized approach to race-day 
CHO type and fluid intake may contribute to optimal 
competitive success (Jeukendrup, 2011). However, 
there have been no studies published that characterize 
these training and nutrition approaches in elite marathon 
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runners. Therefore, the primary aim of the current case 
study was to use field data to characterize several train-
ing and nutrition techniques, leading to an individualized 
race-day fluid and fuel plan in a periodized approach with 
three elite male marathon runners.


Interventions and Methods


Background and Athletes


Each marathoner (Table 1) undertook an individual-
ized 16-week training plan and competed in different 
marathons at Week 16 but implemented the same nutri-
tion approaches with the same physiology/nutrition 
practitioner. Each athlete/coach has read, approved, and 
provided written permission for this publication, which 
conforms to the principle approval for case studies in the 
International Journal of Sports Nutrition and Exercise 
Metabolism by the ethics committee of the Australian 
Institute of Sport.


Training Assessment


All athletes kept detailed training logs, including informa-
tion on duration and volume (min and km), body weight 
(BW), subjective training feedback (ratings of perceived 
exertion; RPE), and weather conditions. All the data 
collected were exclusively used to characterize training, 
not to affect training decisions. Each training session’s 
“load” was calculated by multiplying the training dura-
tion (minutes) by intensity (RPE scale of 1–10, easy to 
maximal) into a single arbitrary unit (AU) called training 
impulse (TRIMP), as previously validated and described 
by Foster et al. (Foster, 1998; Foster et al., 2001). Session 
RPE was further divided into three separate intensity 
zones: Zone 1 = RPE of 0–4 (very easy to somewhat 


hard); Zone 2 = RPE of 5–7 (hard); and Zone 3 = RPE 
of >7 (very hard to maximal). These three TRIMP RPE 
training-zone breakpoints, corresponding to first ventila-
tory and second ventilatory threshold, respectively, have 
previously been validated and shown not to differ from 
TRIMP analysis using either heart rate or blood lactate 
data (Seiler & Kjerland, 2006).


Dietary Approaches
There were two main nutrition approaches, which were 
periodized across three training mesocycles: general 
preparation phase (Weeks 1–6), specific preparation 
phase (Weeks 7–12), and competition taper phase (Weeks 
13–16), with the target marathon being at the end of 
Week 16. Each dietary approach was described in writing 
and verbally to each athlete and coach and individually 
implemented and continuously monitored.


Low-CHO-Availability Training. Athletes were 
instructed to periodically undertake and develop their 
ability to tolerate training with low CHO availability 
(~1–5 times per week as individually tolerated, with 
emphasis during the general preparation phase). This 
was done either by limiting exogenous skeletal-muscle 
CHO availability (by undertaking morning-fasted train-
ing) or by limiting endogenous skeletal-muscle CHO 
availability (by undertaking reduced-muscle-glycogen 
training). For periodic overnight-fasted training, athletes 
were instructed to undertake aerobic training (at or below 
lactate/ventilatory threshold) first thing on waking, with 
just prerun water and/or coffee consumption. Conversely, 
low-glycogen training featured doing two training ses-
sions within a single day, but limiting dietary CHO 
intake after the first training session so that the second 
training session was undertaken with reduced muscle 
glycogen stores. Immediately after this second training 


Table 1 Anthropometric, Training, and Performance-History 
Characteristics of the Three Marathon Runners


Parameter


Marathoner


M ± SD1 2 3


Age 31 27 27 28.3 ± 2.3


Body weight (kg) 61.5 68.0 68.0 65.8 ± 3.8


Height (cm) 175 191 188 184.7 ± 8.5


Body-mass index (kg/m2) 20.1 18.6 19.2 19.3 ± 0.7


Resting morning heart rate 33 39 43 38 ± 5


Years of elite training 10 9 8 9.0 ± 1.0


Years with current coach 12 4 0.5 5.5 ± 5.9


3,000-m track personal best 7:53.51 7:59.49 7:58.70 7:57 ± 3


5,000-m track personal best 13:21.53 13:40.33 13:57.80 13:39 ± 18


10,000-m track personal best 27:56.92 N/A 28:58.45 28:27 ± 44


1/2-marathon road personal best 1:03:46 N/A 1:03:53 63:50 ± 5
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bout, athletes consumed optimal CHO and protein to 
maximize glycogen and protein synthesis. The few times 
reduced-glycogen training was implemented, a demand-
ing interval-based training session was undertaken in the 
morning commencing with higher muscle glycogen to 
ensure high training quality. This type of training would 
also cause a large reduction in muscle glycogen, which 
was maintained with low CHO intakes, before the second 
daily training session (>4 hr), which was prolonged but 
aerobic in nature (at or below lactate/ventilatory thresh-
old). These low-CHO-availability training sessions are 
not to be mistaken for a low-CHO diet. Instead, athletes 
were instructed to merely alter the timing and availability 
of CHO in their diet around specific training situations. 
They were taught the amount and timing of CHO to 
maximize postexercise glycogen synthesis, as well as 
the dietary choices required to limit CHO availability 
when required.


Individualized Targeted CHO Fueling and Hydration 
During Training and Competition. Athletes were 
taught to measure CHO- and fluid-intake rates, measure 
sweat rate via BW changes, and record GI tolerance 
during key training bouts (1–3 times per week with 
emphasis during the specific preparation phase and 
competition taper phase) in a worksheet (Table 2). They 
were instructed to adjust fluid intake, aiming for ~2–3% 
BW losses during training sessions. On runs >2 hr, 
athletes were encouraged to consume at least ~30–60 g 
CHO/hr and ~400–600 ml/hr, but then urged to further 
increase intakes to maximize their individual upper toler-
ance. During the competition taper phase, athletes were 
encouraged to consume fluids and CHO in every session 
>75 min. Within 48 hr postrace, athletes reported their 
race-day fluids, carbohydrate, and caffeine consumption 
(Table 3). Since each marathoner was a recognized elite 
athlete, each got to prepare his own fuel/fluid bottles, 
which were placed at elite-athlete-only aid stations to 
facilitate more accurate reporting. Unfortunately, due to 
the complexities postrace for these elite marathoners (e.g., 
interviews, doping controls, etc.), pre- to postrace BW 
tracking for the competitions resulted in either uncertain 
data or was not possible.


Observations and Outcomes


Marathoner Characteristics  
and Performance Outcomes


The characteristics of each marathoner at the time of 
his race are outlined in Table 1, with data reported as M 
± SD. To date, these athletes have won a combined 12 
Canadian Championships and competed in 16 global 
championships (World or Olympic Games). Average 
training weight was 67.3 ± 3.3 kg, which decreased 
2.2% for racing. Marathon times were 2:11:23 and 
2:12:39 for Marathoners 1 and 3, respectively (previous 
personal bests were 2:16:53 and 2:15:15, respectively). 
Marathoner 2 debuted at 2:16:17.


Training Data
Training data are based on 606 training sessions over 12.6 
± 2.1 training sessions per week per athlete, featuring 
average weekly training volumes of 173.6 ± 32.5, 213.3 ± 
41.2 and 159.6 ± 27.0 km/week for Marathoners 1, 2, and 
3, respectively (Figure 1). Each marathoner had his high-
est training volume during the specific preparation phase, 
with highs of 228, 266, and 199 km/week, respectively. 
Lowest weekly training volumes were on race week (114.5 
± 14.1 km), with ~35% of that week’s running volume 
coming on race day. Due to the highly subjective nature of 
RPE TRIMP assessment, it can only be compared within 
a given athlete (Figure 2; Marathoner 1). This athlete had 
a weekly high TRIMP of 4,437 AU (Week 9) and low of 
1,887 AU (Week 16), with a 16-week average of 3,082 ± 
646 AU. For all athletes combined, of the 606 total train-
ing sessions, 74.3% ± 3.5%, 11.0% ± 1.7%, and 14.7% 
± 3.5% of the sessions were completed in Zone 1 (very 
easy to somewhat hard), Zone 2 (hard), and Zone 3 (very 
hard to maximal), respectively (Figure 3).


Periodized Dietary Approaches  
During Marathon Preparation


Figure 4 provides an overview of the two nutrition tech-
niques, which were periodized across each training phase. 
On average, there were 2.5 ± 2.3, 2.6 ± 2.3, and 1.3 ± 2.3 
low-CHO-availability training bouts per week across the 
general preparation phase, specific preparation phase, and 
competition taper phase, respectively. There were 107 
low-CHO-availability training sessions for all 3 mara-
thoners, of which 11 were reduced-glycogen training and 
96 were morning-fasted training. CHO-fueling practice 
sessions increased during each phase, with an average of 
19.0 ± 6.1 CHO-fueling sessions throughout the 16 weeks, 
with most during the specific preparation phase and the 
competition taper phase. A wide range of individual sweat 
rates was recorded by Marathoner 2 during training: 
~750–1,000 ml/hr (Table 2). This marathoner practiced 
with a wide range of CHO- and fluid-consumption rates 
and demonstrated great individual GI tolerance to fluid 
and CHO intake during running (Table 2).


Race-Day Intakes


On average, athletes consumed 61 ± 15 g CHO in 604 ± 
156 ml/hr of racing, resulting in a CHO solution of 10.1% 
± 0.3% (Table 3). All marathoners used commercial prod-
ucts featuring CHO blends of maltodextrin (glucose) and 
fructose in the form of sports drinks and CHO gels. On 
average, marathoners consumed ~15 g CHO in ~150 ml 
every ~15 min of racing. Two of the marathon runners 
used caffeine (Table 3). They took ~60% of their total 
caffeine dose 1 hr before the start as caffeine pills and 
then consumed ~40% of their remaining dose throughout 
the race via CHO gels containing caffeine, which resulted 
in 3.7 ± 1.4 mg caffeine per kg BW throughout the race. 
Variability of caffeine intake between athletes was mostly 
due to previous individual experience.
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Discussion
The aim of this case study was to characterize several 
training and nutrition techniques, leading to an individu-
alized race-day fluid and fuel plan. Although there are 
many variables to consider in marathon performance, 
together these unique periodized training and nutrition 
techniques were successfully implemented with three 
elite marathoners.


Training Load, Distribution,  
and Tapering Analysis


There are few publications on training characteristics of 
elite marathoners, and the athletes in the current study aver-
aged ~13 hr/week or ~182 km/week of running (Figure 1), 
which is comparable to the volume range reported in elite 
French/Portuguese (Billat et al., 2001) and Kenyan runners 
(Billat et al., 2003; Onywera et al., 2004). However, their 
average volume and peak volume (231 km/week) are sub-
stantially higher than what was recorded by elite Spaniard 
(129 km/week) or Eritrean runners (105 km/week; Lucia 
et al., 2006). Training intensity also needs to be consid-
ered when assessing total training load. This case study 
contains the first published RPE-based TRIMP scores for 
an elite marathoner (Figure 2). Most contemporary train-
ing programs feature cycles of increasing load, followed 
by consolidation and recovery weeks, which are captured 
in the week-to-week TRIMP variability. Throughout the 
first 12 weeks, there was an average TRIMP of 3,350 ± 
561 AU/wk, which is comparable to the ~4,000-AU/week 
threshold that Foster (1998) identified as what is routinely 
performed by elite endurance athletes.


A polarized pattern of training features ~70–75% 
of training performed below lactate threshold and >15% 
well above that intensity (Fiskerstrand & Seiler, 2004). 
This polarized training distribution has previously been 
used by successful (e.g., Olympic and World medalists) 


rowers, cross-country skiers, and track cyclists (Seiler 
& Tonnessen, 2009). Despite each marathoner having an 
individualized training program, with no training-plan 
interventions, a polarized distribution resulted (Figure 
3). The 3-week premarathon taper featured a 52% reduc-
tion in volume with no appreciable change in training 
frequency (Figure 1). This taper is congruent with the 
recommendations from a recent meta-analysis on the 
effects of tapering on performance, which found the ideal 
length of taper to be ~2–3 weeks, where training volume 
was decreased 41–60%, without any modification of 
training intensity or frequency (Bosquet, Montpetit, 
Arvisais, & Mujika, 2007). Thus, it appears that all three 
athletes implemented a scientifically supported approach 
to training volume, distribution, and tapering.


Altering Carbohydrate Availability  
During Endurance Training


Conventional nutrition recommendations dictate that 
endurance athletes endeavor to replenish muscle glycogen 
stores postexercise to ensure that subsequent training 
bouts are conducted in a glycogen-compensated state. 
However, reports from professional cyclists and East Afri-
can runners indicate that some of those athletes purposely 
undertake some training in a glycogen-depleted/reduced 
and/or fasted/water-only state, in an attempt to force 
muscle adaptation (personal communication). In support 
of this, recent scientific hypotheses have suggested that 
periodically decreasing CHO availability may further 
enhance endurance-training adaptations and possibly per-
formance (for review, see Burke, 2010). Nevertheless, it 
is difficult to extrapolate the results of laboratory training 
studies to the real world, where athletes are looking for 
only marginal improvements in performance over years 
of training. Despite the fact that low-CHO-availability 
training is both physiologically and psychologically 
challenging, these scientific and anecdotal reports suggest 


Figure 1 — Comparison of weekly training volume over 16 weeks until the target marathon (race included).
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Figure 2 — Average weekly and daily training impulse (TRIMP) for Marathoner 1 throughout 16 weeks. AU = arbitrary units.


Figure 3 — Average training-intensity distribution during the 16-week marathon-preparation period as assessed by training impulse 
based on rating of perceived exertion.
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that maximally adapted athletes may need to periodically 
undertake low-CHO-availability training to fully exploit 
endurance-training responses. Accordingly, these inter-
ventions were individualized at different rates into each 
marathoner’s training program, and each was encouraged 
to increase the frequency, duration, and quality of these 
sessions throughout the general preparation phase and 
specific preparation phase as they better tolerated and 
adapted. There was a purposeful decline in these train-
ing sessions during the competition taper phase (Figure 
4). Low-CHO-availability training had a large degree of 
individual variability according to personal acclimatiza-
tion/tolerance, as Marathoner 2 conducted ~35% of his 
training sessions with low CHO availability, compared 
with ~10% of training sessions for Marathoners 1 and 
3. Marathoner 2 already had a lot of experience in doing 
fasted and low-glycogen training and thus was much 
more willing to undertake these types of training sessions. 
Furthermore, feedback from the athletes indicated that 
morning-fasted training was physiologically much easier 
to integrate than the more strenuous reduced-glycogen 
training, as evidenced by the fact that only 10% of the 
low-CHO training was reduced-glycogen training.


Individualizing CHO and Fluid Intake 
During Training


Most studies demonstrate improved endurance perfor-
mance when subjects consume CHO drinks compared 
with water, with CHO delivery and oxidation being a 
central mechanism (for review, see Jeukendrup, 2011). 


Accordingly, a recent CHO dose-response study showed 
a step-wise improvement in endurance performance in 
combination with increased CHO oxidation, with 60 g 
CHO/hr resulting in better performance than either 30 
or 15 g CHO/hr (Smith et al., 2010). This suggests that 
the more CHO that can be feasibly consumed, the better 
the potential endurance-performance benefits. Recent 
evidence suggests that high intake rates (>90 g/hr) of 
glucose + fructose produce 20–50% greater exogenous 
CHO-oxidation rates, potentially decreased negative GI 
side effects (Jeukendrup, 2011), and an 8% increase in 
time-trial performance versus isocaloric glucose alone 
(Currell & Jeukendrup, 2008). Accordingly, marathoners 
used glucose + fructose mixtures at ~60 g/hr in an attempt 
to minimize adverse GI issues and to enhance performance.


The most recent position stand on fluid intake (Sawka 
et al., 2007) highlights the need for individualized rec-
ommendations according to sweat rates (Table 2). Mara-
thoners experimented with a wide range of CHO- and 
fluid-consumption rates to ascertain individual GI toler-
ance in varying training intensities, especially in weather 
conditions that athletes were likely to face on race day. 
This allowed for an individual intake profile of tolerance 
for fluids and CHO to be made for each athlete. A recent 
study examining CHO- and fluid-intake rates (Pfeiffer 
et al., 2012) showed that 73% of marathon runners did 
not reach the relatively low recommendation of 30–60 g 
CHO/hr during racing (Sawka et al., 2007). Thus, during 
this CHO-fueling period (specific preparation phase and 
competition taper phase; Figure 4), athletes were strongly 
encouraged to slowly increase intakes in an attempt to 


Figure 4 — Frequency of nutrition approaches throughout the 16-week marathon preparation. CHO = carbohydrate.
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at least reach the threshold of ~60 g CHO/hr, with even 
higher intakes if tolerated.


However, excessive consumption of fluids and CHO 
during prolonged exercise can also result in adverse GI 
problems, as we have previously shown through signifi-
cant correlation between endurance athletes who have 
a history of GI problems and subsequent measured GI 
problems during competition (Pfeiffer et al., 2012). It 
has been suggested that the GI tract can adapt and be 
optimized to large fluid and CHO intakes (Jeukendrup, 
2011), as GI comfort was shown to improve in just five 
training bouts with fluid consumption (Lambert et al., 
2008). Furthermore, 1 month of endurance training 
with 100 g CHO/hr increased steady-state exercise CHO 
oxidation by 14%, which the authors hypothesized was 
due to increased intestinal CHO transporters (Cox et al., 
2010). Therefore, in the last 4 weeks before our athletes’ 
target marathons, there was a continual emphasis on CHO 
fueling and fluid intake (Figure 4). This process of fluid 
and CHO individualization, and gut adaptation, resulted 
in each athlete finding his individual balance between 
the ergogenic effect of maximal CHO and fluid intake on 
race day and the potential ergolytic effect of GI distress.


Race-Day Nutrition and Hydration Intakes


A recent large (N = 221) CHO- and fluid-intake field 
study showed a significant positive correlation between 
higher CHO intake rates and faster finishing times in 
Ironman and marathon races (Pfeiffer et al., 2012). Thus, 
all our marathoners attempted to maximize their fuel-
ing and hydration plan that was individually optimized 
from the many prerace nutrition/hydration-monitoring 
sessions (Table 2) by consuming ~15 g CHO in ~150 
ml of fluids every ~15 min during the race, along with 
a total of ~3 mg caffeine/kg BW (Table 3). This fluid 
intake of 604 ± 156 ml/hr is very similar to the 550 ± 
34 ml/hr recently reported in elite marathon runners 
(Beis, Wright-Whyte, Fudge, Noakes, & Pitsiladis, 
2012). Haile Gebrselassie “only” ran 2:06:35 in his first 
serious marathon, consuming only water. Conversely, 
Gebrselassie consumed ~60–70 g CHO/hr (personal 
communication) in ~900–1,000 ml/hr (Beis et al., 2012) 
during his 2008 2:03:59 marathon world record. World-
class marathon performance is influenced by incredible 
genetics, physiological and psychological aptitude, and 
dedication to handle enormous training loads in an intel-
ligent program. However, a periodized and individualized 
marathon nutrition and training approach can certainly 
facilitate the quest for marathon success.
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INTRODUCTION


Nutritional triggers to adaptation and performance1


The interactions between exercise physiology and nutrition
are more intimately linked than most realize. At its fundamental
level, the adaptation to training is a balance between energy
expenditure (exercise) and energy intake (nutrition), which ulti-
mately dictates the adaptive response of the individual, whether it
be an elite athlete or someone new to exercise. Certainly, exercise
stimulus is essential to drive adaptation, but proper nutritional
substrates can optimize this response. Furthermore, limits to per-
formance can partially be overcome through informed use of sev-
eral nutritional supplementation strategies. Thus, over the years
sports nutrition has evolved from a niche discipline into a very
important element of sport performance. In many ways, some
nutritional interventions can now be viewed as potent “triggers”
for training adaptation and performance. Coaches and physiolo-
gists spend much time deliberating over their training and phys-
iological stimuli. But, very few scientists and coaches think about
the substrates (e.g., nutrition/hydration) that optimize the stim-
uli: how nutritional triggers can optimize the training response
and performance of the athlete.


This special issue of Applied Physiology, Nutrition, and Metabolism
on Nutritional Triggers to Adaptation and Performance aims to
highlight this emerging field. Please refer to Fig. 1 for an example
of the contemporary thinking in this area. This is the physio-
logically based concept put forth by Joyner and Coyle in 2008 to


highlight the key performance determinates for endurance ve-
locity and power. Their original published framework is high-
lighted in the white boxes, while the black boxes highlight the
areas where nutritional “triggers” may play a very important
potential role in maximizing training adaptation and (or) per-
formance outcomes. As evidence of the proliferation of novel
nutritional interventions, at least 5 of these black boxes were
not even considered in this figure 6 years ago!


Accordingly, in recent years a handfull of nutritional supple-
ment interventions have come to the forefront, with considerable
emerging scientific evidence for performance efficacy, of which
many are highlighted in this special issue. One major innovative
area that has emerged since 2009 is the impact that nitrates and
associated nitrate precursors (e.g., beetroot juice or pomegranate
extract) may have on blood flow, metabolism, and performance.
Indeed, original papers on this topical area by Trexler et al. (2014),
Lane et al. (2014) and Hoon et al. (2014), and then expertly reviewed
by Prof. Jones (Jones 2014), one of the foremost global researchers
in the area, comprise a third of the papers. “What is old becomes
new again” is a great way to summarize several reviews on topics
that have been around for a long time: iron, vitamin E, protein
and carbohydrate. Hinton et al. (2014) eloquently review the com-
plexities around iron absorption, iron anemia, and performance,
including the new data on the pro-inflammatory hormone hepci-


Corresponding author: Dr. Trent Stellingwerff (e-mail: tstellingwerff@csipacific.ca).
1This introduction is a part of a Special Issue entitled Nutritional Triggers to Adaptation and Performance.


Fig. 1. Overview of physiological and nutritional determinates of endurance performance. (From Joyner and Coyle 2008, adapted with
permission of the Journal of Physiology, vol. 586, p. XX, © John Wiley and Sons 2008.) A question mark (?) highlights the requirement for
more scientific validation. CHO, carbohydrate; EE, energy expenditure; EI, energy intake; GI, gastrointestinal; Oxid., oxidation; Suppl.,
supplementation; VO2, oxygen consumption.
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din, which antagonizes iron absorption, with a meta-analysis by
Stepanyan et al. (2014) on vitamin E and inflammation also being
featured. Additionally, Moore et al. (2014) and Stellingwerff et al.
(2014) examine the efficacy of different proteins (whey vs. casein,
timing, and amount) and carbohydrate (type, amount, timing,
exercise duration), respectively, which directly impact training
adaptation and performance. Finally, several other independent
studies highlight some long-standing supplements, caffeine, and
bicarbonate (Christensen et al. 2014) and the ever novel and emerg-
ing areas of supplements such as bovine colostrum (Morrison et al.
2014), omega-3–supplementation (Gerling et al. 2014), and carbohy-
drate mouth-washing (Watson et al. 2014).


Unfortunately, the consumer-driven world is filled with prod-
ucts that nearly all claim to enhance performance and health, but
research is generally unable to keep pace with the number of new
products appearing on the market every year. While some sport
nutrition interventions can provide true value in the nutritional
program of the individual, the majority of supplements and sports
foods are either untested or have failed to live up to expectations
in the studies that have been conducted. This provides a challenge
for those working with elite athletes who eagerly seek products or
strategies that might enhance their performance by even small
margins. Hopefully this special issue, comprising expert reviews
and original scientific articles, will aid in providing some much
needed exposure on the positive impact that nutrition can have in
the adaptive responses of athletes.


Trent Stellingwerff
Canadian Sport Institute Pacific,
4371 Interurban Road,
Victoria, BC V9E 2C5, Canada


Lawrence L. Spriet
Department of Human Health and Nutritional Sciences,
University of Guelph,
Guelph, ON N1G 2W1, Canada
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Case Study: Body Composition Periodization in anOlympic-Level
Female Middle-Distance Runner Over a 9-Year Career


Trent Stellingwerff
Canadian Sport Institute – Pacific and University of Victoria


This case study features an Olympic-level female middle-distance runner implementing a science-based approach to body
composition periodization. Data are emerging to suggest that it is not sustainable from a health and/or performance perspective to
be at peak body composition year-round, so body composition needs to be strategically periodized. Anthropometric (n = 44),
hematological, other health measures, and 1,500-m race performances (n = 83) were periodically assessed throughout a 9-year
career. General preparation phase (September to April) featured the athlete at ∼2–4% over ideal competition phase body weight
(BW) and body fat (%), with optimal energy availability being prioritized. The competition body composition optimization phase
(May to August) included creating an individualized time frame and caloric deficit with various feedback metrics (BW,
performance, and hunger) to guide the process. There were significant seasonal fluctuations in anthropometric outcomes between
phases (47.3 ± 0.8 vs. 48.3 ± 0.9 kg BW; 53.6 ± 7.8 vs. 61.6 ± 9.7 mm International Society for the Advancement of
Kinanthropometry sum of 8 [So8] skinfolds; p < .01), and a significant correlation of decreasing So8 during the peak competition
period over her career (r = −.838; p = .018). The range of body composition during the competition period was 46.0–48.0 kg BW
and a So8 range was 42.0–55.9 mm. There were also significant positive correlations between slower 1,500-m race times and
increasing So8 (r = .437; p < .01), estimated fat mass (r = .445; p < .01), and BW (r = .511; p < .0001). The athlete only had two
career injuries. This case study demonstrates a body composition periodization approach that allowed for targeted peak yearly
performances, which improved throughout her career, while maximizing training adaptation and long-term athlete health through
optimal energy availability.


Keywords: anaerobic, anthropometrics, elite, energy availability, health, performance


Although the concept of training periodization has been
developing over the last 70 years, the concept of nutrition and
body composition periodization synched with training and com-
petition demands is just emerging (Jeukendrup, 2017; Stellingwerff
et al., 2007, 2011). However, beyond these collections of reviews
highlighting theoretical approaches to nutritional and body com-
position periodization, there is little published primary data and no
published longitudinal data in Olympic-level athletes.


To the author’s knowledge, body composition periodization
has not been previously defined, and thus is currently defined as
“the strategic manipulation of energy intake and energy expendi-
ture between various training phases to reach a targeted body
composition range that is optimal for performance (e.g., peak
power-to-weight ratio), while minimizing risk to short-term and
long-term health.” Even with a strong conceptual underpinning,
very little scientific information exists on how to optimally imple-
ment interventions around body composition periodization
throughout a given year, let alone over an entire career.


This case study will feature an Olympic-level female middle-
distance runner implementing a science-based approach to provide
a contextual framework for body composition periodization
throughout a 9-year international career. To the author’s knowl-
edge, there is very limited normative data on Olympic-level female


middle-distance anthropometrics (Deutz et al., 2000; Fleck, 1983),
and beyond a few yearly case study reports in other sports, no
existing data regarding yearly or career-long body composition
periodization outcomes.


Interventions and Methods


Athlete and Case Study Background


This female White athlete (characteristics given in Table 1) has
read, approved, and provided written permission for this publica-
tion, and the study has been approved by the University of Victoria
Ethics Committee. Given that this was a 9-year longitudinal
intervention, there was learning and refining throughout, which
was based both on individually acquired data/metrics (as men-
tioned below), as well as emerging scientific literature to support
the various interventions. Accordingly, the most contemporary
studies are referenced throughout.


Body Composition, Blood Work, and Dual-Energy
X-Ray Absorptiometry Assessments


Anthropometrics over the 9-year period were measured by the
same Level I practitioner according to the 2006 International
Society for the Advancement of Kinanthropometry (ISAK) pro-
tocols (Marfell-Jones et al., 2006). The practitioner’s average
technical error of measurements for all skinfolds was 5.7% and
for all girths was 0.8%. Skinfolds were taken from triceps, sub-
scapular, biceps, iliac crest, supraspinale, abdominal, front thigh,


Stellingwerff is with Canadian Sport Institute Pacific, Pacific Institute for Sport
Excellence, Victoria, British Columbia, Canada; and also with the Dept. of Exercise
Science, Physical & Health Education, University of Victoria, British Columbia,
Canada. Address author correspondence to Trent Stellingwerff at tstellingwerff@
csipacific.ca.
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and medial calf (for sum of 8 [So8] skinfold values), while
measurements of arm, waist, gluteal, and mid-thigh circumference
(girth) were conducted according to standard ISAK protocols.
Body fat percentage (in %) was calculated as 0.1548 × (sum of
triceps, subscapular, supraspinale, abdominal, thigh, calf) + 3.580
(Yuhasz, 1982). The lowest total error is represented in the So8
outcomes, as error is compounded in body fat percentage equa-
tions. Bone mineral density was assessed four times throughout her
career—Lausanne, Switzerland (GE 10 Lunar iDXA), Victoria,


Canada (GE Lunar Prodigy), and twice in Flagstaff, AZ (GE Lunar
DPX-IQ)—by a trained technician using dual-energy X-ray
absorptiometry.


Dietary Interventions and Advice


General Preparation Body Composition Phase (September to
April). This phase featured having the athlete ∼2.1% (range of
0.5–5.8% across the years) over competition phase body mass and
∼18% greater in body fat percentage (Figure 1; Table 2). General
nutrition practices, with emphasis on contemporary nutrition re-
commendations (Stellingwerff et al., 2011) with weight stability
and optimal energy availability (EA), were emphasized. Optimal
EA is defined as adequate energy intake to cover the energy cost
of exercise as well as optimal metabolic function and health
(Mountjoy et al., 2014).


Competition Body Composition Optimization Phase (May to
August). Several scientifically supported principles guided this
phase, including:


a. A body composition assessment (ISAK) was completed ~3
months prior to competition season, and the outcomes were
compared with the limited normative data (Deutz et al., 2000;
Fleck, 1983) in elite female middle-distance runners to
establish a “current” versus “goal” body composition target
range (goal range of ISAK So8 of ∼40–60 mm or ∼8–12 body
fat percentage range; Deutz et al., 2000; Fleck, 1983). Over
several years, the goal body composition range (approxi-
mately ±1% of body weight [BW] or ±5% skinfolds) transi-
tioned from normative data to individually developed data.


b. Deutz et al. (2000) demonstrated in elite female runners
and gymnasts that the number of hours with energy deficits
greater than 300 calories was positively associated with
increases in body fat percentage (r = .407; p < .001); thus,
a ∼300 calorie deficient was targeted.


Table 1 Performance, Physiological, Medical, and
Training History Characteristics Over the 9-Year
Analysis Period (2008–2016)


Parameter


Age range during analysis period 27–35 years


No. of races over analysis period 132


No. of 1,500 m races over analysis period 83


No. of global championships (3 × finalist) 7


No. of major injuries over analysis period (9 years) 2


1,500 m PB (primary event) 4:05.08


No. of 1,500 m times within ∼1% of PB 11


No. of seasons 1,500 m times within ∼1% of PB 5 out of 9


Average VO2max (ml/kg/min) 65.3 ± 2.4


Average whole-body BMD (g/cm2) 1.065 ± 0.109


Average whole-body BMD Z score 0.7 ± 0.3


No. of missed menstrual cycles/year (2009–2013a) 2.8 ± 0.8


Note.All data are presented as mean ± SD, unless noted with race times reported as
min:s. Global championships include Olympic, World, and Commonwealth
Games. Major injury counted as more than 1 week off of training. BM = body
mass; BMD = bone mineral density; PB = personal best.
aThe athlete was not on birth control during this period.


Figure 1 — Anthropometric data over a 9-year career (2008–2016; n = 44measurements). ISAK sum of standard 8 skinfolds (in mm). Star indicates the
lowest sum of 8 during each peak competition phase season. Gray zones indicate yearly competition phase (May to August, yearly). ISAK = International
Society for the Advancement of Kinanthropometry; Comp = competition.
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c. An individualized time line (~6–8 weeks of duration) with
weekly weight loss goal ranges was developed using a
dynamic negative exponential plateauing weight loss simu-
lation (Thomas et al., 2013). This approach was further
supported with data in athletes showing that a slower weight
reduction of ∼0.7% BW loss/week is more effective for
enhancing performance than a fast weight loss protocol
(Garthe et al., 2011).


d. Finally, during the slight caloric deficit, the athlete aimed
to increase daily protein intake (∼2–2.5 g/kg BW/day) with
optimal daily timing and distribution, with the aim to better
maintain lean mass while decreasing fat mass (Mettler et al.,
2010; Phillips, 2014).


Within this phase, athlete instructions were as pragmatic as
possible to create a daily ∼300 calorie deficit and included the
following interventions, in order of implementation: (a) several
days of dietary recording and/or an oral dietary interview to inform
the athlete to minimize all calorically dense and less functional
calories (e.g., fats, sweets); (b) a decrease in snacking and carbo-
hydrate serving sizes on easy training days; (c) if required, purpo-
sely having smaller portion sizes that are mainly periodized to easy
training days; and (d) if required, overnight fasted training and/or
replacing a meal with just a protein supplement. A combination of
photos representing the target caloric deficient along
with education around food substitutions and serving sizes were
implemented. For this case study athlete, generally only steps (a)
and (b) outlined previously were required to create the deficit
needed to achieve her body composition goals.


Practical metrics (mainly qualitatively collected through feed-
back) were collected and refined to provide feedback to the process,
both within a given season and over subsequent years (setting
achievable benchmarks from one season to inform the next season),
that included: (a) morning voided body mass tracking ~3 times/
week, (b) periodic body composition assessment (ISAK) every ~2–
4 weeks, (c) satiety and mood state, (d) sleep quality, (e) training
quality, (f) race performance outcomes, (g) illness and/or injury
occurrence, and (h) menstrual cycle regularity. Accordingly,


several years of data collection and analysis are required to
establish feasible and individualized health and performance
body composition ranges for a single athlete.


Analysis Approach


All data are reported as means ± SD. There is no 2014 data
available, as the athlete was pregnant. Predicted fat mass (in kg)
was derived from the calculated body fat percentage as a percent-
age of total BW, with predicted nonfat mass being the remaining
difference of total BW. F testing showed samples of unequal
variance, thus two-tailed t tests of unequal variance were per-
formed. This athlete’s smallest worthwhile effect was cal-
culated as 0.3 × the coefficient of variation (1.7%; Hopkins,
2004) for all races during the competition phase (n = 43 races).
All bivariate correlations completed as two-tailed Pearson’s r with
significance set to p < .05.


Observations and Outcomes


Performance, Physiological, Medical, and
Anthropometric Parameters


Performance, physiological, medical, and training history charac-
teristics over the 9-year analysis period are outlined in Table 1.
Over four dual-energy X-ray absorptiometry scans spanning from
2009 to 2016, the athlete had a positive Z score for bone mineral
density and an above-normal bone mineral density of 1.065 ±
0.109 g/cm2 (Table 1). There were significant seasonal fluctuations
in So8 as well as a correlation of a decreased So8 skinfolds during
the peak competition period as the athlete matured over her career
(Figure 1; r = −.838; p = .018). Several significant differences in
anthropometric outcomes between the competition phase (May
through August) were shown compared with the rest of the year
(Table 2). The calculated smallest worthwhile effect in 1,500-m
race time for this athlete was 1.26 s. The range of body composition
parameters within the smallest worthwhile effect of the yearly best


Table 2 Anthropometric Comparisons Between Competition Phase and All Other
Phases of Training Over the 9-Year Analysis Period (2008–2016)


Parameter
Competition
phase (n= 13)


Noncompetition
phase (n= 31)


% difference from
competition p hase


Age (years) 29.6 ± 2.4 30.2 ± 2.7 −1.9


Body mass (kg) 47.3 ± 0.8 48.3 ± 0.9* −2.1


Height (cm) 162 ± 0 162 ± 0 0.0


BMI 18.0 ± 0.3 18.5 ± 0.4* −2.7


ISAK sum of 8 skinfolds (mm) 53.6 ± 7.8 61.6 ± 9.7* −13.0


Body fat percentage (Yuhasz equation) 10.6 ± 1.2 12.9 ± 1.4* −17.8


Predicted nonfat mass (mainly muscle, kg) 41.7 ± 0.4 42.1 ± 0.7* −0.9


Predicted fat mass (kg) 5.6 ± 0.7 6.2 ± 0.8* −10.6


Waist girth (cm) 65.4 ± 0.8 66.6 ± 1.2* −1.8


Gluteal girth (cm) 79.3 ± 2.7 81.5 ± 1.4* −2.7


Standing mid-thigh girth (cm) 46.3 ± 1.0 46.9 ± 1.4 −1.2


Calf girth (cm) 32.7 ± 0.7 32.8 ± 0.8 −0.2


Note. All data presented as mean ± SD. All measurements were made in the months of May, June, July, and August (n = 13).
Out of competition phase measurements (n = 31). BMI = body mass index; ISAK = International Society for the Advance-
ment of Kinanthropometry.
*Significant difference between competition phase versus noncompetition phase (p < .01).
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time (11 peak performances) was a BW range of 46.0–48.0 kg and
a So8 range of 42.0–55.9 mm (9.2–10.9% body fat).


Anthropometric Associations With Performance


There was a significant negative correlation of improving 1,500-m
race times throughout this entire analysis period (r = −.304; p < .01;
e.g., 2008 average of 4:14.28 and 2016 average of 4:11.13). There
were also significant positive correlations between slower 1,500-m
race times and increasing So8 (r = .437; p < .01; Figure 2), increas-
ing estimated fat mass (r = .445; p < .01), and increasing estimated
fat-free mass (r = .293; p = .025). The strongest correlation was
with lower total BW correlating with faster 1,500-m race perfor-
mance (r = .511; p < .0001).


Discussion


This case study is the first longitudinal data in an Olympic-level
female middle-distance runner showcasing annual and career body
composition periodization coupled with performance and health
outcomes. The overriding ethos was that it is not sustainable from a
health and performance perspective to be at peak body composition
year-round, so body composition needs to be strategically period-
ized. Although correlative in nature, this case study demonstrates
a body composition periodization approach, coupled with ever
improving anthropometric and performance outcomes at the peak
competition period, over a 9-year career with only two injuries.


This athlete had a “low-risk” assessment for either Relative
Energy Deficiency in Sport (RED-S) (Mountjoy et al., 2014) and
the Female Athlete Triad (Joy et al., 2014) tools during the majority
of the training year in the general preparation phase, and a low
(RED-S tool) or moderate risk assessment (Triad tool) during the
competition phases. Many of the health-based assessment param-
eters of both the RED-S and Triad tools can also impact on injury
risk and rates. There are several explanations as to why a periodized
body composition approach, which optimizes EA, may addition-
ally minimize injury and illness risk. First, it appears that staying
injury and illness free may directly increase an athlete’s likelihood
of satisfying their performance goals. A recent 5-year retrospective
analysis in track and field athletes showed that the likelihood of
achieving a performance goal decreased seven times in those who


completed less than 80% of planned training weeks due to injury/
illness (Raysmith & Drew, 2016). Female athletes have also been
shown to have a ninefold higher odds of illness or injury incidence,
and that low EA was predictive of athletes being seven times more
likely to become ill at the Summer Olympics (Drew et al., 2017).
Furthermore, a study in collegiate female athletes (n = 239) has
shown that athletes with moderate to high Female Athlete Triad
risk factors are two to four times more likely to sustain a bone
injury, respectfully, than low-risk athletes (Tenforde et al., 2017).
In the current 9-year case study, the athlete only had two injuries
(missed training for >1 week) and only missed 2.8 ± 0.8 menstrual
cycles/year (all missed cycles during competition phase), which
satisfies the definition of eumenorrhea (Joy et al., 2014; Mountjoy
et al., 2014). There are also links between optimal EA and iron
status (Petkus et al., 2017), with this athlete having an average
ferritin of 91 ± 36 μg/L, and only one bout of anemia throughout
her career. Accordingly, this athlete had a myriad of indicators
suggesting optimal EA for the majority of her training year and
career, which fits with a very low career injury rate.


A periodized body composition approach also may enhance
long-term body composition outcomes (e.g., athlete leanness).
Deutz et al. (2000), in one of the largest studies of elite female
cohorts of gymnasts and runners (n = 62), examined energy balance
and body composition outcomes. Interestingly, one of the findings
was that the athlete cohort in the greatest daily hourly energy deficit
(rhythmic gymnasts) actually had the highest body fat percentage
(16.6%), while the athletes nearest to hourly and daily energy
balance (middle-distance runners) had the lowest body fat percent-
age (12.1%). Therefore, instilling dietary habits to allow for
optimal EA hourly and daily, as well as for the majority of the
time (throughout general preparation phase), may be an important
long-term factor in developing a leaner physique. Undeniably, as
this athlete matured, she was significantly leaner (lower ISAK sum
of 8) during each subsequent peak competition period (Figure 1),
while concurrently increasing her estimated fat-free mass over her
career (r = .534; p < .001). Interestingly, the author has observed
that this progressive maturation of optimal body composition
occurs in several other Olympic female distance runners
with a “low-risk” RED-S assessment (unpublished observations
from 2012 until 2016), demonstrating that body composition
periodization optimization requires optimal EA and a multiyear/
career approach. However, beyond the various purposeful dietary
interventions pointed out, it should be noted that there are various
other confounding factors that may contribute to body composition
changes across various training phases. Some of these factors
include training load differences (volume/intensity), injuries, alti-
tude training camps, and recovery (nontraining) phases, most of
which have been described in a recent systematic review (n = 82
studies) in endurance athletes (Heydenreich et al., 2017).


Another understudied aspect to a periodized body composition
approach, which theoretically could be impactful, is long-term
training adaptation when weight-dependent athletes train at a
heavier mass during the general preparation phase, and then taper
their weight back down during the competition period (Table 2).
Bosco et al. demonstrated that when creating a prolonged training
block in a hypergravity environment (by using ∼10% of BW-
weighted vests), there were significant performance increases in
elite athletes in various neuromuscular tests (e.g., drop or vertical
jumps) compared with control (Bosco, 1985; Bosco et al., 1986). It
is important to note that both Bosco et al. papers only implemented
a 3-week intervention, with the latter paper only doing hypergrav-
ity training 3–5 sessions/week. Therefore, being slightly heavier


Figure 2 — Anthropometric data versus 1,500-m race performance over
a 9-year career (2008–2016; n = 53 measurements). ISAK sum of standard
8 skinfolds (in mm). Comparison made with race time if anthropometric
data within ±30 days of a competition. ISAK = International Society for the
Advancement of Kinanthropometry.
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during the much longer 8-month general preparation phase
(Table 2), where the athlete would take ∼90,000 steps/week, would
potentially create a greater neuromuscular and cardiovascular
overload and increased stimulus for training adaptation, which
can be maintained during the shorter competition phase when the
athlete lowers BW and body fat percentage to realize peak perfor-
mance. However, this theoretical mechanism requires future
research to validate.


Obviously, many important running- and physiological
performance-based metrics are BW-dependent (e.g., VO2max in
ml/kg/min, running economy in ml/kg/km, or power-to-weight
ratio in W/kg). Correspondingly, as pointed in the results, various
significant correlations were shown between lower BW and So8s
(Figure 2) and 1,500-m race performance. This aligns well with the
fact that ~80% of the metabolic cost of running is BW (Hoogkamer
et al., 2017). It is also important to point out that there was an ideal
range of peak body composition parameters that this athlete would
aim for each season, and not a single BW or composition outcome.
Obviously, at some point, a lower BW will result in muscle mass
loss, subsequent to a decrease in the ability to generate power and
speed and reduced performance outcomes.


Another aspect to this case study approach was the repeated
measurements of the mid-thigh girth, which was, despite a 2.1%
drop in BW, maintained (p > .05; Table 2) during the competition
phase (p > .05; Table 2). Further analysis over the 9 years also
showed continual increases in estimated fat-free mass (primarily
muscle mass; r = .829; p = .02) during peak competitive season. It
appears that an essential element in optimizing body composition
during situations of nonoptimal EA (maintaining or even increas-
ing lean muscle mass) is the macronutrient protein. Therefore,
during periods of negative energy balance in elite training athletes
aspiring to lose weight, it has been estimated to raise daily protein
intake to ∼2–2.5 g/kg BW/day in an attempt to maintain muscle
mass (for review, see Phillips, 2006). Furthermore, through a
progressive resistance exercise program and ideal protein periodi-
zation, muscle mass can actually be 100% maintained while
athletes still lose total BW during a 1-week period of a large
(40%) negative energy balance (Mettler et al., 2010). In Mettler
et al., subjects utilized a higher protein diet (∼2.3 g/kg/day), with
resistance exercise, to lose significant weight (∼1.8 kg), of which
∼78%was fat loss (∼1.4 kg) and only 22%was muscle mass loss. In
the control low protein diet, ∼60% of the total weight loss came at
the expense of muscle mass. Therefore, emerging data in both elite
athletes and weight loss studies suggest that a combined approach
of creating a caloric deficit, combined with increased protein intake
and the implementation of a consistent exercise stimulus, appears
to allow for total weight loss, while attenuating the loss of muscle
mass (for review, see Phillips, 2006).


Perspective


An individual’s phenotype (weight and body composition) is
determined by interactions between genetic and environmental
factors, with estimates of phenotypic heritability from epidemio-
logical studies varying between 25% and 75% (Bouchard, 1994).
Therefore, there will be a genetic limit to the extremes at which an
individual can manipulate their phenotype and even more reason
to create individualized body composition goals. Accordingly, this
case study in a single Olympic-level female athlete is one step
forward in a field that is lacking normative data, let alone best
practice interventions. Nevertheless, for athletes in weight-
dependent sports, realizing optimal body composition (e.g.,


power-to-weight ratio, lean muscle mass) is an important factor
in obtaining the best possible periodized “peak.” However, a
periodized yearly and career approach will allow for this, while
maximizing training adaptation and long-term athlete health.
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Middle-distance runners utilize the full continuum of energy systems throughout training, and given the infinite competition
tactical scenarios, this event group is highly complex from a performance intervention point of view. However, this complexity
results in numerous potential periodized nutrition interventions to optimize middle-distance training adaptation and competition
performance. Middle-distance race intensity is extreme, with 800- to 5,000-m races being at ∼95% to 130% of VO2max.
Accordingly, elite middle-distance runners have primarily Type IIa/IIx fiber morphology and rely almost exclusively on
carbohydrate (primarily muscle glycogen) metabolic pathways for producing adenosine triphosphate. Consequently, the
principle nutritional interventions that should be emphasized are those that optimize muscle glycogen contents to support
high glycolytic flux (resulting in very high lactate values, of >20 mmol/L in some athletes) with appropriate buffering
capabilities, while optimizing power to weight ratios, all in a macro- and microperiodized manner. From youth to elite level,
middle-distance athletes have arduous racing schedules (10–25 races/year), coupled with excessive global travel, which can
take a physical and emotional toll. Accordingly, proactive and integrated nutrition planning can have a profound recovery effect
over a long race season, as well as optimizing recovery during rounds of championship racing. Finally, with evidence-based
implementation and an appropriate risk/reward assessment, several ergogenic aids may have an adaptive and/or performance-
enhancing effect in the middle-distance athlete. Given that elite middle-distance athletes undertake ∼400 to 800 training sessions
with 10–25 races/year, there are countless opportunities to implement various periodized acute and chronic nutrition-based
interventions to optimize performance.


Keywords: elite, ergogenic aids, nutrition periodization


Middle-distance running events are highly complex from a
performance optimization point of view. For example, elite middle-
distance specialists need to have the aerobic system development
approaching marathoners, coupled with some of the mechanical
properties of elite sprinters, while concurrently having world-
class anaerobic capacities with polished tactical race instincts
(Hanley & Hettinga, 2018; Sandford et al., 2018). These perfor-
mance requirements result in highly complex training approaches,
with significant differences within and between athletes throughout
macro- (yearly/monthly) and micro- (weekly/within-day) cycle
periods (Martin & Coe, 1991). Accordingly, given that elite mid-
dle-distance athletes undertake ∼400 to 800 unique yearly training
sessions, and race 10–20 times per year (personal observations),


there are countless opportunities to implement various periodized
acute and chronic nutrition-based interventions. Therefore, the
purpose of this review is to provide an evidence-based update since
the last International Association of Athletics Federations (IAAF)
consensus meeting (Stellingwerff et al., 2007) on contemporary
nutrition recommendations to optimize adaptation to training
and enhance competition performance in elite middle-distance
athletes. The focus of this review will be on IAAF events ranging
from 800 to 5,000 m, termed middle-distance events hereafter.
Where possible we will integrate practical recommendations cou-
pled with peer-reviewed data to support our nutritional recommen-
dations. However, given the event group complexity and the
numerous potential interventions, many of the other IAAF papers
will be referenced, and this review will focus exclusively on key
novel interventions for middle-distance athletes.


Physiological and Bioenergetic
Determinants of Middle-Distance Success


The complexity of middle-distance running performance determi-
nants includes physiological aspects such as bioenergetics/energy
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systems (Duffield et al., 2005; Spencer & Gastin, 2001), but most
certainly also includes elements such as biomechanics/structural
(force, stride frequency, body mass [BM]) aspects (Weyand &
Davis, 2005) as well as numerous sociological and psychological
constructs. However, the majority of nutritional-based interven-
tions that impact middle-distance performances are bioenergeti-
cally based and, thus, will be the determinants of performance
focus in this article (Figures 1 and 2). For individuals interested in
nutrition interventions in events of a biomechanical and structural
performance origin, please see Sygo et al. (2018). In order to
understand how these interventions may relate to the energetic
demands of a given exercise bout, it is imperative to understand
how the various metabolic pathways interact in order to produce the
required amounts of adenosine triphosphate (ATP). This under-
standing best informs potential nutritional interventions that may
impact training adaptation and/or performance in a periodized
manner. This is especially important in middle-distance events
since they rely heavily on both substrate-level phosphorylation
(anaerobic) and oxidative phosphorylation (aerobic) ATP produc-
tion. The energy system aspects of middle-distance running has
been well described previously (Duffield et al., 2005; Spencer &


Gastin, 2001), and only key elements will be described here
(Figure 1).


Middle-distance race intensity is extreme,with 800- to 5,000-m
races being at ∼95% to 130% of VO2max (Duffield et al., 2005),
or 75–85% of maximum sprint speed (Figure 1). Given these race
intensities and required training intensities, middle-distance ath-
letes have a high number and highly developed Type IIa/IIx
(intermediate) fiber morphology (Costill et al., 1976) and rely
almost exclusively on carbohydrate (CHO; primarily muscle
glycogen) and phosphocreatine metabolic pathways for producing
ATP. Accordingly, most middle-distance athletes can generate
peak lactate values over 20 mmol/L resulting in muscle pH values
as low as 6.6 (Hermansen & Osnes, 1972). Therefore, middle-
distance athletes have highly refined anaerobic capacities, or
tolerance, which is certainly a product of highly developed inter-
mediate Type IIa (fast oxidative) fiber types, which are especially
high in muscle carnosine concentrations. Carnosine is an undis-
puted pH buffer contributing as much as 15% to total muscle
buffering capacity, as it has long been known that sprinters and
rowers have nearly double the amount of muscle carnosine than
marathon runners, strongly correlating to their Type II muscle fiber


Figure 1 — Differences in ATP energy source provision in middle-distance events within the context of fiber types and endogenous nutrition
considerations. It should be noted that fiber typing is a continuum, and only 100- to 400-m athletes have >60% Type IIx fiber types, while most middle-
distance athletes Type I fibers range from 40% to 70% (Costill et al., 1976). ATP = adenosine triphosphate; FFA = free fatty acids; PCr = phosphocreatine;
prod. = production. Data adapted from Astrand et al. (1986), Costill et al. (1976), Gaston (1998), and Spencer and Gastin (2001).
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morphology (Parkhouse et al., 1985). However, when considering
the entire spectrum of middle-distance race durations (∼1.5 to
15 min), the majority of middle-distance events are highly aerobic
and require significant aerobic capacity development, as the mea-
sured aerobic contributions from 800 to 5,000 m range from ∼50%
to 95% (Figure 1). Indeed, the majority of aerobic ATP production
during intense exercise comes from glycolysis (primarily glycogen
breakdown) and the aerobic disposal of pyruvate via the enzyme
pyruvate dehydrogenase into the mitochondria (Parolin et al.,
1999). There is also very large variability between athletes in
aerobic versus anaerobic ATP contribution, especially over the
800-m event (1.5–2 min), with anaerobic contributions to the 800-
m event ranging from 19% to 48%, depending on the fitness of the
subject and methods used (Duffield et al., 2005; Spencer & Gastin,
2001). A lot of this variability is probably due to the fact that
middle-distance racing also involves nearly peak speed running
(Sandford et al., 2018), which is more impacted by biomechanics
and structural constraints (Weyand et al., 2005) outlined in Figure 2,
including the key emerging concept of anaerobic speed reserve
(Buchheit & Laursen, 2013). Anaerobic speed reserve is the
difference between an athlete’s maximal sprint speed and velocity
at VO2max, featuring structural/biomechanical considerations for
maximal sprint speed as well as energy system interventions for
velocity at VO2max (Figure 2).


Bioenergetics during racing is exponentially more compli-
cated when considering the infinite tactical situations. For example,
middle-distance events are not run in lanes and feature drafting
(drafting in still wind at middle-distance speeds has been shown to


reduce VO2 cost by ∼2% to 4% (∼0.3 to 1.0 s/lap; Pugh, 1971) and
constant tactical decision making, which affect aerobic versus
anaerobic components and the anaerobic speed reserve continuum.
Furthermore, since middle-distance events are run at such high
intensities, there is very little room for tactical errors because they
come at such a high metabolic cost. Therefore, aerobic and
anaerobic pathways need to produce remarkable rates of ATP for
middle-distance success. Accordingly, from a bioenergetic per-
spective, optimizing muscle glycogen contents to support high
glycolytic flux (resulting in very high lactate values) with appro-
priate buffering capabilities, while optimizing power to weight
ratios, are the principle nutritional interventions to emphasize in
middle-distance runners (Figure 2).


Periodized Nutritional Strategies to Support
Periodized Training


The concept of nutrition periodization has been emerging as a key
construct to optimize sports-specific nutrition recommendations
(Jeukendrup, 2017; Stellingwerff et al., 2007, 2011), with most
of these papers focusing on macronutrition periodization. More
recently the concept of dietary microperiodization (weeks to
within-day) has been termed, which examines the temporal asso-
ciations between specific training stimuli, daily life demands and
associated nutrition choices (Heikura et al., 2017a). This section
will focus on novel macro- to micronutrition periodization inter-
ventions in middle-distance athletes, with further nutrition


Figure 2 — Framework of the interactions between the structural and physiological determinants of performance (in white boxes) and potential
nutritional interventions (black boxes) in middle-distance athletes. It should be highlighted that performance determinates are a continuum, with middle-
distance athletes featuring both structural and physiological elements. Some nutrition interventions are acute (e.g., caffeine), while others are chronic in
combination with training (e.g., creatine supplementation). A dotted line indicates a potential training-induced nutritional adaptation. A question mark (?)
highlights the requirement for more scientific validation. ATP = adenosine triphosphate; CHO = carbohydrate; EA = energy availability; FFM = fat-free
mass; HR = heart rate; La = lactate; LT = lactate threshold; NM = neuromuscular; PCr = phosphocreatine; PRO = protein; RFD = rate of force
development; suppl. = supplementation; SV = stroke volume; VO2max =maximal oxygen consumption.
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periodization recommendations made by Morton et al.
(Stellingwerff et al., 2018).


Macroperiodization (Months to Weeks) Nutrition
Recommendations


Theoretical guidelines for seasonal macroperiodization of nutrition
for middle-distance runners across their periodized plans have
previously been presented (Stellingwerff et al., 2007, 2011), and
data on typical dietary intakes of middle-distance athletes are
featured here (Heikura et al., 2017a, 2017b; 2018). Most elite
middle-distance runners train like marathoners during the general
preparation phase, with high, but highly variable, volumes during
the fall/winter (∼40 to 180 km/week). Subsequently, training
gradually shifts throughout the season to higher intensities/lower
volumes and major anaerobic-based sessions toward the peak
season. Therefore, the optimal nutrition for an athlete will vary
considerably in amount (calories) and type (macronutrient profile)
in conjunction with the phase-specific training demands. Since
the majority of middle-distance training is performed at or above
75% VO2max, and this dependency on CHO-based ATP provision
increases throughout the training year toward a championship
peak, CHO -rich foods must provide the majority of the energy
provision. Accordingly, a habitually high CHO diet with 7–10 g
CHO·kg BM−1·day−1 is recommended to restore glycogen stores,
with protein (PRO) intake during hard training phases at ∼1.5 to
1.7 g PRO−1·kg BM−1·day−1, but substantially less CHO is required
on easy days, and during rest and recovery phases. There have been
no major alternations to these original recommendations
(Stellingwerff et al., 2007, 2011); instead, this review will focus
on novel approaches.


Regarding the appropriate macroperiodization of calories, a
research field that has received much recent attention has been the
relative energy deficiency in sport (RED-S) and the impact that
chronic energy availability (EA) can have on health, body compo-
sition, and performance (reviewed here: Melin et al., 2018).
Macroperiodization of EA (defined as energy intake minus exercise
energy expenditure) underpins the optimization of body composi-
tion periodization. In terms of middle-distance athlete health, a very
recent multicenter/multicountry paper (n = 59 athletes) examined
relative energy deficiency in sport indicators, prevalence, and
symptoms. This paper demonstrated that amenorrheic females
(37% of females) and males in the lowest quartile of testosterone
(15.1 ± 3.0 nmol/L; 42% of males) had 10-fold higher missed
training days and 4.5 times the number of bone injuries than the
rest of the athletes (Heikura et al., 2018). Given that the likelihood
of achieving a performance goal decreases sevenfold in track and
field athletes over a 5-year period when completing less than 80%
of planned training weeks (Raysmith & Drew, 2016), the impact
that optimal dietary EA can have on health and performance of
middle-distance runners is profound.


However, a key performance indicator for elite middle-
distance runners is having a very high power to weight ratio,
which features elite athletes who have very low levels of body fat
during peak championship season, which may result in undesirable
relative energy deficiency in sport outcomes. Therefore, it is not
sustainable from a health perspective to be at peak body composi-
tion year-round, so body composition needs to be strategically
periodized. The limited published body composition ranges sug-
gest elite female middle-distance runners are ∼8% to 12% body fat
(∼40 to 60 mm for International Society for the Advancement of
Kinanthropometry sum of 8) and males are ∼4% to 6% body fat


(∼30 to 40 mm International Society for the Advancement of
Kinanthropometry sum of 8) in peak competition season (Fleck,
1983). However, very little scientific information exists on
how to optimally implement interventions around body composi-
tion periodization throughout a given year or over a career.
A recent case study featured the body composition of an Olympic-
level female middle-distance runner throughout a 9-year
international career (Stellingwerff, 2018). During the general prep-
aration phase, the athlete was at ∼2% to 4% over ideal competition
phase BM with optimal EA being prioritized. In the lead-up to the
competition phase, body composition was optimized by creating
an individualized time frame and mild caloric deficit (∼300 kcal).
As a result, significant and purposeful seasonal fluctuations were
observed in anthropometric outcomes between training phases.
Importantly, the athlete only suffered two injuries over the 9-year
follow-up. Despite a strong conceptual underpinning, more research
is needed on the optimal implementation of periodized body com-
position strategies in short- and long-term planning.


Microperiodization (Week to Within-Day) Nutrition
Recommendations


Many elite middle-distance athletes can undertake two to three
training sessions per day (e.g., track-specific interval session,
easy off track run, and weights), all of which are higher intensity;
thus, optimizing recovery (muscle glycogen and PRO resynthesis)
between sessions is a primary objective if training quality is to be
maintained. Furthermore, high-intensity training can result in appe-
tite suppression (Hazell et al., 2016), which might impact ad libitum
caloric intake. To optimize nutrition around training and competi-
tion, athletes need to plan their days well, as some athletes will be
away from home the entire day due to school and/or work. Thus,
having portable and quickly accessible high-quality nutrition and
hydration is sometimes the largest challenge facing athletes. From a
practical perspective, it is important for nutrition practitioners to not
just give nutritional education/advice but also actively assess if the
athlete is able to actually implement the recommendations into
their daily routines, as there can be a mismatch between nutrition
advice and athlete practice. In support of this, several recent studies
conducted primarily in a large cohort of elite middle-distance
athletes (n = 38) were surveyed on their nutritional knowledge.
Interestingly, most athletes reported to have sound recovery nutri-
tion knowledge, as they said they focused on adequate fueling (96%)
and CHO and PRO recovery (87%) around key training sessions
(Heikura et al., 2017b). However, when this same cohort of athletes
undertook 7 days of dietary recording and assessment, on average,
nomales or females actually reached the recommended postworkout
PRO intake levels, and only males on hard training days reached the
CHO recovery recommendations (Heikura et al., 2017a). Therefore,
despite these athletes having decent nutrition recovery knowledge,
most athletes did not systematically follow the most recent sports
nutrition guidelines to optimize recovery.


It is beyond the scope of this review to cover the daily CHO
and PRO recommendations in depth. In terms of within-day
macronutrient microperiodization, PRO is especially important
to not only optimize acute recovery, but daily overall muscle/
body PRO synthesis and adaptation (for review see: Phillips et al.,
2018). Furthermore, there is growing evidence that strategically
manipulating acute within-day CHO availability can serve as a
potent mediator in the adaptive response to endurance training, of
which the interested reader should be referred (Impey et al., 2018;
Stellingwerff et al., 2018).
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Optimizing Competition Nutrition


Most elite middle-distance athletes will race between 10 and 25
times per year with substantial traveling to meets throughout the
global IAAF circuit. Most of these meets are “one-off” races, with
athletes flying the day or two before the meet and leaving the day
after competition. Considerations around travel fatigue, jet lag,
and racing fatigue (emotional/physical) must all be considered
(Table 1).


In the weeks prior to major championships, athletes start
tapering, resulting in significantly reduced training (∼30% to
60%) and exercise energy expenditure, coupled with staying in
prechampionship training camps or in an athlete’s village. All of
this requires significant travel, which brings a whole host of
associated nutritional challenges beyond the scope of this review
(see Halson et al., 2018). Conversely, for some athletes entering
competition phase, race anxiety may affect their appetite cues and
result in significantly reduced energy intake. It should be noted that
our scientific understanding of the impact of changes in acute
exercise energy expenditure (e.g., tapering) and competition anxi-
ety on energy intake and appetite cues in athletes is poorly
understood and rife for further scientific exploration.


To optimize either race day nutrition or major championship
nutrition choices, the athlete needs to be motivated to make an
individualized plan, of which all factors for consideration are
highlighted in Table 1. Although a single race is unlikely to
exhaust fuel stores for middle-distance runners, athletes competing
many times over a championship or over the season, coupled with
excessive travel fatigue, can take a physical and emotional toll, of
which proactive and integrated nutrition planning can have a
profound recovery effect over a long race season.


Ergogenic Aids for Middle-Distance
Runners


The physiological and bioenergetic determinants of performance
for middle-distance running tend to be the focus of most training
plans as well as targets for nutritional interventions and dietary
ergogenic aid/supplementation (Figure 2, black intervention boxes).
Unfortunately, while there are countless commercially available
supplements that promise to improve performance, very few have
been validated by scientific studies (Peeling et al., 2018). The focus
of this section will therefore be on those supplements that both have
an evidence-based support and second, ones that are applicable to
middle-distance runners and published since the last consensus
(Table 2).


Caffeine


Caffeine is a natural central nervous system stimulant that has
many proposed effects relevant for performance, including
improved neuromuscular function, increased alertness, and
reduced fatigue and ratings of perceived exertion (RPE) during
exercise (Burke, 2008). The summary of evidence suggests that
best practice is supplementation with 3–6 mg/kg·BM consumed
∼60 min prior to exercise. However, there is also growing interest
in the use of low (≤3 mg/kg BM) doses of caffeine as this may
maximize any performance-enhancing effects while simulta-
neously minimizing the risk of negative side effects including
anxiety, insomnia, and restlessness associated with larger doses
(Spriet, 2014). In addition to traditional methods of delivery such as


coffee and caffeine capsules/tablets, there is an increasing amount
of research focused on alternative delivery methods such as
caffeinated gum (Wickham & Spriet, 2018), which may also be
relevant for in-competition use. A recent systematic review (Ganio
et al., 2009) addressed the effect of caffeine on endurance perfor-
mance, including 33 sport-specific trials of varying modalities and
duration. In the context of middle-distance running, four of these
studies were of a relevant duration (∼2 to 15 min) and displayed a
∼1.1 ± 0.3% improvement over placebo. This is consistent with
findings in well-trained club-level runners (Table 2), as studies
have shown a 1–2% improvement in time-trial (TT) performance
over both 1 mile (Clarke et al., 2018) and 5,000 m (O’Rourke et al.,
2008). A recent meta-analysis (Christensen et al., 2017) also found
a small but meaningful (ES = 0.41, P = .002) effect of caffeine
supplementation on exercise speed in performance tests lasting
0.75 to ∼8 min. Taken altogether, the evidence suggests that
caffeine may be useful for improving performance across the entire
spectrum of middle-distance events.


Inorganic Nitrate


Nitric oxide (NO) is a potent signaling molecule that targets and
affects multiple tissues, including skeletal muscle. While NO can
be produced endogenously via NO synthases, supplementation
with inorganic nitrate in a variety of forms (the most common of
which are nitrate salts, beetroot juice) can also increase whole-body
NO bioavailability. In recent years, nitrate supplementation has
gained popularity due to early studies demonstrating improvements
in exercise efficiency (decreased O2 cost at the same absolute
workload) and a reduction the VO2 slow component (which reflects
a loss in muscle efficiency during high-intensity exercise), follow-
ing both acute and chronic supplementation (reviewed in Jones,
2014). Recent work has also demonstrated that nitrate can also
improve high-intensity exercise performance, possibly due to
enhanced function of Type II muscle fibers (Bailey et al., 2015),
and there is a growing field examining the effects of nitrate in
unique environmental conditions such as altitude, of which many
elite middle-distance athletes implement into their programs
(Shannon et al., 2017b). Given its purported exercise-related
effects, nitrate presents as an attractive candidate for enhancing
performance across all middle-distance events. A recent study
examined the effects of both acute and chronic beetroot juice
supplementation compared with a nitrate-depleted beetroot juice
placebo in elite 1,500-m runners (personal best 3 min 56 s;
VO2peak: 80 ± 5 ml·min−1·kg BM−1; Boorsma et al., 2014).
Despite large increases in plasma nitrate in both the acute and
chronic trials compared with the placebo condition, submaximal
running VO2 and subsequent 1,500-m TT performance was unaf-
fected (Table 2). In contrast, Shannon et al. (2017a) demonstrated a
1.9% improvement in 1,500-m treadmill TT performance, albeit in
a less trained population (VO2: 62 ± 8ml·min−1·kg BM−1). Overall,
these findings are consistent with a number of other studies that
have failed to demonstrate an improvement in exercise economy in
elite and/or well-trained athletes (Jones, 2014). Indeed, a recent
meta-analysis that included a subgroup analysis of well-trained/
elite athletes showed no significant effect (ES = −0.04, P = .8; Van
De Walle & Vukovich, 2018), while a meta-analysis focusing on
TTs found a slight, but trivial difference (ES = 0.19, P = .09)
following nitrate supplementation compared with placebo
(Christensen et al., 2017). At present, it is unclear why elite athletes
respond differently to supplementation; however, it is possible that
a higher basal concentration of nitrate and nitrite and/or adaptation
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Table 1 Nutritional Challenges and Solutions Facing Elite Middle-Distance Runners Travelling and at Major
Competitions


Nutrition challenges
(from least to most
important) Challenges Nutrition solutions/considerations


Travel The time for ground transportation and long-haul
flights can sometimes mean 24+ hr of travel.


Individualized and optimal nutrition/hydration availability is
key. Understand the travel logistics and food options avail-
able while traveling and plan ahead to bring any food/fluids
the athlete may need.


The timing of meals is an important consideration for
travel fatigue and jet-lag symptoms.


An athlete’s eating and drinking pattern is also a zeitgeber for
circadian readjustment; so try to eat and drink to the new time
zones meal pattern as soon as possible upon arrival (Reilly
et al., 2007).


Long-haul flights are very dry and increase the risk for
athlete illness.


Remember to drink enough fluids on longer flights, both to
stay hydrated and to keep mucous moist for optimal function
and avoidance of air-borne viruses (Halson et al., 2018).


Food choices at event/
championship


Athletes do not have direct influence on what food is
served at events.


Plan ahead by knowing what will be served and augmenting
choices with one’s own food.


All you can eat buffets (e.g., Olympic Village) are
often the norm and boredom and/or stress eating can
easily occur.


Having an individualized nutrition plan to help circumvent
this.


At rest days between races or at pre-championship
camps, the energy output is less than when in normal
training.


It has been shown that ad libitum energy intake is not
immediately matched by reduced energy expenditure (Stubbs
et al., 2004). Therefore, athletes should microperiodize with
less energy intake when not training hard or during the taper
to maintain an ideal peak body composition.


Recovery during multiple
races/rounds


Consider potential transportation delays back to the
hotel/village or an athlete being selected for a doping
test at the stadium or prolonged media requests that
will interfere with the optimal recovery plan.


Bring recovery products to the stadium to allow for optimal
recovery timing. Have a clear plan for media requests and
timing during the rounds of a championship.


Middle-distance runners who initiate racing with low
muscle glycogen will not perform optimally
(Maughan & Poole, 1981).


Optimization of recovery, and specifically CHO, is funda-
mental to race performance in later rounds of a championship.
Athletes should aim for large amounts of exogenous car-
bohydrate (1–1.5 g·kg−1·hr−1; Jentjens & Jeukendrup, 2003)
and 0.3 g/kg of intact protein in the hours after the race
(Moore et al., 2009).


Race-day nutrition Do not let race stress/anxiety dictate over- or
undereating.


Athletes should make a plan for their entire race day, that
includes a meal plan.


Racing late in the evening. Make a plan to implement meal timing for later evening
races; ideally practice it during training or smaller races.
Hydrate appropriate to the weather.


Racing early in the morning. Get up ∼3 to 4 hr prior to race to allow the body to wake up
and get a carbohydrate-rich breakfast to fill up the liver-
glycogen stores. Hydrate appropriate to the weather.


Athletes can experience stomach issues or diarrhea
prior races due to nervousness.


Eat well-tolerated foods, and ones the athlete prefers. Stick to
easily digested carbohydrate and some protein-rich food.


The circuit and championships are located all over the
world, with related differences in food options.


Consider food options that are easily available worldwide.
The prerace meal should be high in carbohydrates and
consumed 1–6 hr before competition.


Hydration in usual hot climates during competition
season.


Drink enough during the day. Last 60–120 min before the
warm-up athletes should aim to drink 400–600 ml water or
sports drink.


Timing of prerace snacks and ergogenic aids are
important.


Eat last meal 1–4 hr prior the warm-up. And follow the
guidelines for caffeine, bicarbonate, or nitrate as discussed in
this paper.


Race tactics is crucial for optimal performance. Carbohydrate intake during warm-up can give the runners
neuromuscular support via the attenuation of cognitive
fatigue that can reduce technical and tactical errors as shown
in soccer players (Currell et al., 2009).


Middle-distance athletes start their warm-upmore than
60 min before the start of the race and need to stay
hydrated and fueled before they get to the start line.


Bring sports drink for the warm-up, as even carbohydrate
mouth rinsing has been shown to have performance-
enhancing effect (Stellingwerff & Cox, 2014).
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to several years/decades of training negates any further effect given
via nitrate supplementation.


β-Alanine—Intracellular Buffering


Carnosine is an intracellular dipeptide found in a variety of tissues,
including skeletal muscle, and has a variety of proposed physio-
logical roles including acting as an intracellular buffer (Harris &
Stellingwerff, 2013) and, more recently, as an intracellular shuttle
of hydrogen cation (H+) and calcium (Ca2+) from the sarcoplasmic
reticulum to the actin–myosin cross-bridge locations within the
muscle (Blancquaert et al., 2015; Swietach et al., 2014). Carnosine
is produced in muscle via the combination of the amino acids L-
histidine and β-alanine (BA), with dietary intake of the latter amino
acid limiting synthesis (Harris et al., 2006). High-intensity exercise
causes an accumulation of H+, which is involved in the drop of
intracellular pH from ∼7.0 to ∼6.6 (Hermansen & Osnes, 1972)
which could potentially be one of the contributing factors to fatigue
(although H+ is certainly not the only reason for changes in muscle
pH and fatigue; Gladden, 2004). As such, supplementation with
BA resulting in increased muscle carnosine presents an opportunity
to increase skeletal muscle pH buffering capacity and/or shuttling
of H+ and Ca2+, thereby potentially delaying the onset of fatigue
and improving performance (Saunders et al., 2017a). Research has
demonstrated that supplementation can increase carnosine concen-
tration equally in both Type I and Type II fibers in the range of
40–80% depending on dose and timing (Stellingwerff et al., 2012).
Furthermore, recent data (Saunders et al., 2017b) demonstrate that
chronic supplementation (24 weeks with 6.4 g/day BA) can result
in further increases beyond those seen with a more typical 2- to
4-week loading period (skeletal muscle carnosine had increased by
∼51% byWeek 4 in contrast to the 90–95% increase seen byWeeks
20–24). Importantly, the additional increase in carnosine content at
Week 20 and 24 coincided with an increase in the likelihood of
positive improvement in time to exhaustion (ES = 0.62, 1.21, and
0.83 atWeeks 4, 20, and 24, respectively). Therefore, while current
recommendations are daily consumption of ∼3 to 6 g BA for a
minimum of 2–4 weeks (Saunders et al., 2017a), longer periods
may result in additional increases in skeletal muscle carnosine
content. In the context of middle-distance running performance,
athletes running 800–1,500 m are the most likely to benefit from
BA supplementation, as compared with 5,000-m athletes, as a
recent meta-analysis demonstrates that the strongest effect is on
exercise lasting 60–240 s (Hobson et al., 2012; Saunders et al.,
2017a). This has previously been demonstrated in recreational club
runners, as 28 days of supplementation with BA improving 800-m
running performance by 2.6% (Table 2; Ducker et al., 2013).
However, despite the well-established evidence demonstrating
the ability to increase skeletal muscle carnosine stores through
BA supplementation, the results of several meta-analyses suggest
that the effects of BA are stronger on exercise capacity tests
(e.g., time to exhaustion), as opposed to specific performance tests
(Christensen et al., 2017; Hobson et al., 2012; Saunders et al.,
2017a). Furthermore, effects appear to be stronger in nontrained
recreationally active individuals (Saunders et al., 2017a), with
smaller, but potentially meaningful, effect sizes in well-trained
and elite athletes (possibly due to the smaller overall number of
studies performed in this population). Consequently, it is difficult
to definitively say whether BA supplementation will improve
performance in elite middle-distance athletes, given the lack of
data in this cohort, the prevalence of nonperformance related tests
and the smaller effect sizes. However, given the absence of side


effects and the potentially meaningful improvements in perfor-
mance outlined previously, individual athletes and their support
teams may consider trialing BA supplementation to determine if it
is effective for them.


Sodium Bicarbonate—Extracellular Buffering


Sodium bicarbonate (NaHCO3
−) is a key extracellular buffer, which


can improve performance by increasing extracellular bicarbonate
(concentrations and blood pH. In doing so, the efflux of lactate and
H+ cations out of skeletal muscle is increased thereby minimize
intracellular metabolic perturbations linked to fatigue (Jubrias et al.,
2003). As with BA, research has typically focused on high-intensity
exercise lasting 60–360 s (800–1,500 m) where H+ accumulation and
decreases in both intra- and extracellular pH are most likely to occur.
While the timing and ingestion patterns vary greatly between studies,
it has been suggested that a 5–6mmol/L increase in blood bicarbonate
concentration is required to improve performance (Carr et al.,
2011a). As a result, current guidelines suggest supplementing with
0.2–0.4 g/kg BM 60–150 min prior to exercise (Carr et al., 2011a). A
recent meta-analysis by Christensen et al. (2017) found a small but
meaningful (ES = 0.40, P < .001) effect of NaHCO3


− supplementa-
tion on exercise speed in TT-based performance tests indicating it can
improve intense endurance performance. These findings are sup-
ported by other published work assessing a broader scope of perfor-
mance measures and protocols demonstrating a moderate effect of
NaHCO3


− on performance outcomes (ES = 0.41, P = .007), although
it is worth noting the effects were greater in untrained versus trained
participants (Peart et al., 2012). Classical work also supports use of
NaHCO3


− for improving running performance, as both 800- (Wilkes
et al., 1983) and 1,500-m (Bird et al., 1995) performance was
improved in trained runners compared with placebo and control. It
is however important to note that some individuals suffer from gastro-
intestinal (GI) upset following supplementation with NaHCO3


−,
particularly when consuming doses greater than 0.3 g/kg BM
(Carr et al., 2011b) and that individuals experiencing GI upset do
not improve performance postsupplementation (Price & Simons,
2010; Saunders et al., 2014). Runners may be particularly sensitive
to these issues given the nature of the sport (upright posture and prone
to jostling of fluids in the stomach), and thus, strategies such as
consuming the supplement with food (Carr et al., 2011b) may prove
beneficial to minimize adverse effects. An additional concern that is
of particular relevance for weight-dependent runners is the potential
for increased fluid retention, and therefore an increase in BM, as a
result of the increased sodium intake (Sims et al., 2007a, 2007b).
Taken together, these findings suggest that supplementation with
NaHCO3


− has the potential to improve middle-distance running
performance. Furthermore, it is possible that the overall “strength”
of the effect of NaHCO3


− on subsequent performance in the previ-
ously mentioned meta-analyses may be underestimated by the
inclusion of individuals who suffer from GI issues. Supplementation
should therefore be tailored to each individual athlete to determine
susceptibility to GI upset and/or body weight gain (fluid retention)
and efficacy of supplementation to improve performance.


Further Considerations Regarding Supplements
and Elite Middle-Distance Runners


Beyond the lack of female and/or elite subjects the relative lack of
running-based performance studies is also striking (Table 2), as
most studies seem to implement cycling-based interventions.
However, we would hypothesize that potentially the response of
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some ergogenic aids in elite middle-distance runners may be
unique from cyclists. Accordingly, given the very high neuromus-
cular demands (ground contact times approaching 100 ms) coupled
with a high anaerobic component (greatest acidosis [H+] of any
event), anything that might improve contractile forces/twitch
dynamics, or efficiency of mechanisms associated with muscle
contraction, should theoretically improve middle-distance race
performance. Therefore, alternative and emerging mechanisms
of carnosine (Swietach et al., 2014) and nitrate (Coggan et al.,
2018; Whitfield et al., 2017) involving calcium handling, recy-
cling, and/or shuttling, and increasing contractile force and twitch
kinetics, requires more research in elite running models, which
would notionally accentuate these performance mechanism(s)
more than cycling models. Obviously, more performance and
mechanistically related ergogenic aid data are required in elite
runners. The reader interested in responders versus nonresponders,
combinations of ergogenic aids and ergogenic aid periodization
should see Peeling et al. (2018) and Stellingwerff et al. (2018).


Conclusion and Future Research
Considerations


Given that middle-distance races are at the crossroads of metabo-
lism, featuring both high aerobic and anaerobic ATP production,
there are numerous opportunities for various nutrition interventions
to make a significant training and/or race performance impact.
Indeed, as an event group, middle-distance athletes might feature
the greatest polarization and diversity of training periodization
between athletes and between various training seasons, and future
nutrition studies should attempt to address this diversity. Indeed,
the fiber type and bioenergetics diversity in elite middle-distance
athletes requires further nutritional investigation and consideration.
Finally, more research on the impact that nutrition has in running/
structural modes of exercise, as compared with the dominate mode
of cycling, needs to be addressed. Currently, given the extreme
intensities of training and racing in middle-distance athletes,
optimizing muscle glycogen contents to support high glycolytic
flux (resulting in very high lactate values) with appropriate buffer-
ing capabilities, while optimizing power to weight ratios, all in a
macro- and microperiodized manner, are the principle nutritional
interventions to emphasize.
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Over the last decade, in support of training periodization, there has been an emergence around the concept of nutritional
periodization. Within athletics (track and field), the science and art of periodization is a cornerstone concept with recent
commentaries emphasizing the underappreciated complexity associated with predictable performance on demand. Nevertheless,
with varying levels of evidence, sport and event specific sequencing of various training units and sessions (long [macrocycle;
months], medium [mesocycle; weeks], and short [microcycle; days and within-day duration]) is a routine approach to training
periodization. Indeed, implementation of strategic temporal nutrition interventions (macro, meso, and micro) can support and
enhance training prescription and adaptation, as well as acute event specific performance. However, a general framework on
how, why, and when nutritional periodization could be implemented has not yet been established. It is beyond the scope of this
review to highlight every potential nutritional periodization application. Instead, this review will focus on a generalized
framework, with specific examples of macro-, meso-, and microperiodization for the macronutrients of carbohydrates, and, by
extension, fat. More specifically, the authors establish the evidence and rationale for situations of acute high carbohydrate
availability, as well as the evidence for more chronic manipulation of carbohydrates coupled with training. The topic of
periodized nutrition has made considerable gains over the last decade but is ripe for further scientific progress and field
application.


Keywords: performance, track and field, nutrient timing, macro, meso, micro


The concept and underpinnings of periodization are deeply
rooted in the history of athletics (track and field). Indeed, the seminal
scientists and coaches who developed the principles of periodization
include Dr. Hans Selye with his General Adaptation Syndrome
model (Selye, 1950), followed by Matveyev, Bonderchuck, and
Bompa (contributions reviewed by Issurin, 2010). Numerous ap-
proaches to periodization have emerged from this work, including
classical, block, polarized, and complex models (Issurin, 2010;
Kiely, 2012). Within this diversity is a central theme: the purposeful
sequencing of different training units (long [macrocycle; months],
medium [mesocycle; weeks], and short [microcycle; days and
within-day duration]) so that athletes can attain the desired readiness
to perform optimally for targeted events on demand (Stone et al.,
1981). However, it is now appreciated that the chaos and complexi-
ties of the individual, exposed to various stimuli (physical,
emotional, and genetic), are probably much more complicated
than most periodization purists would want to admit (Kiely,


2018). Furthermore, the impact of nutrition on training adaptation
and performance needs to be recognized.


The 2007 International Association of Athletics Federations
Nutrition Consensus presented the first formal opportunity to
provide theoretical guidelines for nutrition periodization, with
suggestions of the approximate energetic and macronutrient de-
mands of different training phases within a yearly periodized
training plan (Stellingwerff et al., 2007). Recently, periodized
nutrition has been defined as “the planned, purposeful, and strate-
gic use of specific nutritional interventions to enhance the adapta-
tions targeted by individual exercise sessions or periodic training
plans, or to obtain other effects that will enhance performance in the
longer term (Jeukendrup, 2017a).” Athletics might be considered
the sport most suited to the application of periodized nutrition,
given the diversity of the bioenergetic and biomechanical demands
of the numerous different events. By extension, given the unique
demands of all athletic disciplines and events, it is beyond the scope
of this review to highlight every potential nutrition periodization
approach. Instead, we will focus on a general framework highlight-
ing the various considerations in the implementation of periodized
nutrition. This review will then highlight an emerging nutritional
periodization concept around the various approaches to carbohy-
drate (CHO) and fat periodization; from a macrocycle (weeks to
months; e.g., chronic low-CHO high-fat [(LCHF]) to mesocycle
(several days to weekly; e.g., high dietary to upregulate CHO
oxidation) and microcycle CHO periodization approaches
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(within day and between training session; e.g., acute CHO-
manipulation).


Framework for Periodization of Nutrition


The godfather of the American fitness industry Jack Lalanne has
often remarked, “Exercise is King while nutrition is Queen; put
them together and you have a Kingdom!” Of course, nutrition
strategies play a supportive role in enhancing acute training stimuli
into optimal training adaptation. For example, optimizing protein
(PRO) intake, PRO quality, and timing achieves only a minor
adaptive hypertrophic response without the potent stimulus of
resistance exercise. However, nutrition serves an important func-
tion given that elite athletes have 1400–1800 eating occasions per
year, whereas training 300–800 times. Accordingly, Figure 1 high-
lights a theoretical framework that is fundamental for the prioriti-
zation and optimization of nutrition periodization that practitioners
can apply to a myriad of nutrition interventions. First, the coach
and the entire support staff should have a full and comprehensive


understanding of the event-specific physiological, neuromuscular,
structural, and psychological determinants for success. Second, the
performance gaps of the individual athlete should be quantified as
best as possible against these performance determinants. From this
construct, the coach will strategically develop the various macro-
(months to years), meso- (weeks to months), and microcycles (days
to within days) aspects of training periodization and its specific
sessions, using these as to bridge between the goals and the gap.
Indeed, the integration of peer-reviewed evidence from training
studies with the tacit knowledge of elite coaches (Nash & Collins,
2006) produces the “Science” and “Art” of elite training prescrip-
tion and periodization (Kiely, 2012). The periodized training
schedule provides a framework for the sports nutrition professional
to match nutritional strategies to support training outcomes. Table 1
highlights the rationale involved in implementing macro-, meso-,
and microperiodized nutrition recommendations. Conversely,
Figure 1 outlines the process and highlights several periodized
nutrition examples, such as the macronutrient (CHO and PRO),
micronutrient (iron), and ergogenic aid (creatine) examples of
macro-, meso-, and microperiodization, respectively. However,


Figure 1 — A methodological framework required for successful nutrition periodization, including examples of macro- (months), meso- (weeks)
and microcycle (days/within day) nutrition periodization interventions for carbohydrate (CHO), protein (PRO), iron, and creatine. Dec = decreased; Inc =
increased; GI = gastrointestinal.
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the narrative of this review will exclusively focus on energy and
CHO periodization.


Periodization of Energy Intake


Energy intake (EI) is a primary nutritional characteristic as it
(a) establishes the baseline from which intakes of the macronu-
trients (including muscle substrates) are derived, (b) influences the
capacity of the diet to achieve micronutrient targets within nutrient-
density constraints, and (c) allows the manipulation of physique via
the interaction of training and energy balance. Given that the
energy cost of training is often the major determinant of an athlete’s


energy expenditure, and that the training load varies markedly
across micro-, meso-, and macrocycles of the training plan, EI
should also vary between days, weeks, and training phases.
In addition, some athletes may desire to manipulate their EI
in attempts to alter physical and structural characteristics
(e.g., reduce body fat or body mass and/or gain muscle mass),
but must appreciate the risks versus rewards of such manipulations.
Accordingly, energy manipulations should be strategically inte-
grated into the annual plan to minimize the effects on training
quality or competition performance, and strategies should aim to
maintain sufficient energy availability (EA) to reduce the acute and
chronic issues associated with the development of Relative Energy


Table 1 Nutritional Considerations in Relation to Macro-, Meso- and Microcycle Training Periodization


Performance and/or periodization considerations Nutritional context


Macroperiodization (months to weeks)


What is the specific load and density of this training phase/block for
this macrocycle (stimulus)?


Estimation of required endogenous/exogenous substrates required
during this block should guide nutrition advice. Assessment of any
nutrition ergogenic aids that synergistically match the
macroperiodization.


What are the EA requirements of this macrophase? Ensure adequate EI for optimal EA. If required, assess RED-S status
indicators as outlined by Mountjoy et al. (2018).


In relation to the training phase/block, what are the current and long-
term body composition goals? Are changes even necessary?


Strategic team discussions around risk and reward to optimize body
composition targets, and develop an individual profile.


Are there any macro health considerations? (injury/illness profile) Target potential nutrition interventions to individual athlete health
issues.


Mesoperiodization (weeks to days)


What is the specific load and density of this training phase/block for
this mesocycle (stimulus)?


Estimation of required endogenous/exogenous substrates required due to
the specific training stimuli during this block should guide nutrition
advice. Consideration of any nutrition ergogenic aids that synergistically
match the mesoperiodization.


What are EA requirements of this mesophase? Ensure adequate EI for optimal EA. If required, assess RED-S status
indicators as outlined by Mountjoy et al. (2018).


If a competition block (many competitions over several days to
weeks), what are the chronic to acute recovery requirements?


During heavy competition phases, extensive logistical planning and
practice is required for general, competition, and recovery nutrition
interventions.


What environmental training interventions are being implemented in
this phase?


Environments (heat, cold, and altitude) dictate implementation of
various periodized nutrition interventions (e.g., hydration, iron, etc.).


Microperiodization (days to within day)


What is the specific load and density of this training phase/block for
this microcycle (stimulus)?


Assessment of required endogenous/exogenous substrates required due
to the specific training stimuli during this block should guide nutrition
advice. Consideration of any nutrition ergogenic aids that synergistically
match the microperiodization.


What are the EA requirements of various different types of training
days?


Ensure adequate EI for optimal EA, appreciating that there may be
day-to-day EEE and EI variability.


What is the typical training day schedule? (within this specific training
block/phase)


Understanding the individual athletes daily and weekly schedule informs
micro (within hour) nutrition and supplement recommendations.


What are the acute recovery requirements from a unique/specific
single training session?


Estimation of exogenous/endogenous substrates required during indi-
vidual training sessions, coupled with the training goals and phase, will
inform the pre-, during, and posttraining nutrition interventions.


What are the acute recovery requirements from a single competition? Generally, all recovery interventions are optimized during rounds of a
competition, or throughout a competition, block to maximize subsequent
performance.


What are the training or competition specific interventions to optimize
performance? (from tapering to warm-up to sport psychology)


Competition phase tends to offer unique nutrition periodization chal-
lenges, such as body comp optimization during tapering, optimizing
recovery protocols, to acute competition specific ergogenic aids
(e.g., caffeine, sodium bicarbonate, etc.).


Note. EA = EI – EEE/fat-free mass. CHO = carbohydrate; EA = energy availability; EI = energy intake; EEE = exercise energy expenditure; RED-S = Relative Energy
Deficiency in Sport.
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Deficiency in Sport [RED-S; (Mountjoy et al., 2018)]. For a
specific review of low EA and RED-S in track and field athletes,
the reader is referred to review by Melin et al. (2019) in the current
series.


To undertake periodization of EI, the nutrition professional
and coach need to undertake a full audit of step #3 (within Figure 1)
of our framework through a nutrition lens. This assessment should
include estimations of total caloric and substrate utilization for
each unique type of workout, which then influences the fluctua-
tions or manipulations of energy and macronutrient intake that
needs to be integrated into daily eating patterns, as well as an
appreciation of these elements over a given training meso and
macrocycle. Many indirect protocols can be implemented to
provide information on energy expenditure of exercise (EEE)
and fuel use; these include indirect calorimetry to estimate fuel
utilization linked to internal load (e.g., heart rate) and/or external
load (e.g., running speed) and various technologies that can
estimate caloric expenditures. It should be stressed, however,
that accurate measurements of EI (Larson-Meyer et al., 2018)
and the EEE and activities of daily living (Murakami et al., 2016)
are extremely difficult to make; indeed, daily mismatches of as
little as 300 kcal (1200 kJ; Torstveit et al., 2018), which are within
the typical errors of measurement of both EI and energy expendi-
ture, can have profound effects on EA over the long term. In light
of current caution around the measurement or prescription of
“optimal EA,” it is both unwise and impractical to suggest that
athletes should chronically “micromanage” the monitoring and
manipulation of EA or EI within training or competition environ-
ments. However, having an understanding of general needs and
how they fluctuate can allow the athlete to develop behavioral
practices that allow EI to track with EEE (e.g., to consume
recovery snacks, or within session EI, on days or during periods
of higher EEE), and perhaps, to focus on energy goals during
targeted periods of body composition manipulation. The emerging
concept of periodization of body composition allows character-
istics to be manipulated within an individualized range across
different phases of the annual plan according to short- and long-
term issues of training adaptation, health, and performance
(Heydenreich et al., 2017; Stellingwerff, 2018). A case study of a
9-year history of body composition management of an elite female
middle-distance runner (Stellingwerff, 2018) illustrates the grad-
ual progression to optimal physique over the athlete’s career as
well as the manipulation within a season.


Carbohydrate and Fat Periodization


A key goal of training is to enhance the various metabolic pathways
to improve the capacity and/or rate of adenosine triphosphate
(ATP) production, particularly to reduce or delay the onset of
factors that may make these pathways limiting for competition
performance. Some of the principles by which these metabolic
pathways can be enhanced include increasing the size of the storage
and availability of endogenous fuels (capacity) and enhancing the
body’s ability to make use of exogenous fuels consumed just prior
to and during exercise (power). Further metabolic enhancement can
also occur by improving the delivery of nutrients and oxygen to the
working muscle, reducing the accumulation of by-products that
might disturb cellular homeostasis or metabolic regulation, or
improving the efficiency (economy) of these pathways to produce
ATP across a range of absolute and relative exercise intensities.
Carefully organized dietary interventions to enhance the exercise-
nutrient interactions can augment the role that training alone already


provides. The availability of modern laboratory technologies to
investigate cellular signaling events over the past decade has
expanded insights into the role of nutritional support in promoting
adaptations to exercise. It is now known that many substrates, and
in particular muscle glycogen and plasma free fatty acids, act not
only as fuels for the exercise bout being undertaken, but also as
regulators of the cellular and whole body adaptation to exercise,
and specifically endurance exercise (Hansen et al., 2005; Hulston
et al., 2010; Morton et al., 2009; Yeo et al., 2008). In relation to
this, the reader is directed to a recent review in which a range
of acute and chronically applied strategies to manipulate fat and
CHO availability are defined and explained, at least in relation to
endurance events, to address some confusion over terminology,
application, and theoretical basis (Burke et al., 2018). This body
of work was initially termed the “train-low (smart): compete
high” paradigm and involved the integration of reduced CHO
availability for carefully chosen training sessions to enhance
markers of training adaptation, while approaching competition
with high CHO availability to maximize performance and recovery
(Burke, 2010). More recently, the concept of periodization of CHO
availability has been explained using the theoretical model of
“fueling for the work required” whereby CHO availability is
adjusted in accordance with the demands and goals of the specific
training session to be completed (Impey et al., 2018). With this
approach, total daily CHO intake and its distribution over the day
can be modified day-by-day and meal-by-meal (i.e., within the
microcycle) to manipulate CHO availability for each exercise
occasion.


Strategies to Promote CHO Utilization During
Exercise


Carbohydrate, from muscle glycogen stores and plasma glucose,
provides an effective and dominant fuel source for performance
across a wide variety of events in athletics (Hawley & Leckey,
2015). Indeed, it has been known for nearly a century that 100%
CHO produces ∼5.5% more ATP per liter of oxygen consumed
than compared with 100% fat oxidation (Krogh & Lindhard, 1920).
Therefore, the achievement of high CHO availability (defined as
CHO stores available to provide the substrate needs of an event or
training session) is a key goal of competition nutrition and the
reader is directed to reviews of the individualized competition
needs across events in track and field (Burke et al., 2019; Costa
et al., 2019; Slater et al., 2019; Stellingwerff et al., 2019; Sygo
et al., 2019). In addition to promoting training quality, undertaking
sessions with high CHO availability can enhance the pathways
of oxygen-independent glycolysis and CHO oxidation (Cox
et al., 2010).


Promoting Training Adaptation via Low CHO
Availability


The rationale for deliberately promoting low CHO availability in
relation to a training session is that commencing and/or recovering
from a proportion of training sessions with reduced CHO avail-
ability activates acute cell signaling pathways that increase many of
the hallmark muscle adaptations to endurance training such as
mitochondrial biogenesis, angiogenesis and increased lipid oxida-
tion (Figure 2). The landmark studies in the field have typically
manipulated preexercise muscle glycogen availability (Hansen
et al., 2005; Hulston et al., 2010; Morton et al., 2009; Yeo et al.,
2008), given the rationale that glycogen concentration is a potent
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regular of key cell signaling kinases (e.g., AMPK, p38), transcrip-
tion factors (e.g., p53, PPAR) and transcriptional coactivators, for
example, PGC-1α (Bartlett et al., 2013; Hearris et al., 2018;
Psilander et al., 2013; Yeo et al., 2010). However, it is now
recognized that practical models of CHO periodization must extend
beyond just manipulating preexercise muscle glycogen availabil-
ity. Accordingly, CHO availability is defined as the sum of the
current individual endogenous (i.e., muscle and liver glycogen) and
exogenous CHO (i.e., CHO consumed before and/or during exer-
cise) that is available to sustain the required training or racing


intensity and duration (Impey et al., 2018). According to this
definition, it is possible to have insufficient CHO availability
(even if exercise is commenced with high preexercise muscle
glycogen stores) if an inadequate dose of exogenous CHO is
consumed during prolonged exercise to sustain the desired inten-
sity (Coyle et al., 1986). Alternatively, it is possible to commence
exercise with reduced muscle glycogen, but can still be considered
to have sufficient CHO availability if the exogenous CHO con-
sumed during exercise permits the completion of the desired
training intensity and duration (Widrick et al., 1993).


Figure 2 — Schematic overview of the potential cell signaling pathways regulating the enhanced mitochondrial adaptations associated with training
with low CHO availability. (1) Reduced muscle glycogen enhances both AMPK and p38MAPK phosphorylation that results in (2) activation and
translocation of PGC-1α and p53 to the mitochondria and nucleus. (3) Upon entry into the nucleus, PGC-1α coactivates additional transcription factors
(i.e., nuclear respiratory factor 1/2) to increase the expression of COX subunits and Tfam as well as autoregulating its own expression. In the mitochondria,
PGC-1α coactivates Tfam to coordinate regulation of mitochondrial DNA and induces expression of key mitochondrial proteins of the electron transport
chain, for example, COX subunits. Similar to PGC-1α, p53 also translocates to the mitochondria to modulate Tfam activity and mitochondrial DNA
expression and to the nucleus where it functions to increase expression of proteins involved in mitochondrial fission and fusion (Drp-1 and Mfn-2) and
electron transport chain protein proteins. (4) Exercising in conditions of reduced CHO availability increases adipose tissue and intramuscular lipolysis via
increased circulating adrenaline concentrations. (5) The resulting elevation in FFA activates the nuclear transcription factor, PPARδ to increase expression
of proteins involved in lipid metabolism such as CPT-1, PDK4, CD36, and HSL. (6) However, consuming preexercise meals rich in CHO and/or CHO
during exercise increases insulin, which can downregulate lipolysis thereby negating FFA mediated signaling. (7) In addition, CHO intake before or
during exercise can also reduce both AMPK and p38MAPK activity thus having negative implications for downstream regulators. AMPK = AMP-
activated protein kinase; CHO = carbohydrate; COX = cytochrome c oxidase; CPT1 = carnitine palmitoyltransferase 1; Drp1 = dynamin-related protein 1;
FA = fatty acid; FFA = free fatty acid; FABP = fatty acid binding protein; Glu = glucose; HSL = hormone sensitive lipase; IMTG = intramuscular
triglycerides; Mfn2 = mitofusion-2; p38MAPK = mitogen-activated protein kinase; PDK4 = pyruvate dehydrogenase kinase 4; PGC-1α = peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; PPARδ = peroxisome proliferator-activated receptor; Tfam=mitochondrial transcription factor A.
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Table 2 Overview of Practical Approaches to Manipulate Endogenous and Exogenous CHO Availability Within
CHO Periodization Strategies.


Practical approach Practical implementation/theoretical rationale Supporting references


Train low (glycogen)
session


• Both muscle and liver glycogen are reduced during an initial morning
training session. CHO intake is then withheld in recovery or suboptimal
intakes occur such that a second session is completed in the afternoon or
early evening with reduced preexercise CHO availability. Depending on
the timing of both sessions, the total time considered in a state of low CHO
availability could range from 3 to 8 hr.


• Commencing exercise with low muscle glycogen stores and/or sustaining
exercise intensity and/or duration to a specific level of absolute glycogen
depletion is associated with the activation of key cell signaling proteins
(e.g., AMPK, p38, PPAR, PGC-1α), which achieve a coordinated upre-
gulation of the nuclear and mitochondrial genomes. Over a chronic training
period, this may increase oxidative enzyme protein content/activity,
upregulate whole body and intramuscular lipid metabolism, with potential
improvements in exercise performance and capacity.


Hulston et al. (2010); Morton et al.
(2009); Yeo et al. (2010, 2008)


Train low (fasted)
session


• Breakfast is consumed after training and no form of CHO is consumed
during exercise resulting in significant elevated FFAs. This approach
would predominantly target reduced liver glycogen (associated with
fasting in the overnight period) though depending on the CHO intake
consumed in the recovery period after the last training session, pretraining
muscle glycogen may also be considered low.


• Exercise undertaken in fasted conditions leads to increased metabolic stress
for the muscle, central nervous system, and/or liver gluconeogenesis and
leads to upregulation of AMPK and signaling pathways that increase
expression of proteins regulating substrate transport (e.g., GLUT4 and
CD36, FABPm, respectively) and substrate utilization (e.g., PDK4, HK,
CS, β-HAD).


Akerstrom et al. (2006); De Bock et al.
(2008); Van Proeyen et al. (2011)


Recovery low/sleep low
strategy


• Both muscle and liver glycogen are reduced during an evening training
session. CHO intake is then withheld in recovery or suboptimal intakes
occur such that a second session is completed on the subsequent morning
with reduced preexercise CHO availability. Depending on the timing of
both sessions, the total time considered in a state of low CHO availability
could range from 8 to 14 hr.


• Restricting CHO intake in the postexercise period, therefore, maintains
postexercise muscle and liver glycogen at reduced levels as well as
prolongs the duration of postexercise elevations in circulating FFA
availability. The interactive effects of changes in substrate availability may
sustain the postexercise upregulation of cell signaling (e.g., AMPK, p53,
PGC-1α) pathways thus leading to increases in the adaptive response to the
session. The sleep-low train low model has been associated with improved
exercise performance in trained triathletes.


Bartlett et al. (2013); Marquet et al.
(2016); Pilegaard et al. (2005)


Train high (glycogen +
exogenous CHO)
session


• Training sessions deliberately commenced with high muscle and liver
glycogen following optimal pretraining (e.g., CHO “loading” of 6–12 g/kg
body mass, pretraining meal of 1–3 g/kg body mass) and in-training
fueling (e.g., CHO consumed during exercise at a rate of 30–90 g per hour).


• In this approach, promotion of high training intensity, duration, training of
the gut, and practicing in competition fueling are the goals.


Costa et al. (2017); Cox et al. (2010)


Amalgamation of tar-
geted CHO availability
training and recovery
approaches


• The above approaches are deliberately amalgamated over a 24- to 48-hr
period. In this model, an initial train high session may be completed to
promote training intensity and duration followed by a second train low
session that is performed 24–48 hr later with reduced CHO availability.
The second session may have arisen as a result of a combination of sleep-
low, recover low, and a low daily absolute CHO intake.


• Using this model, CHO availability can be adjusted, before, during, and/or
after each training session in an attempt to take advantage of the cellular
signaling responses that may occur with CHO restriction at each of these
time periods.


Impey et al. (2018); Stellingwerff
(2012)


Note. For a summary of the terminology and rationale of different strategies of periodized fuel support for training and competition, see Burke et al. (2018) while the
principles underpinning skeletal muscle adaptations, training, and performance outcomes are detailed in the review of Impey et al. (2018). AMPK = AMP-activated protein
kinase; B-HAD = beta hydroxyacyl-Coenzyme A dehydrogenase; CD 36 = cluster of differentiation fatty acid transporter; CHO = carbohydrate; CS = citrate synthase;
FABPm = muscle fatty acid binding protein; FFA = free fatty acids; GLUT4 = glucose transporter 4; HK = hexokinase; PGC = peroxisome proliferator-activated receptor
gamma coactivator; PPARδ = peroxisome proliferator-activated receptor; PDK4 = pyruvate dehydrogenase kinase 4; p38 = mitogen-activated protein kinases.
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The various main approaches to manipulating CHO availabil-
ity in relation to training are presented in Table 2. Essentially, it is
now recognized that manipulation of both endogenous and exoge-
nous CHO availability before (Hansen et al., 2005; Yeo et al.,
2008), during (Akerstrom et al., 2006; Morton et al., 2009), and
after training sessions (Marquet et al., 2016; Pilegaard et al., 2005)
may lead to an augmented training response; at least in terms of
acute (e.g., cell signaling) and chronic (e.g., changes in enzyme
protein content and activity) skeletal muscle metabolic adaptations
(Figure 2). Despite the theoretical rationale for incorporating a
periodization of CHO availability into an elite athlete’s training
program, balancing the risk versus reward can be challenging for a
number of reasons. First, the majority of studies to date have been
conducted using cycling-based or knee extensor exercise models
(78% of 27 studies; Impey et al., 2018). These modalities maymore
naturally lend themselves to train-low sessions given the non-
weight-bearing activity and lower eccentric loading compared with
running. Second, the CHO requirements of the typical training
sessions undertaken by elite track and field athletes are not well
known and practitioners must use theoretical knowledge of glyco-
gen utilization from relevant laboratory and field-based studies to
organize appropriate manipulation of training and diet. A recent
meta-analysis which provides more information in this regard
clearly highlights the impact of intensity and duration on glycogen
use (Areta & Hopkins, 2018), but practitioners need to consider the
use of the internal and external training load metrics outlined in
Figure 3, to make best estimates. Of particular note to track and
field athletes are the negative effects of reduced CHO (and energy)
availability on markers of bone turnover (Sale et al., 2015), which
contrast with the benefits of immediate postexercise feeding of
CHO and PRO (Townsend et al., 2017). Although this needs to be
confirmed in a longitudinal model, prolonged periods of training
with reduced CHO availability may potentially increase the risk for
stress fractures, in runners who are already at risk for RED-S and
stress fractures (Heikura et al., 2018). Indeed, low CHO availability


may mediate disturbed reproductive function in its own right
(Loucks, 2014), creating another pathway to explain the increase
in musculoskeletal injuries seen with low EA (Rauh et al., 2014).
Similarly, reduced CHO availability during training may lead to
increased susceptibility to illness owing to the role of CHO in
modulating postexercise immune responses (Costa et al., 2005).
Finally, evidence that the improved metabolic adaptations associ-
ated with the periodization of low CHO availability within an
athlete’s training program actually translates to improved perfor-
mance outcomes is equivocal. Indeed, Impey et al. (2018) reported
that, although periodically completing endurance-training sessions
(e.g., 30–50% of training sessions) with reduced CHO availability
modulates the activation of acute cell signaling pathways (73%
of n = 11 studies) and oxidative skeletal muscle adaptations (78%
of n = 9), only 37% of studies demonstrate improvements in
performance.


The development of practical approaches to sport-specific
CHO periodization requires consideration of the individual ath-
lete’s training (e.g., intensity, duration, body composition, altitude,
ambient temperature, etc.) and competitive goals (e.g., time
required to attain and taper for peak performance) within the
specific micro-, meso-, and macrocycle. An illustration of the
implementation of periodized CHO availability in the real world
was provided by a 16-week case study of three elite marathon
runners (Stellingwerff, 2012). These athletes undertook a weekly
average of 2.5 sessions involving low CHO availability during
the first 12 weeks. However, during the subsequent 4-week period
which focused on competition preparation, nutritional strategies
shifted toward an increased frequency of practicing CHO fueling
during training sessions (2.5 sessions per week), coupled with a
reduction in low CHO training sessions (Stellingwerff, 2012). In
this study, with regard to training with low CHO availability, fasted
training was reported to be physiologically and psychologically
“easier” to integrate than the more strenuous low muscle glycogen
training sessions. Regardless of the specific approach, it is intuitive


Figure 3 — Supplement individualization and piloting framework, including potential data collection variables to help inform protocol and efficacy.
GI = gastrointestinal; RPE = ratings of perceived exertion.
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to avoid chronic periods (>3–5 days), or consecutive performance,
of the various “train-low” modalities due to the potential negative
effects of both low CHO and inadequate total EA on training
quality, competitive performance and health outcomes (Burke
et al., 2017; Havemann et al., 2006; Mujika, 2018). Rather, careful
day-to-day periodization is likely to maintain metabolic flexibility
and still allow the completion of high-intensity and prolonged
duration workloads on heavy training days. Intuitively, train-low
may be best left to those training sessions that are not as CHO
dependent and where the intensity and duration is not likely to be
compromised by reduced CHO availability (e.g., steady-state type
training sessions performed at intensities below the lactate thresh-
old); however, significant work remains on how to best periodize
CHO with the numerous training permutations (Table 2). As with
all nutritional strategies, application of CHO periodization should
only be done in conjunction with appropriately qualified nutrition
professionals and be continually refined and optimized.


Fat: a Relatively Unlimited Fuel Source and Driver
of Adaptation


Although endurance-trained athletes have an enhanced capacity for
fat oxidation compared with untrained, this adaptation is clearly not
maximized from training alone as it can be doubled, or even tripled,
by chronic adaptation to a LCHF diet (Burke et al., 2002, 2017;
Carey et al., 2001). Various models have been used to achieve these
high fat oxidation rates including nonketogenic CHO-restricted
diet (NK-LCHF; typically 65% energy as fat and <20% energy
from CHO to prevent ketosis while reducing CHO intake to levels
below the fuel costs of daily training) and the more restrictive
ketogenic LCHF diet (K-LCHF: typically <50 g/day CHO and
75–80% fat; Burke et al., 2018). However, studies have shown that
as little as 5 days of exposure to HFLC diets, while continuing to
undertake both high volume and intensity of training, achieves a
robust retooling of the muscle to increase intramuscular triglycer-
ides stores, and enhance the mobilization, transport, uptake, and
oxidation of fats (for review see Burke, 2015).


By itself, however, chronic adaptation to a NK-LCHF does not
translate into clear improvements in endurance performance,
except in specific scenarios or individuals (Burke, 2015). There-
fore, a microperiodization protocol which (theoretically) could
sequentially enhance the capacity of both fat- and CHO-based
fuel oxidation prior to an endurance event has been proposed; this
involves a 5–6 days fat adaptation phase followed by acute
restoration of CHO availability just prior to and during the endur-
ance task (Burke et al., 2002; Carey et al., 2001; Havemann et al.,
2006). Investigation of this protocol showed that the muscle
retooling achieved by the fat-adaptation phase is robust in continu-
ing to promote higher rates of fat oxidation in the face of aggressive
strategies to restore high CHO availability during the endurance
task (Burke et al., 2002; Carey et al., 2001). Despite substantially
reduced rates of muscle glycogen utilization during the early part of
the exercise task, there was no clear enhancement of a subsequent
time trial in any of these studies. One apparent explanation for this
outcome is that, rather than sparing glycogen utilization, chronic
exposure to a high-fat diet causes an impairment of CHO oxidation
during exercise due to a reduction on glycogenolysis and a down-
regulation of the activity of the pyruvate dehydrogenase complex
[PDH; (Stellingwerff et al., 2006)]. Data from rodent models
suggests that such inhibition of PDH activity may actually be
due to the effects of reduced muscle glycogen availability. Indeed,
commencing exercise with reduced muscle glycogen augments


the activation of peroxisome proliferator-activated receptor-δ
(PPAR-δ; Philp et al., 2013), a transcription factor that upregulates
pyruvate dehydrogenase kinase 4 (PDK4) that, in turn, phosphor-
ylates and inactivates PDH. In human muscle, however, we have
recently shown that the downregulation of CHO metabolism
appears to be a consequence of the high-fat diet and increased
fat availability rather than CHO restriction alone (Leckey et al.,
2018). The consequences of reduced CHO utilization within the
tricarboxylic acid cycle are likely to manifest in a reduced capacity
for ATP production at high intensities. For example, in a study in
which the fat adaptation-CHO restoration model was undertaken
prior to a 100 km cycling time trial, there was a trend toward
impairment of overall performance, but a significant reduction in
ability to complete 1-km and 4-km sprints undertaken at ∼90%
peak power output interspersed within the protocol (Havemann
et al., 2006). This reduction in power output matches the ∼30%
reduction in PDH and estimated glycogenolysis during a 1-min
sprint at 150% of peak power output found by Stellingwerff
et al. (2006).


The proposed benefits of chronic adaptation to ketogenic
LCHF diets has also received recent attention in both the lay
(Brukner, 2013) and the scientific press (Noakes et al., 2014; Volek
et al., 2015) due to the proposed benefits of increased fat oxidation
and exposure to high levels of circulating ketone bodies. Indeed, an
early study featuring 4 weeks of LCHF adaptation to such CHO
restriction showed the muscle’s plasticity in being able to increase
fat utilization to maintain exercise capacity at modest power out-
puts (∼60% VO2max; Phinney et al., 1983). However, Phinney
et al. already noted that this feat was achieved in the face of
impairments of capacity to undertake exercise at higher intensities.
A more recent investigation of 3.5 weeks of exposure to a K-LCHF
diet in elite race walkers demonstrated an apparent rationale for
Phinney et al.’s findings (Burke et al., 2017). In this study, some of
the highest rates for fat oxidation ever reported in the literature were
achieved following adaptation to the K-LCHF diet, under condi-
tions of either fasting or intake of fat during a prolonged exercise
protocol. However, this was associated with an increase in the
oxygen cost (i.e., reduced economy) of walking at a range of speeds
relevant to the competitive events in this discipline (20 and 50 km),
and the K-LCHF diet did not improve 10,000 m performance
compared with the CHO-supported dietary groups (Burke et al.,
2017).


Taken together, chronic LCHF interventions have been shown
to (a) decrease CHO oxidation (Burke et al., 2002; Carey et al.,
2001; Havemann et al., 2006) via decreased glycogen utilization
and PDH activation (Stellingwerff et al., 2006), (b) result in
decreased exercise economy due to lower ATP production associ-
ated with increased fat oxidation (Burke et al., 2017), and
(c) probably cause a decrease of the intestinal glucose transport
proteins (SGLT-1) reducing the capacity for intestinal absorption.
This would decrease the effectiveness of CHO feeding strategies,
thus increasing the risk of gut disturbances (Jeukendrup, 2017b).
It is important that coaches and athletes understand the metabolic
demands and limiting factors in their events (Figure 1), and
trial-specific interventions on an individual level (Figure 3), and
realize that all sustained majority of track and field events are
exceptionally CHO dependent. Indeed, there is continued interest
in increasing rather than decreasing CHO dependence to improve
performance of events of sustained high-intensity exercise at
intensities around the “lactate threshold” (e.g., the marathon) to
take advantage of the greater economy of ATP production from the
oxidation of this fuel (Burke et al., 2019).
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Conclusions and Future Directions


The numerous various events in athletics, all with unique bioener-
getics, biomechanical, and structural performance determinants,
lend themselves to endless permutations of potential periodized
nutrition interventions. Therefore, this review took a holistic
approach to develop a nutrition periodization framework to guide
practitioners in the field across these nutrition periodization op-
tions, while grounding them in targeted intervention first principles
(Figure 1 and Table 1). From this framework, the literature has
been examined regarding macro-, meso-, andmicroperiodization of
CHO availability, and consequently, fat periodization (Table 2 and
Figure 2), with considerations and recommendations to individu-
alize and test in the field, as required (Figure 3). Obviously, this
paper just focused on an example of nutrition periodization by
examining the research in the macro-, meso-, and/or micromani-
pulating of CHO, and by extension. However, Figure 1 highlights
various other nutrition examples of periodization that are beyond
the scope of this review, but we would highlight a few other papers
in this series that also feature periodized nutrition examples for
protein (Witard et al., 2019), supplements (Peeling et al., 2019),
CHO fueling (Burke et al., 2019), and middle-distance athletes
(Stellingwerff et al., 2018). With an appreciation of the complexi-
ties of training periodization, future directions in this field should
include better quantification of knowledge and application of
existing periodized approaches in elite athletes, as well as system-
atically controlled CHO periodization approaches over prolonged
training blocks in larger cohorts of athletes. Other scientific areas
for future investigation also include the meso and/or macroper-
iodization of ergogenic aids in attempts to enhance training adap-
tations and performance. In summary, the field of periodized
nutrition has made considerable gains over the last decade, but
is ripe for further progress.
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Abstract
Training at low to moderate altitudes (~ 1600–2400 m) is a common approach used by endurance athletes to provide a dis-
tinctive environmental stressor to augment training stimulus in the anticipation of increasing subsequent altitude- and sea-
level-based performance. Despite some scientific progress being made on the impact of various nutrition-related changes in 
physiology and associated interventions at mountaineering altitudes (> 3000 m), the impact of nutrition and/or supplements 
on further optimization of these hypoxic adaptations at low–moderate altitudes is only an emerging topic. Within this narra-
tive review we have highlighted six major themes involving nutrition: altered energy availability, iron, carbohydrate, hydra-
tion, antioxidant requirements and various performance supplements. Of these issues, emerging data suggest that particular 
attention be given to the potential risk for poor energy availability and increased iron requirements at the altitudes typical 
of elite athlete training (~ 1600–2400 m) to interfere with optimal adaptations. Furthermore, the safest way to address the 
possible increase in oxidative stress associated with altitude exposure is via the consumption of antioxidant-rich foods rather 
than high-dose antioxidant supplements. Meanwhile, many other important questions regarding nutrition and altitude training 
remain to be answered. At the elite level of sport where the differences between winning and losing are incredibly small, the 
strategic use of nutritional interventions to enhance the adaptations to altitude training provides an important consideration 
in the search for optimal performance.


1 Introduction


Altitude training is a common feature of elite endurance 
preparation and is a strategically periodized intervention 
in various elite athlete programs [1–4]. As extensively 
researched, the primary adaptive responses athletes seek 
during altitude sojourns include primarily the erythropoi-
etin (EPO)-driven increase in red blood cells (or hemoglobin 
mass (HBmass) [1–5]). Although under-studied in elite ath-
lete populations, there are also important non-hematological 
altitude adaptations, such as increased buffering capacity 
and potential improvements in exercise economy, as well 
as the extensive genetic responses of hypoxia inducible fac-
tor 1-alpha (HIF) [6]. Furthermore, recent work has also 
elucidated the optimal training altitudes (~ 1600–2400 m 
[5]) for elite athletes and theoretical timing of expo-
sure (~ 2–4 weeks) and training prior to competition [7]. 
[Note: all altitudes referenced below will use the thresh-
olds defined by Bartsch and Saltin [8]: “near sea level” 
(0–500 m); “low altitude” (500–2000 m); “moderate alti-
tude” (2000–3000 m); “high altitude” (3000–5500 m); and 
“extreme altitude” (> 5500 m).]
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Although “nutrition at altitude” has been commonly 
reviewed [9–15], the vast majority of nutrition recom-
mendations are based on research conducted at high to 
extreme altitudes, which do not correspond to the train-
ing altitudes typical of elite athletes (~ 1600–2400 m). 
However, recently, several new publications on nutrition 
interventions at low–moderate altitudes have emerged. 
Within this narrative review, we have highlighted six major 
nutrition intervention themes to consider at low–moderate 
altitudes, including whether there are altered energy, iron, 
carbohydrate (CHO), hydration and/or antioxidant require-
ments, in addition to considerations for the potential use 
of various ergogenic aids. Figure 1 highlights these six 
nutrition themes, the general strength of recommendations, 
and gaps in knowledge (Table 1), across the various alti-
tudes. Although there are many approaches to implement-
ing hypoxia (see review by Millet et al. [16]), this current 
review will primarily focus, unless otherwise indicated, 
on nutrition interventions for natural terrestrial altitude 
training. Where possible, we will contrast our knowledge 
of metabolism and nutrition from high–extreme altitude 
research to that of low–moderate altitudes, and identify 
appropriate future research directions. 


2  Macronutrient and Hydration 
Considerations at Altitude


Changes in macronutrient and fluid needs of athletes under-
taking altitude training should be considered from two per-
spectives: (1) the direct effects of a hypoxic environment on 
physiological processes that affect metabolism, and daily 
utilization/loss of these nutrients; and (2) indirect effects 
due to a change in training load. Although the focus of this 
review is on the former perspective, it should be briefly 
observed that many athletes deliberately or inadvertently 
alter their typical internal and external training loads dur-
ing an “altitude camp” [4, 17, 18]. Although a reduction in 
external training load may temporarily occur due to fatigue 
associated with the additional physiological stress, this 
may not represent a reduced internal training load, due to 
the augmented hypoxic stress. Furthermore, many athletes 
consider altitude per se, or an environment away from their 
home commitments, to present an opportunity for inten-
sified training or weight loss. Although some aspects of 
such approaches [e.g., low energy availability (EA)] will 
be further discussed (and discouraged) in this review, the 
scientist should not neglect the importance and effects of 
training underpinning fuel, fluid and protein requirements, 
as observed with conventional sea-level training.


Most studies of the specific effects of altitude on nutri-
ent needs have been conducted at high to extreme altitudes; 
these have described downregulation of protein synthesis 
and increased protein requirements [19] as well as changes 
in energy, CHO and fluid turnover [20]. Although these 
altitude-induced changes in metabolism have been less well 
studied at the typical low–moderate training altitudes, sub-
tle effects are likely and may become amplified when they 
interact with high training volumes and the numerous camps 
and durations of altitude used by some elite athletes. Shifts 
towards greater CHO utilization have sometimes been shown 
at high altitudes [21], although a study in females at 4300 m 
showed decreased CHO utilization [22]. Despite high-alti-
tude inconsistencies in changes in CHO oxidation, most sug-
gest increasing dietary CHO requirements to replace muscle 
glycogen stress and a greater need/benefit of CHO intake 
during exercise [9, 13]. However, until systematic study 
of these concepts during the types of training undertaken 
by elite athletes at low–moderate altitudes is undertaken, 
guidelines to address this remain speculative. Manipulat-
ing CHO availability according to the goal of the training 
sessions (e.g., training with low CHO availability to drive 
cellular adaptation and high CHO availability to promote 
performance and training intensity) is another tool available 
to athletes to optimize training outcomes [23]. Further inves-
tigation is needed of protocols to implement and achieve 
these CHO availability manipulations and how they might 
be best optimized within altitude training.


Key Points 


While the effects of high altitude on the endocrine 
systems, energy intake, resting metabolic rate and body 
mass are severe, it appears that resting metabolic rate 
is also increased, albeit to a smaller extent, at low to 
moderate altitudes, and targeting adequate energy intake 
is important for optimizing health and appears to be 
an emerging factor associated with optimizing altitude 
adaptations.


Despite being iron-replete, a blunted erythropoietic 
response is observed in non-iron supplemented athletes 
during simulated altitude, with data demonstrating 
that most athletes will maximize the hypoxia-induced 
increases in hemoglobin mass while consuming ~ 100–
200 mg of elemental iron daily in oral form, with most 
evidence coming from iron salts.


There is insufficient evidence to recommend high-dose 
single antioxidant supplementation to attenuate altitude-
induced oxidative stress, as this may actually impair 
endurance and altitude-based training adaptations; 
although this does not seem to occur with the integration 
of ample amounts of antioxidant-rich foods into athletes’ 
daily diets.
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Hypoxia and the low air humidity associated with alti-
tude environments are also likely to increase fluid losses 
at rest and during training. Local weather conditions can 
also vary according to the altitude location and time of the 
year and will also interact with altitude-specific effects. 
Increased respiratory water loss and the diuresis often seen 
in the early response to altitude exposure can create a sig-
nificant increase in water requirements at the same time 
that reduced thirst and changes in fluid availability in a 
new environment may alter usual drinking practices [2, 24, 
25]. Therefore, athletes should consider altitude training a 
time of increased risk for dehydration and both monitor and 
address their hydration status appropriately [e.g., monitor 
urine characteristics and daily body mass (BM) changes, 
and be proactive with fluid intake during and after training 
sessions and with meals]. Taken together, whether there are 
consistent and performance-relevant changes in hydration 
and/or CHO and protein oxidation at low–moderate alti-
tudes requires further scientific validation. At this point, we 
hypothesize that the individual training load via the “train-
ing camp effect” and the local altitude camp weather condi-
tions probably influence nutritional recommendations to a 
greater extent than the potentially more mild hypoxic effects 
at low–moderate altitudes.


3  Hypoxic Effects on Energy Availability, 
Body Mass and Altitude Adaptations


Adequate EA is an important consideration for both sea-
level and altitude training. EA reflects the amount of energy 
that remains after exercise for use by other body systems, 
including the endocrine, immune and reproductive systems, 
and is calculated as energy intake (EI) minus exercise energy 
expenditure (EEE) relative to fat-free mass (FFM) [26]. Pio-
neering work by Loucks and colleagues, using controlled 
laboratory studies, has defined low EA as < 30 kcal/kg FFM/
day, below which impairments to reproduction, endocrine 
function and bone health have been demonstrated [26]. This 
concept of low EA has recently been termed relative energy 
deficiency in sport (RED-S) and has multiple implications 
in both male and female athletes for iron metabolism, injury 
and illness, training adaptation and performance [27]. As 
such, optimal EA (~ 45 kcal/kg FFM/day) is essential for 
long-term health and performance [26, 27]. However, while 
it is not clear whether low–moderate hypoxic exposure has 
additive effects on EA requirements, there are several emerg-
ing, and compelling, concepts to suggest that EA will play 
an important role in optimizing hypoxic adaptation.


The suppression of sex hormones (estrogen and/or tes-
tosterone) levels due to low EA may impair hematologi-
cal adaptations to altitude. For example, low EA and iron 


Fig. 1  Potential nutrition-related physiological/metabolic changes or 
nutrition interventions for various altitudes. Altitude cut-offs are as 
established by Bartsch and Saltin [8]. All rankings are reflective of 
the relative level of importance and impact, and/or evidence, com-
pared to sea level. An equal (=) sign represents equivalent evidence 
and importance as at sea level. ✓✓✓✓ is convincing evidence, ✓✓✓ 
is strong evidence, ✓✓ is moderate evidence, and ✓ is low or emerg-


ing evidence for a physiological/metabolic change or for nutrition 
intervention consideration. ? indicates emerging evidence or poten-
tially theoretical rationale, but no published studies at specific altitude 
or requires more scientific confirmation. BM body mass, CHO carbo-
hydrate, EA energy availability, EEE exercise energy expenditure, EI 
energy intake
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Table 1  Equivocal data and future research directions examining the efficacy of nutrition interventions at low to moderate altitude (~ 1600–
2400 m) across various nutrition themes


Key associated references for further reading are included
BM body mass, CHO carbohydrate, EA energy availability, EEE exercise energy expenditure, EI energy intake, GI gastro-intestinal, HBmass 
hemoglobin mass, IOC International Olympic Committee, NAC N-acetylcysteine, PV plasma volume, RED-S relative energy deficiency in sport, 
RMR resting metabolic rate, RONS reactive oxygen and nitrogen species


Altitude nutrition theme Equivocal data and future research directions


General macronutrient and energy requirements (e.g., EI, EEE, 
EA, RMR and BM)


Substantiate the consistency and quantity of potential altitude-induced shifts in EA, RMR or BM 
at low to moderate altitudes (~ 1600–2400 m) [32, 38, 39]


Does long-term RED-S compromise baseline pre-altitude HBmass and/or iron values? [32]
Does RED-S compromise within altitude camp HBmass and/or other altitude-specific adaptations 


(injury/illness)? [30–33]
Do altitude-induced shifts in RMR and/or appetite actually impact body composition outcomes, or 


is this just a training camp effect? [38–41]
Do athletes naturally adjust their dietary energy and macronutrient intake while at altitude? If so, 


are their dietary routines at altitude in line with current recommendations?
Hydration requirements Enhanced elucidation of actual low to moderate altitude-induced hydration requirements (espe-


cially in dry vs. moist altitude environments)
What are the actual low to moderate altitude shifts in PV, and can they be attenuated via optimal 


hydration interventions?
Does reduced hydration PV status, over time, potentially impact upon cardiac outputs, training 


quality and/or health status?
Glycogen/CHO and protein utilization changes Are there actual shifts at low to moderate altitudes (~ 1600–2400 m) towards increased CHO 


metabolism and protein turnover at the same relative exercise intensities as sea level?
Do athletes need to appreciably increase dietary CHO and/or CHO fueling during training ses-


sions at low–moderate altitudes? [9–15]
Increased oxidative stress and anti-oxidant requirements Is there an appreciable increase in RONS at low–moderate altitudes that is linked to injury/illness 


and/or altitude-induced adaptation?
What is the impact of single-source high-dose antioxidant supplementation on altitude-induced 


training adaptations?
Are there individual situations at altitude/in hypoxia where diets high in antioxidants are espe-


cially warranted to prevent illness?
What degree of oxidative stress is necessary to foster the adaptive response of altitude training, 


and when does oxidative stress become detrimental (e.g., increased inflammation, delayed 
recovery)?


Increased iron requirements Are low baseline ferritins, with optimal hemoglobin, contraindicated for altitude training camps 
when iron supplementation will be optimized? [11, 54, 55]


What are the lowest iron and/or hemoglobin values that would contraindicate attending an altitude 
camp?


Are morning single-daily-dose iron protocols more effective than late-night single-dosing proto-
cols at altitude as compared to alternating-day supplementation protocols? [57, 60]


Are iron salts or heme-based iron supplements most effective? Which supplements produce the 
least GI issues in athletes (given absence of GI issues is a prerequisite for good compliance)?


What are the iron requirements for sustained (many months) low–moderate altitude sojourns?
Will an intervention iron dose–response study (including low, moderate and high iron doses) result 


in significant HBmass differences and/or result in potential negative effects/downsides of excess 
free iron? Will it contribute to higher oxidative stress?


Various ergogenic supplements Substantiate or refute the mechanistic and/or performance outcomes of key identified IOC supple-
ments [107] at all altitudes (Fig. 1)


Further elucidate the adaptive hypoxic training response of buffers and/or nitrates at altitude, or 
whether they actually prove to attenuate altitude adaptations [120]


Further data to support or refute altitude-based supplements such as NAC or Ginkgo biloba and 
whether vitamins  B6,  B12 and D and/or branched amino acids or glutamine impact on altitude 
adaptations [151, 152, 157, 159]


Investigate whether acute nitrate supplementation prior to key altitude sessions, in contrast to 
chronic nitrate supplementation, affects the adaptive response to altitude and performance 
(potentially allows higher speed/watts at key training sessions?)
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metabolism are linked [28], which may have direct effects 
on hematological adaptations at altitude (see Sect. 4.1). Fur-
thermore, just 18 h of fasting in rats exposed to extreme 
altitude (7000 m) reduced hypoxia-induced EPO production 
by 85% [29]. Low EA has also been shown to drastically 
increase the risk of injury and illness [26, 27], which at alti-
tude, has consistently demonstrated deleterious effects on 
hypoxia-induced increases in HBmass. Indeed, reductions 
in HBmass following altitude training have been consist-
ently reported in ill/injured athletes [30–33] compared to 
the typical 3–7% increase in HBmass in healthy counterparts 
[34]. Meanwhile, estrogen is important for iron homeostasis 
through its suppression of the peptide hormone hepcidin, 
which results in an increase in iron bioavailability [35]. 
Further, testosterone treatment in older males can reverse 
anemia [36]. This is supported by observed findings that 
amenorrheic elite female runners had an 8% lower (p < 0.05) 
baseline HBmass when compared to their eumenorrheic 
counterparts prior to an altitude camp [37].


3.1  Energy Availability Considerations at Low 
to Moderate Altitudes


While the effects of high-altitude exposure on endocrine 
systems, EI, resting metabolic rate (RMR) and ultimately 
BM are consistent and severe, the handful of research find-
ings at low–moderate altitudes are much less consistent and 
appear to be far less pronounced. Indeed, emerging case-
study data include loss of appetite reported by four rowers 
who reported increased fatigue during a 12-day intense train-
ing block at 1800 m [38]. Conversely, data from five elite 
runners reported an increased appetite, with no change in EI, 
after 4 weeks of living and training at 2200 m [39]. How-
ever, it is important to point out that the rowers increased 
their training load at altitude by 113% [38], while the run-
ners only increased their training load 37% [39], compared 
to sea-level training loads. Furthermore, both negative [40, 
41] as well as optimal energy balance (EB) [42] have been 
reported in both elite Kenyan and Ethiopian runners at mod-
erate altitudes. Meanwhile, when 48 elite female and male 
distance athletes maintained moderate EA (33–36 kcal/kg 
FFM/day, assessed over a 1-week period) across 3–4 weeks 
of training at 2150 m, BM remained stable [32, 37]. How-
ever, it should be noted that dietary records [43] are poor 
estimates of EA when used in isolation (Table 1), and the 
variability of these BM and EA outcomes demonstrate that 
more research is required.


With respect to RMR, to our knowledge, only two stud-
ies have investigated the effects of moderate altitude on this 
variable in elite athletes. The first study observed five elite 
runners for 4 weeks at 2200 m, reporting an increased RMR, 
by 19% [39]. In comparison, the second study followed four 


elite rowers, who reported no change in RMR after 12 days 
at 1800 m [38]. Collectively, this work presents the notion 
that when EA is adequate (as indicated via no change in BM 
in the study by Woods et al. [39]), it appears that RMR is 
increased at moderate altitudes similarly, albeit to a smaller 
extent, to high/extreme altitudes. However, given the small 
participant populations used here, more research is required 
to confirm these findings that RMR is increased at low–mod-
erate altitudes (Table 1).


In terms of changes in BM during altitude training 
camps (~ 3 weeks), studies report no change [32, 39, 40, 
42, 44] or minor BM decreases [38, 41, 45] when exposed 
to moderate altitudes. The decreases in BM may reflect low 
EA and have been associated with negative EB [41] and 
stable RMR [38]. Meanwhile, when BM was maintained 
(suggesting optimal EA), stable hormone concentrations 
[32] and increased RMR [39] were noted across an alti-
tude camp. The importance of maintaining BM via optimal 
EA is highlighted by studies showing that a failure to do 
so may negatively influence hematological adaptations to 
altitude. For example, McLean et al. [33] reported that foot-
ball players who lost ≥ 2 kg BM during training at 2100 m 
only increased HBmass by 2.5% as compared to 5.0% in 
those who maintained BM. Furthermore, elite male cyclists 
significantly lost BM (− 1.2 kg) and FFM (− 1.0 kg) while 
failing to increase HBmass over a 31-day altitude camp, 
likely due to overtraining and/or illness [45]. Conversely, 
unpublished observations from four separate altitude train-
ing camps (of ~ 3–4 weeks duration, from 2015 to 2018) 
with the same HBmass procedure/laboratory (Hypo2, Flag-
staff, AZ, USA), featuring 114 observations, demonstrated 
a − 0.6 ± 1.5% BM decrease and a 5.6 ± 4.1% increase in 
HBmass, with no relationship between changes in HBmass 
and BM reported, and no relationship with illness (Fig. 2). 
However, changes in BM alone are a poor indicator of EA 
status, as prolonged and/or severe reductions in EI may lead 
to adaptive thermogenesis, which promotes maintenance or 
gain of BM despite low EA [46]. It is also important to 
note that upon arrival to altitude there is a contraction of 
plasma volume (PV) [47, 48] and typical altitude associ-
ated dehydration. Accordingly, acute small weight loss (i.e., 
< 2% BM) should not be confused with an actual reduced 
EA, as BM alone is a poor indicator of EA. Indeed, loss of 
body water due to increased ventilation and diuresis is an 
essential short-term adaptation to altitude which serves to 
increase arterial oxygen content via increased hemoglobin 
concentration prior to longer-term erythropoietic adaptation 
[49]. Residual BM loss associated with PV contraction is 
typically reversed upon return to sea level [31]. Overall, the 
impact that training at moderate altitudes has on BM, EA, 
and subsequent endocrine and metabolic (e.g., RMR) effects 
warrants further investigation (Table 1).
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4  Micronutrient Considerations to Optimize 
Adaptation to Altitude


Unless there are clinical deficiencies or allergy/intoler-
ance-dictated specific diets, athletes do not have unique, 
or elevated, vitamin and mineral requirements at sea level 
compared to the general population [50]. However, hypoxia 
provides a distinct environment where several micronutrients 
may need to be considered. This section will focus on the 
impact of iron status and dietary supplements, deliberating 
on whether anti-oxidant supplementation is warranted to 
minimize the production of reactive oxygen and nitrogen 
species (RONS) and oxidative damage at low–moderate 
altitudes.


4.1  Iron and Altitude


There are several factors that impact an athlete’s HBmass 
response at altitude, including the hypoxic dose (~ + 1% 
increase per 100  h at ~ 2000  m [34, 51]) and baseline 
HBmass [32, 52]. Beyond this, the nutrition intervention 
receiving the most scientific attention with regards to opti-
mizing adaptations to moderate altitudes is the mineral 
iron. In 1992, investigators such as Benjamin Levine, James 
Stray-Gunderson and colleagues were amongst the first to 
highlight that pre-existing iron deficiency (serum ferritin 
of 15 ± 3 vs. 69 ± 10 μg/l) without iron supplementation at 


2500 m of altitude compromised the red blood cell adaptive 
response to altitude training [53]. Accordingly, pre-altitude 
ferritin cut-offs of < 30 ng/ml and < 40 ng/ml have often 
been used as a pre-altitude “check” to ensure optimal adap-
tations and/or whether to supplement iron in females and 
males, respectively [11]. However, these pre-altitude fer-
ritin cut-offs, in combination with iron supplementation, 
have not been scientifically validated (Table 1), although 
they have been utilized in a recent altitude study that showed 
expected HBmass increase after 3 weeks at moderate alti-
tude (+ 4.7% [44]). Furthermore, anecdotally, athletes who 
have low pre-altitude ferritin (> 15 but < 30 ng/ml) with 
normal pre-altitude hemoglobin, but who are supplemented 
with iron throughout an altitude camp, appear to still exhibit 
optimal HBmass adaptations. Indeed, several studies have 
shown no relationship between pre-altitude ferritin stores 
and the magnitude of the HBmass response [44, 54, 55]. To 
add to this, re-analysis of data from 49 elite athletes training 
at 2100 m while consuming ~ 100–200 mg of elemental iron 
daily also supports no relationship between pre-altitude fer-
ritin and subsequent HBmass responses, as long as athletes 
supplement with iron throughout the altitude camp (Pearson 
correlation between baseline ferritin and percentage change 
in HBmass = − 0.1296, p = 0.38 [32]).


Current recommendations are to assess iron status 
8–10 weeks prior to altitude training [11] and to commence 
oral supplementation 2–3 weeks prior to altitude exposure, 
and to continue this supplementation throughout (Fig. 3 


Fig. 2  The relationship between the pre- to post-altitude camp 
(~ 3–4  weeks) percentage change in HBmass and the pre- to post-
altitude camp percentage change in BM across 114 different unique 
athlete observations over 3–4 weeks of camp duration from 2015 to 


2018 (unpublished observations). Athletes highlighted as a red dot 
had illness throughout the camp. The dashed line represents a linear 
regression (R = 0.066; p = 0.485). BM body mass, HBmass hemo-
globin mass
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[55–57]). However, iron stores can change appreciably in 
8–10 weeks [58, 59], and our current recommendation is to 
aim for pre-altitude blood work ~ 4–6 weeks prior to allow 
for more precise pre-altitude ferritin assessment, yet time 
to still supplement and correct prior to altitude if required 
(Fig. 3). Regarding the optimal iron dose at low–moderate 
altitudes, retrospective analysis of hematological data col-
lected from athletes (n = 178) engaged in altitude training 
at moderate altitudes (1350–3000 m) demonstrated greater 
HBmass increases in iron-supplemented athletes versus 
those who were not supplemented [60]. In this study, athletes 
who did not supplement with iron had HBmass increases of 
only 1.2%, while athletes who supplemented with 105 mg 
or 210 mg had HBmass increases of 3.3% and 4.0%, respec-
tively. Our altitude iron recommendations established on fer-
ritin cut-offs of < 100, ~ 100–130 and > 130 ng/ml (Fig. 3) 
are based on interpolation and/or extrapolation of existing 
data [56, 57, 60]. Accordingly, a blunted erythropoietic 
response was also observed in non–iron-supplemented ath-
letes during simulated live-high train-low (LHTL) despite 
being iron replete [55]. Furthermore, altitude studies that 
have supplemented ~ 200 mg of elemental iron per day have 
only shown modest increases in pre- to post-ferritin levels 
(~ 5–30% [57, 60]), indicating the increased iron utilization 


at altitude and the low risk for iron overload. Nevertheless, 
these ferritin cut-offs require further scientific validation, 
as no definitive iron dose–response study at low–moderate 
altitudes in athletes currently exists.


Taken together, current evidence suggests that most 
athletes will maximize the hypoxia-induced increases in 
HBmass while consuming ~ 100–200 mg of elemental iron 
daily in oral form, with most evidence relating to iron salts. 
Recent advances in intravenous (IV) iron formulations have 
radically changed the accessibility and safety associated with 
IV iron delivery [61], raising questions surrounding its suit-
ability and efficacy as a supplementation option during alti-
tude exposure. However, IV iron did not further augment the 
HBmass response to 3 weeks of simulated altitude training 
compared with standard oral supplementation practices (105 
or 210 mg of elemental iron/daily) in non-anemic, trained 
endurance athletes [55]. Thus, it would appear that oral iron 
supplementation remains the most appropriate option for 
iron-replete individuals, which better aligns with the “no 
needle” policies of many sporting organizations’ govern-
ance processes.


The regulation of the peptide hormone hepcidin needs to 
be considered when looking to maximize iron bioavailability 
in hypoxia. Hepcidin is often referred to as the “master iron 


Fig. 3  Contemporary blood health screening and supplemental iron 
recommendations before, during and after altitude. Recommendations 
are based on the following references [11, 56, 57, 60, 64, 163–166] 
and are not to replace local and/or national sport expert advice and 
policies, and do not constituent medical advice. Final recommenda-


tions should always be sought from a sports medicine physician. CO 
carbon monoxide, CRP C-reactive protein, GI gastro-intestinal, Hb 
hemoglobin, HBmass hemoglobin mass, h hours, IV intravenous, 
MCHC mean corpuscular hemoglobin concentration, MCV mean cor-
puscular volume, PV plasma volume, Vit vitamin
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regulator,” as increased hepcidin causes a decrease in iron 
absorption and iron recycling within the body [62]. Hepcidin 
is suppressed in hypoxic conditions [57, 63], but is upregu-
lated when high amounts of iron are present in the circula-
tion and subsequent to exercise training [64], which, in turn, 
reduces iron availability since both dietary iron uptake from 
the gut and expression of iron on macrophages are impaired 
[65]. Accordingly, a number of iron dosing protocols are 
possible, such as single or split daily doses, or dosing every 
other day [66, 67]. Interestingly, at sea level, multiple daily 
doses of iron caused an increase in hepcidin, and a decrease 
in the percent of iron absorbed from subsequent iron doses 
in iron deficient females [66], suggesting single dosing pro-
tocols may be superior. However, despite elevated hepcidin 
and decreased bioavailability (% relative absorbed) with 
two doses per day [66], or daily iron dosing compared to 
alternate days [67], the total iron absorbed remains greater 
with a higher frequency of supplementation [notwithstand-
ing any individual gastro-intestinal (GI) issues with greater 
individual doses].


Further support for a single daily iron dosing protocol 
comes from a recent applied study in elite runners over a 
training camp at 2100 m [57]. This study compared a split 
(100 mg elemental iron at 7–8 AM plus 100 mg between 
9 and 10 PM) versus a single (200 mg elemental iron at 
9–10 PM) equivalent dose of ferrous fumarate daily for 
~ 3 weeks. While both supplemented groups experienced 
a significant increase in HBmass post altitude, the single-
dose group had a significantly greater increase (6.7 ± 6.3%; 
p = 0.048) compared to the split-dose group (4.6 ± 3.9%). 
The trade-off may be greater reports of GI concerns with 
the single dose, as there was a 37% increase in the over-
all GI distress score associated with the single versus split 
dose over the first 2 weeks. However, this difference was not 
apparent by week 3, suggesting gut adaptation can occur to 
the greater single dose [57]. Also, there may be different GI 
tolerance to different types of oral iron supplements [68], 
which also may be individually trialed. Of note, the efficacy 
of an alternate-day iron supplementation protocol is yet to 
be explored in athletes at altitude, but offers a promising 
possible avenue for further research (Table 1).


In conclusion, since no correlation has been observed 
between pre-altitude ferritin stores and the magnitude of 
the erythropoietic/HBmass response [32, 54, 55], it appears 
that iron availability via supplementation during altitude is 
more important for optimal adaptations than pre-altitude 
iron stores [56, 57]. Nevertheless, optimizing iron bioavail-
ability, via optimal iron dose timing, requires an apprecia-
tion of the temporal effects of hepcidin that are influenced 
by baseline ferritin [64], timing of multiple daily iron doses 
[66, 67], timing, duration and intensity of training [64], 
and diurnal effects [69]. Figure 3 highlights our current 
knowledge and recommendations regarding blood health 


screening and supplemental iron recommendations before, 
during and after altitude, including highlighting factors that 
will increase or decrease oral iron bioavailability. We rec-
ommend the involvement of a sports medicine physician in 
this process, as excess iron supplementation and clinically 
elevated endogenous iron stores can have negative health 
consequences [70, 71].


4.2  Antioxidant Considerations


Exercise at moderate altitudes is associated with increased 
production of RONS with reduced antioxidant capacity, 
leading to oxidative stress [72, 73]. The excessive overpro-
duction of RONS, in excess of the endogenous antioxidant 
defense systems, can cause damage to lipids, proteins and 
DNA which may impair cell and immune function, result-
ing in delayed post-exercise recovery [74]. Both acute [75, 
76] and chronic exposure to hypoxia [72, 77, 78] augments 
oxidative stress in well-trained athletes, while reduced anti-
oxidant capacity may persist for up to 2 weeks following 
altitude training [79]. Interestingly, normobaric hypoxia 
appears to produce a larger increase in oxidative stress than 
hypobaric hypoxia [80], while a recent study in a team sport 
setting showed no impact of intermittent hypoxia on bio-
markers of oxidative stress [81]. Although several factors 
can modulate the oxidative stress response to altitude (e.g., 
the intensity and type of training [82]), it can be generalized 
that a greater level of hypoxic stimulus results in greater 
oxidative stress (Fig. 1 [83, 84]). The clinical implications 
of altitude-induced oxidative stress are not entirely clear [85, 
86], beyond being linked to acute mountain sickness (AMS) 
at high altitudes [87, 88]. At moderate altitudes, some stud-
ies have shown increased inflammation and illness in asso-
ciation with higher levels of oxidative stress [89, 90], but 
others have not [81]. It is important to note that, although 
there is some evidence of immunological biomarker distur-
bances at low–moderate altitudes in elite athletes [91, 92] 
and anecdotally there is an assumption of increased rate of 
illness at altitude, there is actually limited evidence of an 
increased rate of illness at low–moderate altitudes. In fact, 
a recent athlete and immune function review by Walsh et al. 
[93] highlights that there is no evidence that exercising in 
extreme environments poses any additional immune threat, 
and some recent evidence suggests that immune health may 
actually be enhanced by regular intermittent environmental 
stressors.


Given that exogenous antioxidants neutralize free radi-
cals, it is logical to hypothesize that antioxidant supplemen-
tation would be a worthy intervention to combat altitude-
induced oxidative stress and its potentially associated perils. 
Although early investigations have shown that antioxidant 
supplements had modulating effects on oxidative stress 
and AMS symptoms at high altitudes [94, 95], more recent 
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studies indicate no effect [96–98] or mixed results [99]. 
Importantly, the majority of the studies have been conducted 
in military training settings and/or at altitudes > 4000 m, 
and thus, do not reflect the contemporary altitude training 
regimes of athletes. Furthermore, none of these studies have 
assessed the impact of antioxidant supplementation on train-
ing adaptation. With the current understanding of the essen-
tial role of RONS in initiating the positive adaptive response 
to endurance training [100], hypoxia [101] and upregulation 
of the endogenous antioxidant defenses [102], dampening 
RONS with antioxidants might actually be counterproduc-
tive and reduce the adaptive responses to altitude training 
(Table 1), which has been shown at sea level [103–105]. Two 
recent studies have examined the effect of antioxidants from 
food sources on the adaptive response to altitude training 
[44], and oxidative stress and inflammation [106]. The first 
study [44] revealed that more than doubling the daily intake 
of antioxidant-rich foods during a 3-week altitude camp 
(2320 m) did not interfere with the training responses in elite 
endurance athletes [measured as HBmass and maximum 
rate of oxygen consumption (VO2max)]. While the follow-up 
study showed that the food-based antioxidant intervention 
elevated plasma antioxidant capacity and attenuated some 
of the altitude-induced increases in systemic inflammatory 
biomarkers, it had no impact on altitude-induced oxidative 
stress in the elite athlete population [106].


Collectively, there is not sufficient evidence to recom-
mend high-dose single antioxidant supplementation to 
attenuate altitude-induced oxidative stress, especially at 
low–moderate altitudes. Furthermore, the impact of anti-
oxidant supplements on the adaptive training response to 
altitude requires further research (Table 1). At present, inte-
grating ample amounts of antioxidant-rich foods into ath-
letes’ daily dietary regimes while training at altitude seems 
the most reasonable advice, including a vitamin C source 
(e.g., orange juice, low-dose vitamin C supplement) with 
the athletes’ iron supplement to optimize bioavailability 
(Fig. 3).


5  Ergogenic Supplement Considerations 
During Altitude


Despite a growing body of evidence for a handful of specific 
ergogenic aids for performance enhancement at sea level 
[107], there are very few acute or chronic supplementation 
studies completed in hypoxic conditions. Given that hypoxia 
changes oxygen extraction, delivery and uptake, as well as 
altering lactate kinetics and buffering, we would caution 
against the indiscriminate use of sea-level ergogenic aids 
until more hypoxia-based data are generated. Nevertheless, 
there are some preliminary data on nitrate supplementation 
and some theoretical use of buffers at altitude, along with 


several other emerging supplements that will be covered in 
this section.


5.1  Nitrates/Beetroot at Altitude


Nitric oxide (NO) is a pleiotropic signaling molecule and 
a regulator of many physiological and adaptive processes 
that are endogenously stimulated by hypoxia. Therefore, 
dietary nitrate  (NO3; an NO precursor) supplementation, 
usually in the form of concentrated beetroot consumption, 
during hypoxia has garnered much recent attention [108, 
109]. Accordingly, one might hypothesize even greater 
effects of  NO3


− supplementation at altitude. Similar to the 
data found in normoxia, there are several studies confirming 
enhanced exercise economy (reduced steady-state VO2), by 
~ 5–10%, in hypoxia and/or enhanced performance outcomes 
in recreationally active subjects after  NO3


− supplementation 
[110–112]. However, also similar to the normoxic litera-
ture, four recent hypoxia-based studies have failed to show 
these outcomes in elite endurance trained subjects (VO2max 
> 60 ml/kg/min); although some individuals appeared to 
benefit [113–117], this is not always the case [118]. There-
fore, similar to the normoxic data, the majority of studies in 
elite endurance-trained subjects show no further benefits of 
 NO3


− supplementation in hypoxia.
Perhaps not surprisingly, given that  NO3


− supplemen-
tation increases  O2 delivery, in both recreational [111, 
112] and elite [116] subjects,  NO3


− supplementation has 
resulted in a small 1–4% increase in arterial  O2 saturation 
 (SaO2) via pulse oximetry during hypoxic exercise (thus less 
desaturation). However, given the links between decreases 
in  SaO2 and EPO release [119] and HIF-1-alpha responses, 
one might question whether chronic  NO3


− supplementation 
while training at altitude might actually attenuate some of 
the hypoxia-induced adaptations. Indeed, several studies 
have shown no performance enhancing or training adapta-
tion effect of chronic  NO3


− supplementation during hypoxic 
training over 5–6 weeks [120, 121], suggesting that chronic 
 NO3


− intake might attenuate training adaptations by decreas-
ing the drop in arterial  (SaO2) and muscle  O2 saturations—
factors that serve as “signals” for hypoxic adaptations [120]. 
Taken together, given the lack of consistent data and/or sev-
eral studies suggesting contraindications [120, 122], we can-
not conclusively recommend  NO3


− supplementation during 
altitude training in elite athletes unless individual outcomes 
have been quantified.


5.2  Hypoxic Acid/Base Regulation and Exogenous 
Buffering Considerations


During progressively intense exercise, the drop in muscu-
lar pH via hydrogen ion  (H+) production, which is exacer-
bated by hypoxia at the same absolute workloads, has been 







 T. Stellingwerff et al.


shown to negatively affect metabolic processes, such as the 
inhibition of glycolysis and muscle contraction processes, 
ultimately resulting in fatigue and decreased performance 
[123]. Therefore, the enhancement of both intra- (inside) 
and extra-muscular (outside) buffering of  H+ should lead to 
an increase in performance where metabolic acidosis is a 
limiting factor. Accordingly, humans have evolved to have 
many varying endogenous mechanisms contributing to total 
buffering capacity, which are innately enhanced upon ascent 
to altitude [6] and potentially increased by several nutrition-
based ergogenic aids. These ergogenic aids with significant 
sea-level evidence [107] include (1) β-alanine (BA) sup-
plementation leading to intra-cellular muscle carnosine 
synthesis (3–6 g BA/daily for 6–8 weeks) and (2) sodium 
bicarbonate  (NaHCO3) or citrate supplementation leading 
to extra-cellular increases in bicarbonate  (HCO3


−) [acutely, 
~ 300 mg  NaHCO3/kg BM taken 1–2 h prior to competition]. 
It is beyond the scope of this review to unravel the complexi-
ties of anaerobic performance determinants and associated 
potential ergogenic aids (for recent reviews, see Peeling et al. 
[107] and Stellingwerff et al. [124, 125], as well as the exten-
sive literature on acid–base regulation during exercise [123] 
and/or during hypoxia [126]). Instead, this section will briefly 
overview the buffering changes upon ascent to altitude and 
then examine the scant data on whether exogenous buffering 
supplements should be considered at altitude (Fig. 1).


Upon immediate ascent to altitude, there is a very rapid 
hyperventilatory response to hypoxia to raise  PO2, which 
leads to respiratory alkalosis, resulting in decreased  H+, 
increased pH and increased renal  HCO3


− excretion, result-
ing in decreased blood  HCO3


−; for reviews see Gore et al. 
[6] and Cerretelli and Samaja [126]. Subsequent to this 
immediate response, chronic altitude (days to weeks) actu-
ally increases intra- and extra-cellular buffering capacity 
[127–129]. Indeed, hypoxia-induced changes in blood pH 
can occur in elite 400-m runners in just several days [130]. In 
fact, enhancement of critical buffering transporters in blood 
erythrocytes (via increased monocarboxylate and bicarbo-
nate  (Cl−/HCO3


−) transporters [127]) and a 5–6% increase 
in muscle buffering [128, 129] have both been shown in 
just 2 weeks of hypoxia. Therefore, given the drop in blood 
 HCO3


−, one might hypothesize that exogenous  NaHCO3 or 
citrate supplementation may actually be more advantageous 
for performance in hypoxia. However, in the handful of 
studies that have used  NaHCO3 or citrate in hypoxic condi-
tions, six studies have shown no ergogenic effect [131–136], 
while one study has shown an increase in the anaerobic (W′) 
component, which would be suggestive of a performance 
enhancement, at simulated altitude (14.5%  O2; ~ 2800 m 
[137]). Regardless, it is difficult to compare any of these 
studies, because of different levels of hypoxia, performance 
protocols and states of hypoxic adaptation, as well as several 
of the studies being potentially under-powered to detect a 


performance difference (n ≤ 7 [131, 134, 135]). Obviously, 
much more research is required to better understand the lim-
iting effects of performance in hypoxia, the time course and 
impact of these extracellular buffering changes in elite ath-
letes at low–moderate altitudes, as well as the mechanism(s) 
responsible for the subsequent enhanced muscle buffering 
capacity (Table 1).


The chronic utilization of nutritional buffers to potentially 
enhance training adaptations is not well understood. For 
example, there are only a few studies examining the chronic 
effect of  NaHCO3 supplementation (5–7 days) in normoxia, 
all of which have initially demonstrated promising outcomes 
[138–141]. However, some individuals will suffer from GI 
upset and/or increased fluid retention and BM increases 
(+ 1–3% BM) due to the high sodium ingestion [142, 143] 
following  NaHCO3


− supplementation, potentially negating 
the performance outcomes [144–146]. All of these nega-
tive side effects may be exacerbated with prolonged chronic 
 NaHCO3


− protocols. Additionally, two studies have exam-
ined whether augmented carnosine via BA supplementa-
tion may lead to an enhanced training effect, with one study 
showing a trend for greater resistance-training volume [147] 
and another finding no influence of BA to further enhance 
high-intensity interval training [148]. We are unaware of any 
prolonged chronic  NaHCO3 supplementation studies con-
ducted at altitude/hypoxia. Conversely, we are only aware 
of a single study examining the acute effects of  NaHCO3 
supplementation both prior to and after 5 weeks of BA sup-
plementation. All of these trials were conducted in simulated 
hypoxia (15.5%  O2 = ~ 2400 m), in which neither BA nor 
 NaHCO3 caused any performance benefits [149]. Obviously, 
our global understanding of the adaptive effects of buffers is 
not well understood at either sea level or altitude (Table 1).


Taken together, current evidence would not support the 
use of exogenous  NaHCO3 or citrate supplementation to 
augment acute hypoxic performance. Furthermore, given 
the remaining questions around the innate magnitude and 
timing of acid–base/buffering changes in elite athletes at 
low–moderate altitudes, let alone the potential adaptive 
impact of chronic exogenous buffers, we also cannot con-
clusively recommend the chronic use of  NaHCO3 or citrate 
supplementation. However, due to BA’s long supplementa-
tion period (~ 6–8 weeks) to augment muscle carnosine, one 
might consider its utilization if the timing were critical for 
post-altitude competitions, with no current anecdotal evi-
dence to report any apparent negative side effects (unpub-
lished observations).


5.3  Other Potential Supplements: N‑Acetylcysteine 
and Ginkgo biloba


Limited evidence exists for alternative nutritional supple-
ments that have extensive data as potential ergogenic aids 
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for enhancing adaptation to altitude. For example, we are 
unaware of any intervention studies investigating the impact 
of vitamins  B6,  B12 and D or glutamine or branched chain 
amino acids in athletes at low–moderate altitudes. There-
fore, whether a higher intake of these vitamins and proteins 
(in the form of supplements) would have additional ben-
efits has not been investigated and again highlights areas 
for future research. However, when looking beyond the 
aforementioned prospects of nitrate and buffers, the thiol-
containing compound N-acetylcysteine (NAC) seems to 
show mechanistic promise. Previous work has shown that 
NAC increases circulating free cysteine levels, which, in the 
presence of increased glutathione demand, can support glu-
tathione synthesis and prevent its depletion [150]. Interac-
tions between NAC, cysteine and glutathione are suggested 
to act in potentially numerous mechanistic ways that may 
be beneficial for athlete performance, recovery and adap-
tation. For instance, NAC ingestion is proposed to result 
in an anti-oxidant effect that minimizes the oxidative stress 
and inflammatory response imposed from physical activ-
ity [151] (see Sect. 4.2). Furthermore, NAC is proposed to 
enhance fatigue resistance [152] and improve athletic per-
formance [151]; to enhance immune system function [153], 
hemodynamics and muscle blood flow [154]; and to modu-
late EPO production and the hypoxic ventilatory response 
[155]. Intuitively, each of these mechanisms appears likely 
to support a positive adaptation to hypoxic environments 
such as altitude exposure. However, scant literature exists 
to explore such a prospect in applied athlete settings where 
an altitude sojourn has occurred. Regardless, the previous 
literature showing a positive impact of NAC supplementa-
tion on these relevant physiological outcomes has generally 
provided the thiol compound in oral dosages ranging from 
600–1200 mg/day for a 5- to 9-day period [151, 154, 155]. 
However, it should be noted that not all literature supports 
the positive modulation of NAC on EPO production [156], 
and when consumed in high doses for prolonged periods of 
time (i.e., 1200 mg/day for 4 weeks, followed by 2400 mg/
day for a further 2 weeks), pro-oxidant, rather than anti-oxi-
dant, effects have been reported [157], which may actually 
serve to attenuate aerobic adaptations (see Sect. 4.2). With 
this in mind, further research is clearly required before NAC 
can be recommended as a useful supplement for use prior 
to and/or throughout altitude exposure in athletes, with fac-
tors such as dose, duration of consumption and the resultant 
potential for mechanistic promise to convert to enhanced 
adaptation all needing further clarification.


Any indirect benefits of a supplement that might sup-
port an athlete’s immune function are of key interest, since 
it is well-documented that unaccustomed altitude exposure 
places an additional burden on the immune system [158]. 
Maintaining an athlete’s immune function and/or reducing 
the impact of any altitude-induced illness while under such 


environmental stress may lead to enhanced overall adapta-
tions. With this in mind, there appears to be potential for 
the use of the herb extract G. biloba (GBE), with proposed 
mechanisms such as reducing tissue hypoxia, increasing 
vasodilation and, via its anti-oxidant properties, possibly 
reducing the incidence of a mild AMS [159], characterized 
by headache, lightheadedness, fatigue, nausea, and insomnia 
[160]. Such effects can negatively impact on an athlete’s 
ability to train, and therefore, their overall adaptation to an 
altitude exposure may be compromised [161]. Although a 
promising prospect, recent meta-analyses of GBE shows 
equivocal outcomes of its impact on AMS prevention (only 
57% of included studies showed a positive outcome [159]). 
Investigations exploring the potential prophylactic nature of 
GBE have used daily split doses of 80–120 mg, consumed 
over a 3- to 5-day period both before and/or during the alti-
tude sojourn [160, 162]; however, it should be considered 
that the majority of these studies have focused on trekkers 
at high to extreme altitudes, rather than athlete populations 
at low–moderate altitudes. Therefore, similar to NAC sup-
plementation, more research is needed before confident rec-
ommendations on GBE supplementation for reductions in 
altitude-induced illness and/or AMS symptoms can be made.


6  Future Directions and Conclusions


Even though the hypoxic stress of altitudes < 2400 m may 
seem very minor in comparison with mountaineering alti-
tudes, the extreme training intensities and volumes of elite 
athletes can be compounded and need to be considered. For 
example, elite endurance athletes may spend as much as 
20–25% of the entire year at altitude through the implemen-
tation of many camps [1, 4]. Therefore, despite the fact that 
RMR might be only increased ~ 300 kcal/day at ~ 2000 m 
[39] (see Sect. 3), if an athlete spends 3–4 months at altitude, 
this actually amounts to a ~ 25,000 kcal yearly mismatch. 
Indeed, future altitude studies need to make compelling 
efforts to quantify both EA and actual training loads to bet-
ter elucidate whether training camp outcomes are actually 
due to the hypoxic stress and not due to altered training and/
or EA. Within this narrative review, we have focused on six 
key altitude-related nutrition themes (Fig. 1), and a repeated 
thesis is the relative lack of data at the low–moderate alti-
tudes (~ 1600–2400 m) that elite athletes typical utilize for 
optimal training adaptations [5]. Accordingly, many research 
questions have been raised (Table 1), with a definitive iron 
dose–response study at natural altitudes in athletes probably 
being one of the key current gaps in the literature. In conclu-
sion, given the infinitesimal difference between winning and 
losing, coupled with the fact that most elite endurance ath-
letes/programs utilize altitude to some degree as part of their 
preparation, the optimization of nutritional interventions to 







 T. Stellingwerff et al.


optimize altitude adaptations is an ever-important perfor-
mance aspect needing consideration.
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Contemporary Nutrition Approaches 
to Optimize Elite Marathon Performance


Trent Stellingwerff


The professionalization of any sport must include an appreciation for how and where nutrition can positively 
affect training adaptation and/or competition performance. Furthermore, there is an ever-increasing impor-
tance of nutrition in sports that feature very high training volumes and are of a long enough duration that both 
glycogen and fluid balance can limit performance. Indeed, modern marathon training programs and racing 
satisfy these criteria and are uniquely suited to benefit from nutritional interventions. Given that muscle gly-
cogen is limiting during a 2-h marathon, optimizing carbohydrate (CHO) intake and delivery is of maximal 
importance. Furthermore, the last 60 y of marathon performance have seen lighter and smaller marathoners, 
which enhances running economy and heat dissipation and increases CHO delivery per kg body mass. Finally, 
periodically training under conditions of low CHO availability (eg, low muscle glycogen) or periods of mild 
fluid restriction may actually further enhance the adaptive responses to training. Accordingly, this commentary 
highlights these key nutrition and hydration interventions that have emerged over the last several years and 
explores how they may assist in world-class marathon performance.


Keywords: carbohydrate, running, training, periodization


The author is with the Canadian Sport Institute–Pacific, Victoria, 
BC, Canada.


Since 2008, the men’s marathon has entered an 
unprecedented era of performance. In 1999, the marathon 
world record stood at 2:05:42. In 13 years this time has 
now been bettered 40 times, with 36 of those times since 
2008 and 37 of the record-breaking athletes coming from 
either Kenya or Ethiopia. The world record currently 
stands at 2:03:38 by Kenya’s Patrick Makau Musyoki. 
Although the women’s marathon has shown progress 
too, it has been more linear, and its world record has 
stagnated since 2003, with some suggesting that women 
have not had the same socioeconomic opportunities to 
pursue professional running as their male counterparts.1 
It has been argued that this explosion of marathon perfor-
mance is due to a “perfect storm” of circumstances such 
as physiology, anthropometrics, biomechanics, training 
advances, environmental factors, and socioeconomic 
influences.1,2 These outstanding marathon performances 
have ignited the debate on the limits of human endur-
ance, as highlighted by a recent scientific article titled 
“The Two-Hour Marathon: Who and When?”3 and the 
numerous published countercommentaries on various 
potential intervening factors.4


However, beyond these factors, an appreciation of a 
modernized approach to nutritional physiology and peri-
odization needs to also be considered. In fact, there is an 
ever-increasing importance of nutrition during prolonged 
endurance events5 and throughout periods of very high 


training loads. Thus, given the duration of the marathon 
(>2 h) and the fact that elite marathoners routinely train 
220 to 280 km/wk,6,7 the marathon is an event uniquely 
suited to benefit from nutritional interventions. Therefore, 
the aim of this commentary is to highlight some of the 
contemporary acute (Figure 1) and chronic (Table 1) 
nutrition and hydration interventions that have both sci-
entifically and anecdotally emerged over the last several 
years and explore how they may assist in world-class 
marathon performance.


Chronic Nutrition and Training 
Interactions Allowing for Optimal 


Training Adaptations
Table 1 highlights the chronic training adaptations that 
can be affected by nutrition and hydration to optimize 
endurance physiological adaptations. Beyond the typi-
cal endurance-athlete preparation, which features large 
amounts of aerobic training6–8 to drive expression and 
proliferation of mitochondria, enzymes, transporters, and 
capillaries, this section focuses on the emerging thesis 
that carbohydrate (CHO) cycling and periodic low-CHO 
training may further optimize these adaptations.


Despite recommendations to always attempt to train 
in glycogen-compensated states, recent data suggest that 
periodically decreasing CHO availability may further 
enhance endurance-training adaptations.9 Lowering CHO 
availability can be achieved by either training with low 
endogenous glycogen availability10,11 or training with 
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Figure 1 — Schematic framework of acute physiological and nutritional determinates of marathon performance (adapted from Joyner and 
Coyle30). Abbreviations: VO2, oxygen uptake; CHO, carbohydrate; GI, gastrointestinal; EE, energy expenditure; EI, energy intake.


Table 1 Outline of Chronic Training Adaptations That Can Be Affected by Nutrition or Hydration 
Interventions to Optimize Marathon-Specific Physiological Adaptations


Desired physiological 
adaptation Type of training or environmental intervention Potential nutrition or hydration intervention


↑ muscle glycogen contents. Large volumes of upper aerobic power training (eg, 
fartleks, tempos).


↑ CHO cycling via periodically training under 
low CHO availability and acute prerace CHO 
loading.


↑ or maintain healthy hemo-
globin content for optimal 
O2-carrying capacity.


Minimize inflammatory responses by large volumes 
of aerobic training at intensities below lactate thresh-
old; potentially use hypoxic environments to increase 
natural RBC production.


Optimal dietary iron and vitamin B12 intake.


↑ PV leading to ↑ SV and 
VO2max and heat acclimation.


Periodic VO2max training sessions (large durations of 
high quality of training intensity at or near HRmax); 
training in a heat-stress environment.


Targeting mild to moderate dehydration during 
heat-stress training and ingestion of protein 
after heat-stress training?


↑ buffering capacity or ↑ lac-
tate or ventilatory threshold.


High-intensity anaerobic training to increase anaero-
bic capacity and lactate tolerance.


Chronic beta-alanine supplementation.


↑ aerobic or mitochondrial 
genes, enzymes, transporters.


Large volumes of upper aerobic power training (eg, 
fartleks, tempos) and lactate-threshold training.


Periodically training under low CHO avail-
ability and potentially L-carnitine supplemen-
tation?


↑ intestinal CHO-transporter 
density and/or function.


Marathon race-pace-specific training in target mara-
thon weather conditions to mimic race-specific GI 
blood shunting and GI stress.


↑ exercise-specific CHO fueling and over-
all dietary CHO intake over a several-week 
period?


↑ overall training load in a volume-dependent sport via optimized nutritional recovery practices.


↑ ratio of power to body mass to improve running economy via long-term management of energy expenditure vs energy intake.


Abbreviations: CHO, carbohydrate; O2, oxygen; RBC, red blood cell; PV, plasma volume; SV, stroke volume; VO2max, maximal oxygen consumption; HRmax, 
maximal heart rate; GI, gastrointestinal. Question mark indicates that more research is needed to fully validate initial findings.
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low exogenous CHO availability (overnight-fasted train-
ing12). The seminal paper in this area, by Hansen et al,10 
reported increased endurance adaptation and performance 
in untrained men when half of the training sessions (5 d/
wk over 10 wk) were undertaken in a muscle-glycogen-
depleted state (training twice per day, so the second 
training bout was glycogen depleted), as compared 
with 100% of training conducted in a glycogen-loaded 
state. Several follow-up studies have confirmed these 
enhanced endurance-training-induced muscle adapta-
tions with periodic low CHO availability, but without a 
further enhanced performance outcome compared with 
normal training group.11 Several follow-up studies have 
also confirmed enhanced training adaptations with low-
energy-availability training (either low muscle glycogen 
or low exogenous CHO availability via overnight-fasted 
training), but not necessarily with performance changes. 
Some of the proposed mechanisms included elevations 
in resting muscle glycogen content, increased maximal 
activity of several key β-oxidation pathway enzymes, 
elevated skeletal-muscle fatty-acid protein transporters, 
and higher rates of whole-body fat oxidation (for review, 
see Burke9). Nevertheless, it is difficult to extrapolate the 
results of short-term laboratory training studies (~10–25 
sessions) to the real world of marathon running, where 
elite athletes are looking for only marginal improvements 
in performance over years of training (eg, elite marathon 
runners will undertake 550–650 training sessions per 
year6,7).


Intriguingly, anecdotal reports indicate that East 
African runners undertake some training in a glycogen-
depleted or fasted, water-only state (Hilary Stellingw-
erff, personal observations, Ethiopian training camp, 
November 2008). However, whether this low-CHO train-
ing is purposeful or an indirect product of programs with 
a high training frequency (resulting in a lack of time for 
glycogen resynthesis) remains to be elucidated. Despite 
the fact that this type of low-CHO-availability training 
is both physiologically and psychologically challeng-
ing, these scientific and anecdotal reports suggest that 
elitely adapted athletes may need to periodically under-
take low-CHO-availability training to fully maximize 
endurance-training responses. Accordingly, a recent 
case-study publication examined individualized low-
CHO-availability training interventions incorporated 
into 3 elite marathoners’ training programs.6 During the 
general preparation training phase each marathoner was 
encouraged to increase the frequency, duration, and qual-
ity of these low-CHO-availability sessions as they better 
tolerated and adapted (up to ~2–3 sessions/wk). Subse-
quently, there was a purposeful decline in these training 
sessions during the taper and an increased frequency 
of utilizing CHO sports drinks during this final phase. 
Although this case study was descriptive in nature, all 
training and nutrition interventions together resulted in 
the athletes improving their marathon race times from 
2:16:53 to 2:11:23, 2:15:15 to 2:12:39, and a debut at 
2:16:17. Nevertheless, it also remains to be elucidated 
what low-CHO-availability approaches (low-glycogen 


training vs overnight-fasted training vs. low-glycogen 
recovery periods, eg, overnight) will ultimately provide 
the best stimulus for adaptation while minimizing the 
likely deleterious effects of delayed recovery, decreased 
training quality, and increased immune-system  
stress.


Acute Nutritional Determinants 
of Marathon Performance


Figure 1 outlines a framework of acute physiological 
and nutritional determinants of endurance performance. 
Although caffeine13 and nitrate14 supplementation and 
CHO loading15 have all been shown to potentially affect 
endurance-based performance, this review focuses on 
novel research to optimize CHO delivery and oxidation 
during racing to enhance performance.


Fuel Utilization During Elite 
Marathon Running


Given that elite marathoners routinely run 220 to 280 
km/wk,6,7 with a large percentage of this volume as 
aerobic training,6 they are highly adapted for utilizing 
lipids via oxidative phosphorylation. However, elite 
marathon race pace tends to elicit ~80% to 90% of 
maximal oxygen consumption (VO2max), which has led 
some to hypothesize that, coupled with exogenous CHO 
intake (ie, sports drinks), these athletes could potentially 
complete the entire marathon using only CHO as fuel.16 
To my knowledge there are no published data showing 
CHO-utilization rates of world-class marathon runners at 
race pace. However, subelite marathon runners (~2 h 45 
min) had respiratory-exchange ratios of .95 to .97 during 
the last half of an overnight-fasted treadmill marathon 
with just water provision,17 indicating an ~96% depen-
dence on CHO as a fuel. So contrary to the widely held 
belief that marathon runners primarily use fat as a fuel, 
carbohydrate-derived energy stores and exogenous CHO 
supplementation are actually of paramount importance 
to elite marathon performance. Nevertheless, respiratory-
exchange-ratio data in elite marathon runners, who are 
uniquely adapted for optimal fat oxidation, have yet to 
be published to confirm this hypothesis.


Impact of Optimal CHO Delivery 
on Marathon Performance


Given that elite marathon running is nearly 100% 
CHO-dependent,17 it is important to appreciate the fuel 
limitations in endogenous muscle glycogen and, thus, 
the importance of exogenous CHO fueling. Therefore, in 
endurance events lasting longer than approximately 90 
minutes, a highly efficient gastrointestinal (GI) absorp-
tive and subsequent CHO-oxidation (CHOoxid) capacity, 
with a low overall body mass, is also a fundamental 
determinant contributing to modern world-class endur-
ance performance.
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It appears that the rate-limiting step to exogenous 
CHOoxid is at the level of the GI tract due to the intestinal 
CHO-transport mechanisms, specifically the sodium glu-
cose transport protein-1 (SGLT 1) transporter for glucose 
and the GLUT-5 transporter for fructose.18 Research 
led primarily by Jeukendrup and coworkers has shown 
that the combined intake of glucose and fructose sports 
drinks results in 30% to 50% higher CHOoxid and, during 
prolonged exercise, enhanced performance (for review, 
see Jeukendrup18). It is also thought that having a high 
CHOoxid efficiency of supplemented CHO beverages 
should reduce the accumulation of CHO in the GI tract 
and reduce the potential for GI distress during exercise.19 
It is important to note that even minor GI distress is asso-
ciated with negative endurance-performance outcomes.20 
Research has shown a highly variable response in indi-
vidual CHOoxid and GI tolerance.18,21 Supporting this is a 
between-subjects coefficient of variation of measurement 
for CHOoxid of ~15% to 20% in well-controlled studies 
conducted under similar conditions in similar subjects 
(for review, see Jeukendrup18). In addition, recent evi-
dence suggests that these CHO transporters appear to be 
trainable, so athletes who repeatedly expose their trans-
porters to high CHO intakes can potentially up-regulate 
CHOoxid.22,23 Conversely, we have found a highly signifi-
cant correlation between endurance athletes who have 
a history of GI problems during exercise and measured 
GI problems during competition,21,24 with about 15% to 
20% of endurance athletes having a chronic history of 
GI problems. Taken together, it appears that there is a 
large diversity of CHOoxid and GI responses and that each 
endurance athlete will have a unique “sweet spot” where 
he or she is able to absorb and oxidize a maximum amount 
of CHO and fluids to improve endurance performance 
versus too much fluids and CHO, which will cause GI 
distress and decrease performance. In support of this, 
a recent 51-subject CHO dose-response study using a 
cycling intervention showed a curvilinear performance 
response, with a 4.7% improvement in time-trial perfor-
mance at a CHO intake rate of 78 g/h.25 However, there 
was large individual variability in the optimal intake, as 
the 95% confidence intervals suggested uncertainty in 
the optimum of ~68 to 88 g/h CHO. This individual vari-
ability is reflected in a recently published elite-marathon 
nutrition and training case study showing a self-selected 
range from 49 to 77g/h CHO in 3 elite marathoners during 
sub-2:12 marathon efforts.6


Low Body Mass’s Positive Effects  
on Heat Dissipation and CHO Delivery


Heat production during a marathon can increase 10-fold, 
so there certainly appears to be a distinct physiological 
advantage for an athlete to have a low ratio of body mass 
(BM) to surface area to reduce thermoregulatory strain 
caused by the elevated metabolic heat production during 
prolonged endurance exercise.26 “Larger” marathon 
runners have the option to target races that take place in 


cooler conditions (except for major championships), but 
the requirement and ability to absorb and oxidize fuel 
(CHO) is completely weather independent. It is interest-
ing that there has been a small and consistent decline in 
the BMs of the marathon world-record holders over the 
last 60 years (Figure 2).


Recent data summarized from 7 individual studies 
(N = 63), from the same laboratory and under similar 
conditions, demonstrated no correlation between BM 
and CHOoxid.18 In other words, some of the lightest sub-
jects (~60 kg) had the same ability to absorb and oxidize 
exogenous CHO as some of the heaviest subjects (>90 
kg). This suggests that it appears to be the quality and 
quantity of CHO transporters, not the length of the GI 
tract, that ultimately dictates exogenous CHO delivery 
and oxidation. Thus, it is important to note, based on 
Jeukendrup’s data where subjects of differing BMs were 
able to oxidize CHO to a maximum of ~1g/min,18 that a 
70-kg runner is only able to absorb and oxidize ~0.0143 g 
CHO/min/kg BM, while a 54-kg runner is able to absorb 
and oxidize ~30% more per kilogram BM (~0.0185 g/
min/kg). Theoretically, this results in a much smaller 
shortfall of required CHO energy for lighter versus 
heavier marathon runners. In fact, theoretical calcula-
tions support the premise16 that small marathon runners 
who are muscle- and liver-glycogen loaded and using an 
aggressive exogenous-CHO-supplementation protocol 
may in fact be able to complete the entire marathon on 
nearly 100% CHO-derived energy.


Summary
World-class marathon performance depends on a multi-
tude of physiological, anthropometrical, biomechanical, 
training, and environmental factors and socioeconomic 
influences.1,2 However, both acute and chronic nutritional 
interventions will also play an important role in pushing 
marathon performance ever closer to that 2-hour barrier. 
Whether by evolutionary design, through purposeful 
training and dietary practices, or merely by chance, 
many East African athletes may already be predisposed 
to practicing some of the ideal nutritional interventions 
highlighted in this commentary. For example, East Afri-
can runners naturally have ideal body masses and anthro-
pometrics (light body masses; Figure 2). Furthermore, 
despite high carbohydrate intake,27 given their incredible 
training volumes of 220 to 280 km/wk7 (sometimes up 
to 3 sessions/d) they must inherently undertake a certain 
amount of training in moderate to low muscle-glycogen 
states. Recently, more athletes and coaches are also 
appreciating the performance enhancement that can be 
gained from ideal race-day fluid and CHO consump-
tion, certainly supported by recent literature.6,25,28 In 
fact, the great Haile Gebrselassie “only” ran 2:06:35 for 
third place in his first serious marathon attempt (2002 
London Marathon). However, it was later reported in an 
article titled “Geb Runs Out of Gas” that he had never 
used CHO sports drinks in training or competition and, 
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therefore, only consumed water in that race.29 Conversely, 
Gebrselassie, at only 54 kg, consumed ~60 to 70 g/h 
CHO in ~1000 mL/h fluids (Asker Jeukendrup, personal 
communication, November 2010) during his 2008 Berlin 
Marathon world record (2:03:59)—a 2% improvement 
in performance.
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REVIEW


Systematic review: Carbohydrate supplementation on exercise
performance or capacity of varying durations1


Trent Stellingwerff and Gregory R. Cox


Abstract: This systematic review examines the efficacy of carbohydrate (CHO) supplementation on exercise performance of
varying durations. Included studies utilized an all-out or endurance-based exercise protocol (no team-based performance studies)
and featured randomized interventions and placebo (water-only) trial for comparison against exclusively CHO trials (no other
ingredients). Of the 61 included published performance studies (n = 679 subjects), 82% showed statistically significant perfor-
mance benefits (n = 50 studies), with 18% showing no change compared with placebo. There was a significant (p = 0.0036)
correlative relationship between increasing total exercise time and the subsequent percent increase in performance with CHO
intake versus placebo. While not mutually exclusive, the primary mechanism(s) for performance enhancement likely differs
depending on the duration of the exercise. In short duration exercise situations (�1 h), oral receptor exposure to CHO, via either
mouthwash or oral consumption (with enough oral contact time), which then stimulates the pleasure and reward centers of the
brain, provide a central nervous system-based mechanism for enhanced performance. Thus, the type and (or) amount of CHO and
its ability to be absorbed and oxidized appear completely irrelevant to enhancing performance in short duration exercise
situations. For longer duration exercise (>2 h), where muscle glycogen stores are stressed, the primary mechanism by which
carbohydrate supplementation enhances performance is via high rates of CHO delivery (>90 g/h), resulting in high rates of CHO
oxidation. Use of multiple transportable carbohydrates (glucose:fructose) are beneficial in prolonged exercise, although indi-
vidual recommendations for athletes should be tailored according to each athlete’s individual tolerance.


Key words: carbohydrate, performance, duration, dose–response.


Résumé : Cette analyse documentaire systématique scrute l’efficacité de la supplémentation en hydrates de carbone (« CHO ») sur la
performance physique de durée diverse. Les études retenues traitent d’effort à fond de train ou d’endurance (pas d’études sur la
performance en équipe) et regroupent des approches aléatoires et des essais avec placebo (eau seulement) à des fins de comparaison
avec des essais sur les CHO seulement (pas d’autres ingrédients). Parmi les 61 études sur la performance (n = 679 sujets), 82 % révèlent
des gains de performance statistiquement significatifs (50 études) et 18 % ne révèlent aucune différence avec des groupes placebo. On
note une corrélation significative (p = 0,0036) entre l’augmentation du temps total d’exercice et l’augmentation (%) subséquente de
performance en présence de consommation de CHO comparativement à un placebo. Tout en n’étant pas mutuellement exclusifs, les
principaux mécanismes d’amélioration de la performance diffèrent en fonction de la durée de l’exercice. Dans le cas des exercices de
courte durée (�1 h), les récepteurs buccaux sont exposés aux CHO, au moyen de rince-bouche ou de la consommation per os (avec
suffisamment de temps de présence en bouche) stimulant ainsi les centres nerveux du plaisir et de la récompense; cette exposition
constitue un mécanisme du système nerveux central pour l’amélioration de la performance. Par conséquent, la nature et/ou la
quantité de CHO pouvant être absorbés et oxydés n’a apparemment rien à voir avec l’augmentation de la performance dans les
exercices de courte durée. Dans le cas des exercices de plus longue durée (>2 h) qui grèvent les réserves de glycogène musculaire, les
principaux mécanismes d’amélioration de la performance consécutive à la supplémentation en sucres comportent un haut taux
d’approvisionnement en CHO (>90 g/h) suivi d’un haut taux d’oxydation des CHO. L’utilisation de multiples CHO transportables
(glucose:fructose) est bénéfique pour les exercices prolongés, mais les recommandations à l’intention des athlètes doivent être
ajustées à la capacité de tolérance individuelle. [Traduit par la Rédaction]


Mots-clés : sucres, performance, durée, dose–réponse.


Introduction/approach
Beyond an individual athlete’s genetic trainability and optimized


training program, perhaps the largest single determinant of ensur-
ing optimal performance during prolonged endurance events is
through the intake of carbohydrate (CHO) and fluid. As endorsed by
the 2007 American College of Sports Medicine Exercise and Fluid
Replacement Position Stand (Sawka et al. 2007), it is clear that most
studies show an improvement in endurance performance or capac-
ity when subjects consume a CHO fluid as compared with water


alone (Jeukendrup 2010). Furthermore, a recent meta-analysis on the
performance effect sizes of CHO stated: “Carbohydrate supplements
with an appropriate composition and administration regimen can
have large benefits on endurance performance” (Vandenbogaerde
and Hopkins 2011). However, no recent reviews have examined and
analyzed both the performance magnitude of CHO intake on
either exercise capacity or performance coupled with the mecha-
nistic interpretation and practical recommendations from short
duration CHO mouthwash studies to prolonged (>2 h) exercise
interventions.
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To locate articles, a combination of several historical and con-
temporary reviews (Sawka et al. 2007; Jeukendrup 2010, 2011;
Vandenbogaerde and Hopkins 2011) and searches in MEDLINE
(PubMed) were analyzed and performed, respectively. The review
focused only on studies that utilized an all-out or endurance-
based exercise protocol (no team-based performance studies) and
that featured randomized interventions and placebo (water only)
trial for comparison against exclusively CHO trials (no other in-
gredients). With these criteria, the search resulted in examining
61 different published performance studies featuring 679 sub-
jects. Each study was individually assessed according to the fol-
lowing criteria: exercise, performance description, and duration;
CHO type; blinding; mean hourly CHO intake rate; exercise per-
formance; or capacity effect (% difference) versus placebo. Of these
61 studies, 82% showed statistically significant performance ben-
efits (n = 50 studies), with 18% showing no change compared with
placebo.


Proposed performance mechanisms of CHO
supplementation


The exact mechanism(s) of fatigue, and thus what limits perfor-
mance, are multi-factorial in nature, and are different across dif-
ferent types and durations of sporting events. Furthermore, the
impact that CHO supplementation can have on metabolism and
performance depends on the length and intensity of the exercise,
the CHO intake rate, CHO type/blend, athlete’s fitness level, type
of exercise mode/test (cycling vs. running; exercise performance
vs. capacity tests), and whether the study was properly powered to
show a performance difference. Therefore, the mechanisms and
regulation involved with fuel metabolism and energy production
during exercise are complex. However, there have been 2 major
mechanisms that have emerged to primarily explain why CHO sup-
plementation during exercise improves performance: (i) a mental/
cognitive stimulation of the central nervous system (CNS) by oral
exposure of CHO during shorter exercise durations (e.g., <1 h) when
muscle glycogen stores are not limiting (e.g., CHO mouthwash stud-
ies); and (ii) direct contribution of CHO energy and exogenous CHO
oxidation (CHOoxid) during muscle glycogen limiting exercise situa-
tions (e.g., >2 h).


Exercise duration of less than �60 min (nonglycogen
limiting conditions)


Muscle glycogen is generally not limiting to performance when
exercise durations are less than �60 min. Historically it was gen-
erally hypothesized that exogenous carbohydrate supplementa-
tion may not improve performance in events less than 60 min in
duration. However, several studies (n = 16 out of 23 total studies)
have found that carbohydrate supplementation and (or) oral
(mouth) exposure to carbohydrate can improve performance of
tasks less than 1 h in duration (Table 1).


In 2004 a seminal paper was published showing that a carbohy-
drate mouthwash (swirling 25 mL of a 6% CHO beverage (only �1.5 g
of CHO in 25 mL) around in the mouth for �10 s, every 7.5 min)
significantly improved time trial (TT) performance by �3% (Carter
et al. 2004a). This effect of CHO mouthwashing to improve perfor-
mance in events from 30–60 min has now been replicated in several
other performance studies (10 of 13 studies; Table 1) using both
cycling and running interventions and with both sweet (sucrose)
and nonsweet (maltodextrin) caloric CHO sources, as compared
with noncaloric artificial sweetener placebo trials showing no
performance-enhancing effects. All these findings have been mech-
anistically supported with a functional magnetic resonance brain
imaging study showing that CHO mouthwashing from both sweet
tasting glucose and nonsweet maltodextrin can stimulate the brain
areas of the insula/frontal operculum, orbitofrontal cortex, and stria-
tum, which are involved with brain centers responsible for reward
and motor control (Chambers et al. 2009). Interestingly, if the mouth


(oral receptors) and gastrointestinal (GI) tract is bypassed by CHO
infusion straight into the blood stream, then 1 h of cycling TT perfor-
mance was unaltered as compared with no CHO supplementation
(Carter et al. 2004b). Furthermore, a recent paper has also shown that
a 10-s mouthwash resulted in superior 30 min of cycling TT perfor-
mance compared with a 5-s mouthwash, suggesting a dose–response
relationship between oral caloric sweet taste receptors activation,
brain activation, and subsequent performance (Sinclair et al. 2014). It
is well established that subjects pacing during a TT is closely linked
to their individual ratings of perceived exertion (RPE), ultimately
dictating performance outcomes (Eston 2012). Accordingly, CHO
mouthwash studies have shown equivalent RPEs among subjects
between placebo and intervention, despite the higher power outputs
and enhanced performance in the mouthwash trials (Rollo et al.
2008, 2010; Pottier et al. 2010; Sinclair et al. 2014). And, as one would
hypothesize, in the only study to undertake a time to exhaustion
design, and thus equivalent power outputs between treatments,
there was a reduced RPE in the CHO mouthwash trial compared with
placebo (Fares and Kayser 2011).


Taken together, all of these data strongly suggests that oral
receptor exposure to CHO, via either mouthwash or oral con-
sumption (with enough oral contact time), which then stimulates
the pleasure and reward centers of the brain, provide a CNS-based
mechanism for enhanced performance when exercise is 1 h or
less. Thus, in short duration exercise situations (<1 h) the type and
(or) amount of CHO and its ability to be absorbed and oxidized
appear completely irrelevant to enhancing performance (Carter
et al. 2004b) as long as there is adequate oral exposure to CHO
(�1.5 g in 25 mL for 5 to 10 s for every 8 to 10 min of exercise).
Several practical barriers may prevent athletes from implement-
ing these strategies during high-intensity endurance competi-
tions. It can be difficult to strategically consume CHO fluids at
critically tactical times (e.g., a break-away or an attack) as well as
the difficulties with breathing while exposing your mouth to car-
bohydrate for approximately 10 s. Placing a sports confectionary
in the cheek cavity may provide a more practical option for some
athletes.


Exercise duration of greater than �60 min (potentially
glycogen limiting conditions)


Since the early studies by Coyle et al. (Coyle 1992a, 1992b) it has
become well established and scientifically accepted that the in-
take of carbohydrate (glucose alone, and glucose + fructose
blends) can significantly improve prolonged endurance capacity
and performance (>60 min of exercise (Jeukendrup 2010)). Al-
though there are many factors to prolonged endurance exercise
fatigue, the apparent primary mechanism for this improved per-
formance is an enhanced maintenance of plasma glucose (preven-
tion of hypoglycemia) resulting in augmented CHOoxid by the
muscles. Recent data (Table 2) has clearly shown that a positive
dose–response between increasing CHO intake rates being corre-
lated to subsequent CHOoxid (Smith et al. 2010) and performance
(Smith et al. 2010, 2013; Watson et al. 2012). It is thought that
the rate limiting step to exogenous CHOoxid is at the level of the
GI tract because of the intestinal CHO transport mechanisms;
specifically the activity of the sodium-dependent glucose cotrans-
porter 1 (SGLT1) transporter for glucose and the GLUT-5 trans-
porter for fructose (Jeukendrup 2010).


Multi-transportable CHO: glucose:fructose (GLU:FRU) blends
In exercise situations of greater than 60 min, several recent


papers have evaluated the CHOoxid and performance effects of a
combined ingestion of a sports drink containing GLU:FRU or
maltodextrin:fructose (MALT:FRU) blends, otherwise known as
multi-transportable CHOs, since they utilize both the SGLT1 and
GLUT5 intestinal transporters. A plethora of data have shown that
during prolonged exercise (>2 h) with high CHO ingestion rates
(>�60 to 70 g/h) of GLU:FRU or MALT:FRU blends, this pattern of
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Table 1. Effects of carbohydrate supplementation during exercise lasting less than 1 h on exercise performance or capacity.


Study n Subject type
Exercise and performance
description/duration


CHO type: study-dependent
variable


Mean CHO
intake rate
(g/h)


Performance effect
vs. P % Difference


Significant
performance
effect?


CHO orally consumed
Anantaraman et al.


1995
5 Moderately trained


males (3) and
females (2)


Total cycling work done for 1-h
TT at self-selected PO of
�90% V̇O2max


1. 10% GLU pre-exercise with P
during (G/P); 2. GLU pre-
exercise with GLU during
(GLU/GLU); 3. P before and
during (P/P)


1. 30 g/h;
2. 120 g/h;
3. 0 g/h


1. GLU/P = 619 kJ;
2. GLU/GLU = 599 kJ;
3. P/P = 560 kJ


7.0% to 11.0% vs.
P/P


Yes


Below et al. 1995 8 Endurance-trained
males


Cycling at 80% of V̇O2max for
50 min followed by �10-min
TT


1. Large volume (1330 mL) of
6% (GLU+SUC); 2. small
volume (200 mL) of 40%
(GLU+SUC); 3. large volume
(1330 mL); 4. Small volume
(200 mL)


1. 79 g/h;
2. 79 g/h;
3. 0 g/h;
4. 0 g/h


1. 9.93 min;
2. 10.5 min;
3. 10.5 min;
4. 11.3 min


14.0% vs. P Yes


Bonen et al. 1981 8 G;
8 P


Moderately trained
males


Cycling at 80% V̇O2max to
exhaustion/group design
(not crossover)


P vs. 20% GLU ingestion during
exercise


112 g total
(over 30 min)


26.1 min (GLU) vs.
29.9 min (P)


15.0% vs. P No


Desbrow et al. 2004 9 Endurance-trained
males


Total cycling work done for
�1-h TT at self-selected PO


P vs. 6% GLU ingestion during
warm-up and during
exercise


�60 g/h 62.3 min (GLU) vs.
62.4 min (P)


0.2% vs. P No


el-Sayed et al. 1997 8 Endurance-trained
males


Total cycling work done for
�1-h TT at self-selected PO


P vs. 8% GLU right before the
TT


25 g/h 277 W (GLU) vs.
269 W (P)


3.0% vs. P Yes


Jeukendrup et al.
1997


19 Moderately trained
males (17) and
females (2)


Cycling total amount of work
(J) predicted to be a 1-h TT


P vs. 8% GLU solution �75 g/h 58.74 min (GLU) vs.
60.15 (P)


2.4% vs. P Yes


Jeukendrup et al.
2008


12 Endurance-trained
males


Cycling 16-km TT (�25 min) P vs. 8% GLU+SUC CHO
solution


35 g total (over
30 min)


25.63 min (GLU+SUC)
vs. 25.50 min (P)


−0.3% vs. P No


Nicholas et al. 1995 9 Trained male
soccer players


75 min of intermittent
exercise (running/sprinting)
followed by intermittent
running to fatigue (�8 min)


P vs. 7% GLU consumed in
2 mL/kg every 15 min


�66 g/h 8.9 min (GLU) vs.
6.7 min (P)


3.3% vs. P Yes


Powers et al. 1990 9 Endurance-trained
males


85% V̇O2max until fatigue
(�40 min)


210 mL every 15 min of P vs.
7% GLU vs. water


�66 g/h 39.2 min (GLU) vs.
40.2 min (water)
vs. 35.8 min (P)


−8.7% vs. P No


Sugiura and
Kobayashi 1998


8 Moderately trained
males


90 min of exercise over 6 trials
of 3 continuous (65% V̇O2max;
CONT) and 3 intermittent
(65% V̇O2max with 30-s
sprints every 2.5 min; INT)
with an all-out 40-s Wingate
performance test


Halfway through trial subjects
received 250 mL of either
1. 20% GLU; 2. 20% FRU; 3. P


�33 g/h CONT: 614 W (GLU)
vs. 574 W (P); INT:
629 W (GLU) vs.
596 W (P)


6.9% (GLU/CONT);
5.5% (GLU/INT)
vs. P


Yes
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Table 1 (continued).


Study n Subject type
Exercise and performance
description/duration


CHO type: study-dependent
variable


Mean CHO
intake rate
(g/h)


Performance effect
vs. P % Difference


Significant
performance
effect?


CHO mouthwash only
Beaven et al. 2013 12 Recreationally


trained males
5 × 6-s sprints with 24-s


recovery on a cycle
ergometer


25 mL of 6% GLU or noncaloric
P mouth rinse for 5 s prior
to each sprint


na Sprint 1: GLU
+39 W vs. P


na Yes


Beelen et al. 2009 14 Endurance-trained
males


Total cycling work done for
�1-h TT at self-selected PO


25 mL of 6% GLU or noncaloric
P mouth rinse for 5 s every
12.5% of the TT (5 times,
�12 min) after a
standardized breakfast


na 68.14 min (GLU) vs.
67.52 min (P)


−0.9% vs. P No


Carter et al. 2004a 9 Endurance-trained
males (7) and
females (2)


Total cycling work done for
�1-h TT at self-selected PO


25 mL of 6% GLU or noncaloric
P mouth rinse for 5 s every
12.5% of the TT (5 times,
�12 min)


na 59.57 min (GLU) vs.
61.36 min (P)


3.0% vs. P Yes


Chambers et al.
2009


8 Endurance-trained
males


Total cycling work done for
�1-h TT at self-selected PO


25 mL of 6% GLU or noncaloric
P mouth rinse for 5 s every
12.5% of the TT (5 times,
�12 min)


na 60.4 min (GLU) vs.
61.6 min (P)


2.0% vs. P Yes


Fares and Kayser
2011


13 Recreationally
trained for
endurance
(males)


60% Wmax until exhaustion
(�55 min) while morning
fed and fasted


25 mL of 6% GLU or noncaloric
P mouth rinse for 5 s every
10 min (5 times)


na Fed: 56.6 min (GLU)
vs. 54.7 min (P);
fasted: 53.9 min
(GLU) vs. 48.3 min
(P)


Fed: 3.5% vs. P;
fasted:
11.6% vs. P


Yes


Gam et al. 2013 10 Endurance-trained
males


Time to complete 1000 kJ on a
cycling ergometer as fast as
possible (�65 min)


25 mL of 6% GLU or noncaloric
P mouth rinse for 5 s every
10 min (5 times)


na 65.7 min (GLU) vs.
67.6 min (P)


2.9% vs. P Yes


Lane et al. 2013 12 Endurance-trained
males


Total cycling work done for
60-min TT at self-selected PO


20 mL of 10% maltodextrin
(GLU) or noncaloric P mouth
rinse for 10 s every 12.5% of
the TT (8 times) in fasted
and fed states


na 286 W (fed+GLU) vs.
281 W (fed+P) vs.
282 W (fasted+GLU)
vs. 273 W (fasted+P)


1.8% vs. P in fed
state; 3.4% vs P
in fasted state


Yes


Painelli et al. 2011 12 Recreationally
trained for
strength (males)


Maximum strength testing
(1RM) and 6 sets until failure
at 70% of 1RM


25 mL of 6% GLU or noncaloric
P mouth rinse for 10–15 s
before every 1RM attempt


na 101 kg (GLU) vs. 101
kg (P)


0% vs. P No


Pottier et al. 2010 12 Endurance-trained
males


Time to complete �975 kJ on a
cycling ergometer as fast as
possible (�60 min)


25 mL of 6% GLU or noncaloric
P mouth rinse for 5 s every
10 min (5 times)


na 61.7 min (GLU) vs.
64.1 min (P)


3.9% vs. P Yes


Rollo et al. 2008 10 Endurance-trained
males


10-min warm-up at 60% V̇O2max


followed by 30-min
treadmill running TT
performance test (as far as
possible in 30 min)


25 mL of 6% GLU or noncaloric
P mouth rinse for 5 s
(10 times) over warm-up
and performance test


na 6584 m (GLU) vs.
6469 m (P)


1.7% vs. P Yes


Rollo et al. 2010 10 Endurance-trained
males


60-min treadmill running TT
performance test (as far as
possible in 60 min)


25 mL of 6% GLU or noncaloric
P mouth rinse for 5 s at start
and every 15 min (4 times)


na 14298 m (GLU) vs.
14086 m (P)


1.5% vs. P Yes
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CHO ingestion results in �20% to 50% higher CHOoxid compared
with the ingestion of a drink containing an isocaloric amount of
glucose or maltodextrin only (Jeukendrup 2010). This increased
CHOoxid has shown an increase in prolonged endurance per-
formance as compared with isocaloric glucose (Currell and
Jeukendrup 2008; Triplett et al. 2010; O’Brien, W.J., and Rowlands
2011, 2013). However, intake rates of greater than 60–70 g/h of
CHO are needed to show the added benefit of using GLU:FRU
blends. A recent study confirmed this hypothesis, in that when a
GLU:FRU blend was consumed at a rate of less than 60 g/h (thus,
not saturating the SGLT1 transporter), the resultant CHOoxid as
compared with glucose alone was the same (Hulston et al. 2009).
Therefore, GLU:FRU blends are equivalent to glucose only supple-
mentation when intake rates are <60 g/h. These CHOoxid results
have also been shown to be consistent between males and females
(Wallis et al. 2006), in hot and ambient temperatures (Carter et al.
2003), and similar between cycling and running (Pfeiffer et al.
2009).


CHO supplementation recommendations and
performance intervention studies


Given the unique physiological mechanism(s) in place, which
underlie the performance benefit of CHO intake during exercise,
the following section will be segmented according to Table 3. This
table outlines recommended CHO intake rates and CHO type
(blend of CHO) for distinctive exercise durations. The physiologi-
cal rationale for breaking the exercise continuum into these
3 temporal segments are based on the assumption that CHO-
induced performance improvements in exercise durations of <1 h
are primarily CNS driven. Improvements in 1 to 2 h of perfor-
mance may be a combination of CNS stimulation and CHO fuel
provision to maximize CHOoxid. While the primary mechanism of
exercise durations of >2 h, where muscle glycogen is certainly
limiting, is CHO delivery and CHOoxid. The recommended CHO
intake ranges have been adapted from the 2010 International
Olympic Committee (IOC) Nutrition Consensus meeting (Jeukendrup
2011) to reflect recent field data (Stellingwerff and Jeukendrup
2011; Pfeiffer et al. 2012; Stellingwerff 2012), suggesting large in-
take ranges that athletes tolerate (GI tolerance) to maximize indi-
vidual performance across varying modes of exercise (cycling and
running). Furthermore, these CHO recommendations highlight
the fact that high intake rates of multi-transportable CHOs are
required to induce maximal CHOoxid and performance outcomes
(Smith et al. 2010, 2013).


Figure 1 highlights the percent increase in TT performance
when comparing CHO intake with placebo (generally water with
artificial sweetener to blind subjects) of all studies over exercise
durations of <1 h, 1 to 2 h, and >2 h, respectively. There was a
significant (p = 0.0036) correlative relationship between increas-
ing total exercise time and the subsequent percent increase in
performance with CHO intake versus placebo. Perhaps, not sur-
prisingly, as fuel (glycogen) becomes more and more limiting dur-
ing prolonged exercise situations, the positive performance effect
of CHO intake becomes larger. This is demonstrated in studies
lasting longer than 2 h, showing an averaged of single source CHO
and multi-transportable CHO of 6.2% ± 4.3% increase in perfor-
mance compared with <1-h exercise durations that show only
2.6% ± 3.3%. The 1- to 2-h exercise durations showed an intermedi-
ate increase of 4.9% ± 4.9% (Fig. 1). The consistency of the perfor-
mance benefit across studies also supports this effect of CHO
having greater performance impacts during longer exercise dura-
tions (>2 h) with 95% of studies (19 of 20 studies) demonstrating a
statistically significant performance benefit of CHO intake.


Less than 1 h of exercise
As mechanistically described above, just the presence of CHO in


the mouth (i.e., zero consumption, zero calories) can serve toT
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Table 2. Dose−response relationship between varying amounts of CHO supplementation and exercise performance or capacity.


Study n Subject type
Exercise and performance
description/duration


CHO type: study-
dependent variable


Mean CHO intake
rate (g/h) Performance effect vs. P % Difference


Significant
performance
effect?


Smith et al. 2010 12 Recreationally
trained for
endurance
(males)


Cycling at 77% V̇O2max for 2 h
followed by a 20-km TT


P vs. 15 g/h (15CHO),
30 g/h (30CHO) and
60 g/h (60CHO) as a
250-mL GLU solution
every 15 min during
exercise


P: 0 g/h; 15CHO:
15 g/h; 30CHO:
30 g/h; 60CHO:
60 g/h


34.7 min (60CHO) vs.
35.0 min (30CHO) vs.
35.2 min (15CHO) vs.
36.4 min (P)


60CHO: 4.8% vs. P;
30CHO: 4.0% vs.
P; 15CHO: 3.4%
vs. P


Yes (all trials
vs. P)


Smith et al. 2013 51 Endurance-trained
males


Cycling at 95% of the PO that
elicits a 4-mmol/L blood
lactate concentration for
2 h immediately followed
by 20-km TT


0, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 110,
and 120 g/h CHO (1:1:
1 GLU–FRU–
maltodextrin) per
hour during the 2-h
constant load ride at
a fluid intake rate of
1 L/h


0, 10, 20, 30, 40, 50,
60, 70, 80, 90,
100, 110, and
120 g/h


Raw data not given 1.0%, 2.0%, 3.0%,
4.0%, 4.7%, 4.0%,
and 3.3%
increase in perf
vs. P for 19, 31,
48, 78, 108, and
120 g/h,
respectively


Yes


Watson et al.
2012


24 Recreationally
trained for
endurance
(males)


2 groups of 12 subjects cycling
at 70% V̇O2max until
exhaustion in cool (n = 12;
10 °C) or 60% V̇O2max until
exhaustion in warm
conditions (n = 12; 30 C)


P vs. 2% (2CHO), 4%
(4CHO), or 6%
(6CHO) solutions
(SUC, GLU, and FRU
in a ratio of 50:25:
25) at start and every
10 min during
exercise


COOL: P, 0 g/h;
2CHO, �15 g/h;
4CHO, �31 g/h;
6CHO, �46 g/h.
WARM: P, 0 g/h;
2CHO, �16 g/h;
4CHO, �33 g/h;
6CHO, �50 g/h


COOL: 122.4 min (6CHO)
vs. 121.0 min (4CHO)
vs. 109.2 min (2CHO)
vs. 102.6 min (P).
WARM: 112.0 min
(6CHO) vs. 105.5 min
(4CHO) vs. 104.1 min
(2CHO) vs. 94.5 min (P)


COOL: 6CHO,
19.3% vs. P;
4CHO, 17.9% vs.
P; 2CHO, 6.4%
vs. P. WARM:
6CHO, 18.5% vs.
P; 4CHO, 11.6%
vs. P; 2CHO,
10.2% vs. P


Yes (4CHO and
6CHO vs.
2CHO and P)


Note: CHO, carbohydrate; FRU, fructose; GLU, glucose; P, placebo; PO, power output; TT, time trial; SUC, sucrose; V̇O2max, maximal oxygen uptake.
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enhance physical performance. In exercise situations of less than
�60 min, where muscle glycogen is not limiting, the type and (or)
amount of CHO and its ability to be absorbed and oxidized ap-
pears to be completely irrelevant to enhancing exercise perfor-
mance. Accordingly, several studies (n = 16) have found that CHO
supplementation or oral exposure (CHO mouthwash) can improve
performance of less than 1 h in duration (Table 1). Some of the
inconsistencies in the data might have to do with the amount of
oral exposure (time duration) to CHO to trigger the brain reward
and motor centres. A recent study seems to support this, as
Sinclair et al. (2014) found a slightly greater performance effect
with a 10-s CHO mouthwash (+6.8%) versus just a 5-s mouthwash
(+4.6%). So, perhaps some of the previous studies’ findings of no
effect, regardless of whether CHO was consumed or not, just did
not expose the oral receptors long enough, or with enough fre-
quency, to induce a performance benefit. Another confounding
factor is whether or not subjects are overnight fasted or morning
fed prior to their experimental trial. Interestingly, Beelen et al.


did not find any effect of CHO mouthwash when subjects were
given a standardized breakfast (Beelen et al. 2009). In direct con-
trast, Fares and Kayser (2011) showed a significant performance
effect of CHO mouthwash after a morning breakfast (Fares and
Kayser 2011; Table 1). Furthermore, Lane et al., using a Latin-square
design, showed an additive effect of being fed before the exercise
trial with mouth rinsing with CHO (Lane et al. 2013). Of note, the
effect of mouth rinsing with CHO was more pronounced in the
fasted trial (+3.4%) compared with the fed trial (+1.8%). So the effects
of CHO mouthwash on performance require more research to
fully elucidate the mechanisms involved and whether or not it is
likely to offer a performance benefit to athletes completing high-
intensity endurance exercise lasting �1 h.


1 to 2 h of exercise
Table 4 outlines the 18 studies where exercise performance or


capacity was assessed over 1 to 2 h of exercise (either a TT or with


Table 3. CHO intake recommendations based on the duration of sporting event or training bout. Data is summarized from n = 555 subjects from
56 different studies.


Event time
duration


General amount of CHO required
for optimal performance while
minimizing negative energy
balance and GI issues Recommended intake CHO type


Single source
CHO (e.g., GLU
or maltodextrin)


Multiple transportable
CHOs (e.g., GLU:FRU
combo)


<1 h Very small amounts Mouth rinse to minimal
amounts (up to
30 g/h)


Most forms of CHO ● ●


1–2 h Small to moderate amounts 30 to 60 g/h Most forms of CHO ● ●
>2 h Moderate to large amounts 40 to 110 g/h CHOs that are rapidly


oxidized (e.g. GLU
or maltodextrin), at
intake rates above
60 g/h, use multiple
transportable CHOs


Œ (if <60 g/h) ●


Note: When absolute exercise intensity is low (<4 kcal/min) these recommendations should be scaled back. Large ranges of CHO intake recommendations are given
to reflect that individual athletes have individual GI tolerance to fluid and CHO intake during exercise (Stellingwerff and Jeukendrup 2011; Pfeiffer et al. 2012).
●, Ideal/optimal for maximizing performance outcomes and minimizing negative GI side effects; Œ, less than ideal, but better than nothing. CHO, carbohydrate;
FRU, fructose; GI, gastrointestinal; GLU, glucose.


Fig. 1. Overview of all studies examining carbohydrate (CHO) intake and exercise performance versus a noncaloric placebo. Data in Fig. 1
represents studies undertaking time trial (TT) protocols only, with all time to exhaustion trials omitted. Percent change calculations were
undertaken with all data converted to minutes for each trial/treatment intervention. With studies undertaking a set amount of work (e.g., kJ),
conversions were made to wattage outcomes, based on the average reported subject body mass, so that the placebo trial exactly equalled the
TT duration (min) with the exact conversions made to the treatment trial to compare all effects in minutes.
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Table 4. Effects of CHO supplementation during exercise lasting 1 to 2 h on exercise performance or capacity.


Study n Subject type
Exercise and performance
description/duration


CHO type: study-
dependent variable


Mean CHO intake
rate (g/h) Performance effect vs. P % Difference


Significant
performance
effect?


Bjorkman et al.
1984


8 Recreationally
trained for
endurance (males)


Cycling at 68% V̇O2max until
exhaustion


P vs. 7% GLU vs.
7% FRU


�53 g/h 137 min (GLU) vs. 116 min
(FRU) vs. 116 min (P)


GLU: 18.1% vs. FRU+P Yes (GLU vs. FRU
and P)


Davis et al.
1988a


15 Endurance-trained
males


2 consecutive 60-min cycling
bouts at 60% V̇O2max, each
followed time to complete a
270-revolution TT (�3 min)
immediately after and
20 min after


275 mL every 20 min
of water P vs. 6% GLU
(LC) vs. 12% GLU (HC)


LC: �50 g/h; HC:
�100 g/h


153.9 s (LC) vs. 158.7 s
(HC) vs. 163.7 s (P)


LC: 6.4% vs. P; HC: 3.2%
vs. P (strong positive
trend)


No


Flynn et al.
1987


8 Endurance-trained
males


Total cycling work done for
2-h TT at self-selected PO


150 mL prior to and
every 20 min during
exercise of: 5% GLU
(MG); 5% GLU + 5%
FRU (MF); 7.7% GLU +
2.3% HFCS
(MHF; >60% FRU)


MG: 23 g/h; MF:
45 g/h; MHF:
45 g/h


184 W (MG) vs. 178 W
(MF) vs. 189 W (MHF) vs.
186 W (P)


MG: −1.1% vs. P; MF:
−4.3% vs. P; MHF:
1.6% vs. P


No


Maughan et al.
1989


6 Recreationally
trained for
endurance (males)


4 repeated trials of running
at 70% V̇O2max to
exhaustion


100 mL prior to
exercise and 100 mL
every 10 min
throughout 1. 4%
GLU (LGLU); 2. 34%
GLU + 15% FRU
(GLU+FRU); 3. 36%
GLU (HGLU); 4. 34%
FRU + 2% GLU (HFRU)
vs. water Pa


1. LGLU: 29.3 g/h;
2. GLU+FRU:
240 g/h;
3. HGLU: 262 g/
h; HFRU: 229 g/
h; 4. 0 g/h (P)


90.8 min (LGLU) vs.
79.5 min (GLU+FRU) vs.
79.0 min (HGLU) vs.
65.6 min (HFRU) vs.
70.2 min (P)


LGLU: 29.3% vs. P;
GLU+FRU: 12.5% vs.
P; HGLU: 12.5% vs. P;
HFRU: −6.5% vs. P


Yes (LGLU vs. P);
no for rest of
comparisons


Maughan et al.
1996


12 Recreationally
trained for
endurance (males)


Cycling at 70% V̇O2max to
exhaustion


100 mL prior to
exercise and 100 mL
every 10 min
throughout 2.3% GLU
(LGLU); 3.1% GLU
(HGLU); vs. P


LGLU: 16 g/h;
HGLU: 22 g/h


110 min (LGLU) vs.
107 min (HGLU) vs.
93 min (P)


LGLU: 18.3% vs. P;
HGLU: 15.1% vs. P


Yes


McConell et al.
2000


13 Endurance-trained
males


Cycling at 83% V̇O2max to
exhaustion


P vs. 6% GLU solution 81 g/h 68.1 min (GLU) vs.
69.6 min (P)


−2.2% vs. P No


Mitchell et al.
1988


8 Endurance-trained
males


84 min of cycling at 70%
V̇O2max followed by
12-min TT


P vs. 5% CHO (5CHO)
vs. 6% CHO (6CHO)
vs. 7.5% CHO
(7.5CHO) solutions


5CHO: 33.5 g/h;
6CHO: 39.4 g/h;
7.5CHO:
50.1 g/h


1.98NM (5CHO) vs.
1.96NM (6CHO) vs.
2.05NM (7.5CHO) vs.
1.83NM (P)


5CHO: 7.1% vs. P;
6CHO: 6.6% vs. P;
7.5CHO:7.1% vs. P


Yes


Mitchell et al.
1989


10 Endurance-trained
males


105 min of cycling at 70%
V̇O2max followed by
15-min TT


P vs. 6% CHO (6CHO)
vs. 12% CHO (12CHO)
vs. 18% CHO (18CHO)
solutions


6GLU: 37 g/h;
12GLU: 74 g/h;
18GLU: 111 g/h


213 kJ (6CHO) vs. 228 kJ
(12CHO) vs. 217 kJ
(18CHO) vs. 201 kJ (P)


6CHO: 6% vs. P;
12CHO: 13.4% vs. P;
18CHO: 8.0% vs. P


Yes (12CHO vs. P);
no for rest of
comparisons
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Table 4 (concluded).


Study n Subject type
Exercise and performance
description/duration


CHO type: study-
dependent variable


Mean CHO
intake rate (g/h) Performance effect vs. P % Difference


Significant
performance
effect?


Murray et al.
1987


13 Untrained males �90 min of intermittent
cycling at 55%–65% V̇O2max


followed by a �6-min TT
sprint


P vs. 5% GLU (5CHO) vs.
4% SUC + 2% GLU
(6CHO) vs. 5% GLU +
2% FRU (7CHO)
solutions


5CHO: 24 g/h;
6CHO: 29 g/h;
7CHO: 34 g/h


400 s (5CHO) vs. 384 s
(6CHO) vs. 375 s (7CHO)
vs. 432 s (P)


5CHO: 8.0% vs. P;
6CHO: 12.5% vs. P;
7CHO: 15.2% vs. P


Yes (6CHO and
7CHO vs. P); no
for 5CHO


Murray et al.
1989b


12 Moderately trained
males (7) and
females (5)


3 × 20-min cycling at 65%
V̇O2max with 5-min rest
followed by a �13-min TT
sprint


P vs. 6% SUC (6CHO) vs.
8% SUC (8CHO) vs.
10% SUC (10CHO)
solutions


6CHO: 31 g/h;
8CHO: 41 g/h;
10CHO: 52 g/h


13.03 min (6CHO) vs.
13.30 min (8CHO) vs.
13.57 min (10CHO) vs.
13.62 min (P)


6CHO: 4.5% vs. P;
8CHO: 2.4% vs. P;
10CHO: 0.4% vs. P.


Yes (6CHO vs. P);
no for rest of
comparisons


Murray et al.
1989a


12 Untrained males �115 min of intermittent
cycling at 65%–80% V̇O2max


followed by a �7-min TT
sprint


6% GLU (GLU) vs. 6%
SUC (SUC) vs. 6% FRU
(FRU) solutionsb


38 g/h 424 s (GLU) vs. 419 s (SUC)
vs. 488 s (FRU)


GLU: 15.1% vs. FRU;
SUC: 16.5% vs. FRU


Yes (GLU and SUC
vs. FRU)


Neufer et al.
1987


10 Endurance-trained
males


45 min of cycling at 77%
V̇O2max followed by total
work done during a
�15-min TT


P vs. 45 g of liquid CHO
(LCHO) vs. 45 g of
solid CHO bar
(SCHO)


45 g/h 175204NM (LCHO) vs.
176013 (SCHO) vs.
159143NM (P)


LCHO: 10.1% vs. P;
SCHO: 10.6% vs. P


Yes


Too et al. 2012 11 Endurance-trained
males


80 min of running at 80%
V̇O2max followed by a 5-km
TT


P vs. raisins (R) vs.
commercial sport
chews/blocks (B) at
the start and every
20 min during
exercise


�65 g/h 20.6 min (R) vs. 20.7 min
(B) vs. 21.6 min (P)


R: 4.9% vs. P; B: 4.3%
vs. P


Yes


Tsintzas et al.
1993


7 Endurance-trained
males


30-km running road race P vs. 5.5% CHO (GLU
polymer+GLU+FRU)


50 g/h (first hour
only)


128.3 min (CHO) vs.
131.2 min (P)


CHO: 2.1% vs. P Yes


Tsintzas et al.
1996a


8 Endurance-trained
males


Running at 70% V̇O2max until
exhaustion


P vs. 5.5% CHO
(GLU+FRU)


�41 g/h 132.4 min (CHO) vs.
104.3 min (P)


CHO: 2.3% vs. P Yes


Tsintzas et al.
1996b


11 Recreationally
trained for
endurance (males)


Running at 70% V̇O2max until
exhaustion


P vs. 5.5% CHO (5CHO)
vs. 6.9% CHO (6CHO;
first hour only for
CHO treatments,
water thereafter)


5CHO: �55 g/h;
6CHO:
�69 g/h


124.5 min (5CHO) vs.
121.4 min (6CHO) vs.
109.6 min (P)


5CHO: 13.6% vs. P;
6CHO: 10.8% vs. P


Yes


Wilber and
Moffatt 1992


10 Endurance-trained
males


Running at 80% V̇O2max until
exhaustion


P vs. 7% GLU 41 g/h 115.4 min (GLU) vs.
92.0 min (P)


GLU: 25.4% vs. P Yes


Zachwieja et al.
1992


8 Endurance-trained
males


105 min of cycling at 70%
V̇O2max followed by total
work done during a
�15-min TT


P vs. 4% GLU + 6% FRU
(GLU+FRU)


63 g/h 264 W (GLU+FRU) vs.
242 W (P)


GLU+FRU: 9.1% vs. P Yes


Note: CHO, carbohydrate; FRU, fructose; GI, gastrointestinal; GLU, glucose; HFCS, high-fructose corn syrup; NM, no measurement; P, placebo; PO, power output; TT, time trial; SUC, sucrose; V̇O2max, maximal oxygen
uptake.


aReported adverse GI symptoms in all treatments except LGLU.
bReported adverse GI symptoms in FRU-alone treatment.
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Table 5. Effects of CHO supplementation during exercise lasting longer than 2 h on exercise performance or capacity.


Study n Subject type
Exercise and performance
description/duration


CHO type: study-
dependent variable


Mean CHO
intake rate (g/h) Performance effect vs. P % Difference


Significant
performance
effect?


CHO vs. P
Angus et al. 2000 8 Endurance-trained


males
Time to complete 35 kJ/kg on


cycle ergometer (�100-km
TT)


P vs. 6% CHO (GLU+SUC)
ingestion during
exercise


60 g/h 166 min (CHO) vs. 178 min
(P)


7.2% vs. P Yes


Carter et al. 2003 8 Endurance-trained
males


Cycling at 60% (LOW) and 73%
(HI) V̇O2max to exhaustion


P vs. 6% CHO (GLU)
ingestion during
exercise at both LOW
and HI


�65 g/h 145.6 min (GLU) vs.
123.1 min (P)


18.3% vs. P Yes


Coggan and
Coyle 1987


7 Endurance-trained
males


Cycling at 73% V̇O2max to
exhaustion (�170 min),
followed by 20-min
recovery and again cycling
at 73% V̇O2max to
exhaustion


P vs. 3 g/kg GLU (�210 g
GLU) consumed
during 20 min
recovery


na (taken
between
exercise
bouts)


26 min (GLU) vs. 10 min (P) 160% vs. P Yes


Coyle et al. 1983 10 Endurance-trained
males


Cycling at 74% V̇O2max until
exhaustion


P vs. 7% GLU �51 g/h 157 min (GLU) vs. 134 min
(P)


17.2% vs. P Yes


Coyle et al. 1986 7 Endurance-trained
males


Cycling at 71% V̇O2max until
exhaustion


P vs. GLU polymer (GLU) �114 g/h 4.02 h (GLU) vs. 3.02 h (P) 33.1% vs. P Yes


Davis et al. 1988b 19 Endurance-trained
males


Cycling at 75% V̇O2max for
130 min, followed by
�30-min rest, followed by
30-min TT at �75% V̇O2max


P vs. 2.5% CHO (LCHO)
vs. 6% CHO (HCHO) as
SUC+GLU


LCHO: 23 g/h;
HCHO: 56 g/h


31.3 min (HCHO) vs.
31.9 min (LCHO) vs.
34.3 min (P)


HCHO: 9.6% vs. P;
LCHO: 7.5%
vs. P


Yes (HCHO
vs. P)


Fielding et al.
1985


9 Recreationally
trained for
endurance
(males)


240-min cycling followed by a
sprint at 100% V̇O2max to
exhaustion


P vs. 5% CHO solution
(SUC)


21.5 g/h 121 s (SUC) vs. 81 s (P) 49.4% vs. P Yes


Hargreaves et al.
1984


10 Endurance-trained
males


4 h of intermittent intensity
cycling followed by a sprint
at 100% V̇O2max to
exhaustion


P vs. candy bar (C)
having 43 g SUC, 6 g
fat, and 3 g protein


43 g/h 127 s (C) vs. 87 s (P) 46.0% vs. P Yes


Ivy et al. 1983 10 Healthy males Walking at 45% V̇O2max until
exhaustion


P vs. 20% GLU polymer 24 to 29 g/h 299 min (C) vs. 268 min (P) 11.6% vs. P Yes


Madsen et al.
1996


9 Endurance-trained
males


100-km cycling TT P vs. 5% CHO solution
(CHO)


66 g/h 160 min (CHO) vs. 160 min
(P)


0% No


McConell et al.
1996


8 Endurance-trained
males


2 h of cycling at 70% V̇O2max


followed by total work
done over a 15-min TT


P vs. 7% CHO solution
(CHO)


79 g/h 268 kJ (CHO) vs. 242 kJ (P) 10.7% vs. P Yes


Wright et al.
1991


9 Endurance-trained
males


Cycling at 70% V̇O2max until
exhaustion


P vs. 8% CHO (5%GLU +
3%SUC) after both a 3-
and 10-h pre-exercise
fast


�40 g/h 3-h fast: 289 min (CHO) vs.
237 min (P); 10-h fast:
266 min (CHO) vs.
201 min (P)


3 h fast: 21.9% vs.
P/10 h fast:
32.3% vs. P


Yes
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a preload). Of the 18 studies, 83% (n = 15) showed a positive benefit
of CHO intake on performances.


Greater than 2 h of exercise
It is generally accepted that the American College of Sports


Medicine’s (ACSM’s) CHO intake recommendations (ACSM 2000;
Sawka et al. 2007) for exercise 2 h or longer needs to be reexam-
ined, as commented in the 2010 IOC Sports Nutrition Consensus
meeting’s paper on nutrition for endurance athletes (Jeukendrup
2011). Currently, the consensus statement on Nutrition and Ath-
letic performance (published in 2000 and 2007 by ACSM (ACSM
2000; Sawka et al. 2007)) recommends the consumption of approx-
imately 30–60 g/h at a CHO concentration of 4% to 8% for athletes
during prolonged exercise. However, the majority of data for the
review is prior to 2007, and based on single source CHO intake
(mainly just glucose or maltodextrin alone). Given the long and
demanding nature of performance when exercise durations are
greater than 2 h, it should not be surprising that 16 of 17 studies
have shown a significant performance benefit with an average
percent increase in performance (either time or power outputs) of
6.2% ± 4.3% when subjects consume any type of carbohydrate
source (Table 5). More recently, several studies provide strong
evidence that for hard exercise bouts longer than 2 h, upwards of
90 g/h or more of >8% CHO solutions appear to be optimal, as long
as they are comprised of multi-transportable CHOs (for reviews
see Jeukendrup 2010, 2011). It should be duly noted, however, that
individual recommendations for athletes should be tailored ac-
cording to the athletes individual tolerance, which appears to be
varied (Pfeiffer et al. 2012).


GLU:FRU combinations increase CHO oxidation and
performance greater than glucose alone


Several studies have now shown that high intake rates (>70 g/h)
of GLU:FRU blends during moderate-intensity, prolonged (>2 h)
exercise results in �8% improvement in endurance performance
over both a 1-h TT (Currell and Jeukendrup 2008) and over 100 km
of cycling (Triplett et al. 2010) compared with glucose alone, and
19.5% versus water (Table 5). Another research group has shown
further increases in performance with GLU:FRU blends over mul-
tiple sprints after an endurance preload (O’Brien and Rowlands
2011; O’Brien et al. 2013).


Carbohydrate dose–performance response studies
Table 2 highlights the CHO dose–response studies that further


solidify the link between CHO delivery, CHOoxid, and perfor-
mance. To date, the most comprehensive CHO dose–performance
response study undertaken was a large-scale multi-center study by
Smith et al. (2013). In this study, 51 endurance-trained cyclists or
triathletes across 4 research sites completed 4 randomized treat-
ments featuring a 2-h constant load ride at moderate intensity,
followed by a 20-km TT. Thirteen different beverages (4 at each
site) were tested, providing athletes 0, 10, 20, 30, 40, 50, 60, 70, 80,
90, 100, 110, and 120 g of CHO/h during the 2-h constant-load ride.
The CHO given was a 1:1:1 glucose:maltodextrin:fructose blend.
Results indicated incremental performance improvements of
1.0%, 2.0%, 3.0%, 4.0%, and 4.7% at 9, 19, 31, 48, and 78 g CHO/h,
respectively, with diminishing performance enhancement seen at
CHO levels >78 g/h. The optimal amount for performance (+4.7%)
was 78 g/h, with a range of 68 to 88 g/h. However, even at 10 g/h, a
1.0% increase in performance was observed, showing that even a
small amount of carbohydrate has the potential to positively im-
pact performance.


Practical carbohydrate supplementation
considerations


Athlete body mass (BM)
Recent data summarized from 9 individual studies (n = 63 sub-


jects), from the same laboratory and under similar conditions, hasT
ab


le
5


(c
on


cl
ud


ed
).


St
u


dy
n


Su
bj


ec
t


ty
p


e
Ex


er
ci


se
an


d
p


er
fo


rm
an


ce
de


sc
ri


p
ti


on
/d


u
ra


ti
on


C
H


O
ty


p
e:


st
u


dy
-


de
p


en
de


n
t


va
ri


ab
le


M
ea


n
C


H
O


in
ta


k
e


ra
te


(g
/h


)
Pe


rf
or


m
an


ce
ef


fe
ct


vs
.P


%
D


if
fe


re
n


ce


Si
gn


ifi
ca


n
t


p
er


fo
rm


an
ce


ef
fe


ct
?


G
LU


:F
R


U
C


H
O


co
m


b
in


at
io


n
s


vs
.G


LU
al


o
n


e
C


u
rr


el
la


n
d


Je
u


k
en


dr
u


p
20


08


8
En


du
ra


n
ce


-t
ra


in
ed


m
al


es
C


yc
li


n
g


at
55


%
W


m
a
x


(�
65


%
V̇


O
2
m


a
x
)f


or
2


h
fo


ll
ow


ed
by


a
to


ta
lw


or
k


do
n


e
in


�
1-


h
TT


P
vs


.G
LU


vs
.G


LU
:F


R
U


(2
:1


ra
ti


o)
10


8
g/


h
33


67
s


(G
LU


:F
R


U
)v


s.
36


41
s


(G
LU


)v
s.


40
22


s
(P


)
G


LU
:F


R
U


:1
9.


5%
vs


.P
/G


LU
:8


.1
%


vs
.P


/G
LU


:F
R


U
:


10
.5


%
vs


.G
LU


Y
es


La
n


ge
n


fe
ld


et
al


.
19


94
14


En
du


ra
n


ce
-t


ra
in


ed
m


al
es


12
8-


k
m


cy
cl


in
g


ti
m


e
tr


ia
l


P
vs


.7
%


C
H


O
(5


%
m


al
to


de
xt


ri
n


+
2%


FR
U


)


37
g/


h
24


1.
0


m
in


(C
H


O
)v


s.
25


3.
2


m
in


(P
)


C
H


O
:5


.1
%


vs
.P


Y
es


O
’B


ri
en


an
d


R
ow


la
n


ds
20


11
10


En
du


ra
n


ce
-t


ra
in


ed
m


al
es


C
yc


li
n


g
at


50
%


W
m


a
x


fo
r


15
0


m
in


im
m


ed
ia


te
ly


fo
ll


ow
ed


by
an


in
cr


em
en


ta
l


te
st


to
ex


h
au


st
io


n


P
vs


.2
:1


G
LU


:F
R


U
(2


to
1)


vs
.1


.2
5:


1
G


LU
:F


R
U


(1
.2


5
to


1)
vs


.0
.8


:1
G


LU
:F


R
U


(0
.8


to
1)


a


10
8


g/
h


54
5


s
(2


to
1)


vs
.5


94
s


(1
.2


5
to


1)
vs


.5
78


s
(0


.8
to


1)
vs


.5
49


s
(P


)


2
to


1:
−0


.7
%


vs
.P


;
1.


25
to


1:
8.


2%
vs


.P
;0


.8
to


1:
5.


3%
vs


.P


Y
es


(f
or


1.
25


to
1


an
d


0.
8


to
1)


O
’B


ri
en


et
al


.
20


13
12


En
du


ra
n


ce
-t


ra
in


ed
m


al
es


C
yc


li
n


g
at


57
%


W
m


a
x


fo
r


2
h


fo
ll


ow
ed


by
10


p
er


fo
rm


an
ce


sp
ri


n
ts


(�
2


m
in


ea
ch


sp
ri


n
t


w
it


h
�


5-
m


in
re


co
ve


ry
)


P
vs


.2
:1


G
LU


:F
R


U
(2


to
1)


vs
.1


.2
5:


1
G


LU
:F


R
U


(1
.2


5
to


1)
vs


.0
.8


:1
G


LU
:F


R
U


(0
.8


to
1)


a


10
8


g/
h


29
4


W
(2


to
1)


vs
.3


03
W


(1
.2


5
to


1)
vs


.2
96


W
(0


.8
to


1)
vs


.2
75


W
(P


)


2
to


1:
6.


9%
vs


.P
;


1.
25


to
1:


10
.2


%
vs


.P
;0


.8
to


1:
7.


6%
vs


.P


Y
es


(f
or


al
l


C
H


O
vs


.P
)


Tr
ip


le
tt


et
al


.
20


10
9


En
du


ra
n


ce
-t


ra
in


ed
m


al
es


10
0-


k
m


cy
cl


in
g


TT
on


er
go


m
et


er
G


LU
vs


.G
LU


:F
R


U
(1


:1
ra


ti
o)


10
8


g/
h


20
4


m
in


(G
LU


:F
R


U
)v


s.
22


0
m


in
(G


LU
)


G
LU


:F
R


U
:7


.8
%


vs
.


G
LU


Y
es


N
o


te
:


C
H


O
,c


ar
bo


h
yd


ra
te


;F
R


U
,f


ru
ct


os
e;


G
LU


,g
lu


co
se


;H
I,


h
ig


h
in


te
n


si
ty


;L
O


W
,l


ow
in


te
n


si
ty


;P
,p


la
ce


bo
;T


T,
ti


m
e


tr
ia


l;
SU


C
,s


u
cr


os
e;


V̇
O


2
m


a
x
,m


ax
im


al
ox


yg
en


u
p


ta
k


e;
W


m
a
x
,w


at
ta


ge
m


ax
im


u
m


du
ri


n
g


V̇
O


2
m


a
x


te
st


in
g.


a
N


o
gl


u
co


se
-a


lo
n


e
tr


ea
tm


en
t.


Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)


Stellingwerff and Cox 11


Published by NRC Research Press


A
pp


l. 
Ph


ys
io


l. 
N


ut
r.


 M
et


ab
. D


ow
nl


oa
de


d 
fr


om
 w


w
w


.n
rc


re
se


ar
ch


pr
es


s.
co


m
 b


y 
M


cM
as


te
r 


U
ni


ve
rs


ity
 o


n 
08


/1
5/


14
Fo


r 
pe


rs
on


al
 u


se
 o


nl
y.


 







demonstrated no correlation between BM and CHOoxid with the
same CHO intake rates (Jeukendrup 2010). This suggests that the
quality and quantity of CHO transporters, not the length of the GI
tract or number of muscle GLUT4 transporters, ultimately dictates
exogenous CHO delivery and CHOoxid. Therefore, unlike daily
CHO or carbohydrate loading recommendations, which are
adapted to individual BM because it scales to lean muscle tissue
and total muscle glycogen contents, exercise CHO intake recom-
mendations do not need to be adjusted for individual BM.


Individual GI tolerance
Data has shown a highly variable response in individual


CHOoxid (Jeukendrup 2010) and GI tolerance (Pfeiffer et al. 2012),
with a between-subject coefficient of variation of measurement
for CHOoxid of �15%–20% in well-controlled studies with the same
CHO intake rates conducted in similar subjects (endurance
trained males). Furthermore, �15%–20% of endurance athletes
have a chronic history of GI problems during exercise (Pfeiffer
et al. 2012). It is thought that having a high uptake and oxidation
efficiency of supplemented CHO beverages should reduce the ac-
cumulation of CHO in the GI tract and in turn reduce the potential
for GI distress during exercise (Jeukendrup 2010). This point is not
trivial given that minor GI distress is associated with negative
endurance performance outcomes (Thorburn et al. 2006). Also,
recent evidence in rodents suggests that these CHO transporters
in the GI tract appear to be “trainable” (Margolskee et al. 2007;
Lambert et al. 2008); in other words, repeated GI exposure to CHO
can increase SGLT transporter density and enhance CHO uptake,
which suggests greater GI transporter protein density. In support
of this, a 4-week endurance training study featuring 2 groups that
consumed either a high-CHO (�8.5 g CHO/(kg·day)) or a moderate-
CHO (�5.3 g CHO/(kg·day)) diet, including �100 g CHO/h training
in the high-CHO group, showed significant 16% increase in
CHOoxid post-training in the high-CHO vs. low-CHO group (Cox
et al. 2010). Interestingly, this study did not show differences in
muscle GLUT4 concentrations, but suggested the role of the gut


and its possible trainability in determining CHOoxid rates as the
primary mechanism for their finding. Practically speaking, each
athlete will have a unique CHO and fluid intake “sweet spot”
where they are able to absorb and oxidize the maximum amount
of exogenous carbohydrate/fluids to improve endurance perfor-
mance versus a mismatch of fluids and CHO, which will cause GI
distress, resulting in decreased performance. It is likely that an
individual’s sweet spot for carbohydrate and fluid will be influ-
enced by environmental conditions, exercise intensity, and exer-
cise mode (running vs. cycling).


Summary
Figure 2 is a schematic overview of key recommendations high-


lighted in this review for CHO intake rate, CHO type, and form
over varying exercise durations and intensities. For shorter dura-
tion exercise situations (<1 h) when exercise intensity is high,
small amounts (mouthwashing to 30 g/h) of liquid CHO sources
provides a convenient and practical option to elicit a performance
benefit of CHO supplementation. CHO strategies should provide
adequate oral exposure (�1.5 g in 25 mL for 5 to 10 s every 8 to
10 min of exercise) to stimulate the pleasure and reward centers of
the brain. While the majority of studies (16 of 23) have shown that
CHO supplementation improves exercise performance by 2.6% ±
3.3% during <1 h exercise situations, the challenge for athletes
undertaking such activities will be to access liquid CHO sources
regularly throughout the exercise bout. As the duration of ex-
ercise is increased (1–2 h), moderate amounts of CHO supplemen-
tation (30–60 g/h) consumed frequently throughout exercise
appears to maximize the performance advantage of CHO supple-
mentation. Given the intensity of the exercise, the opportunity
for intake and the athlete’s individual tolerance, liquid CHO
sources are recommended. Of the 18 studies included in this re-
view, 83% (n = 15) showed a positive benefit of CHO intake on
performance during exercise situations of 1–2 h. An intermediate


Fig. 2. Schematic overview of key recommendations highlighted in this review for carbohydrate (CHO) intake rate, CHO type, and form over
varying exercise durations and intensities.
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improvement (4.9% ± 4.9%) of CHO supplementation was observed
in the studies included in this review.


As the exercise duration is extended beyond 2 h and exercise
intensity is reduced, a greater variety of CHO foods and fluids can
be included to meet high hourly CHO intake recommendations of
40 to 110 g/h. CHO supplementation during prolonged exercise
will provide an alternate substrate to the active muscle and main-
tain high rates of CHOoxid. A unique finding of this review was
that the positive performance effect of CHO intake becomes
larger during prolonged exercise situations. In studies lasting lon-
ger than 2 h, the average increase in performance of single-source
CHO and multi-transportable CHO was 6.2% ± 4.3%. The type of
CHO becomes an important consideration as high intake rates
of multi-transportable CHOs are required to induce maximal
CHOoxid and performance outcomes in prolonged exercise situa-
tions. Ultimately, the amount of CHO consumed will be influ-
enced by the athlete’s individual tolerance, which appears both
variable and trainable.


Taken together, this systematic review clearly demonstrates the
positive performance impact that CHO consumption has on vary-
ing exercise durations. Furthermore, contemporary CHO and per-
formance research, including dose–response data, CHO blends,
and CHO mouthwash studies, showcase the complex mechanisms
supporting these performance benefits O from peripheral exog-
enous energy provision to central cognitive benefits.


Conflict of interest statement
The authors have no conflicts of interest to declare.


References
ACSM. 2000. Joint Position Statement: nutrition and athletic performance.


American College of Sports Medicine, American Dietetic Association, and
Dietitians of Canada. Med. Sci. Sports Exerc. 32: 2130–2145. PMID:11128862.


Anantaraman, R., Carmines, A.A., Gaesser, G.A., and Weltman, A. 1995. Effects of
carbohydrate supplementation on performance during 1 hour of high-
intensity exercise. Int. J. Sports Med. 16: 461–465. doi:10.1055/s-2007-973038.
PMID:8550255.


Angus, D.J., Hargreaves, M., Dancey, J., and Febbraio, M.A. 2000. Effect of carbo-
hydrate or carbohydrate plus medium-chain triglyceride ingestion on cycling
time trial performance. J. Appl. Physiol. 88: 113–119. PMID:10642370.


Beaven, C.M., Cook, C., Gray, D., Downes, P., Murphy, I., Drawer, S., et al. 2013.
Electrostimulation’s enhancement of recovery during a rugby preseason. Int.
J. Sports Physiol. Perform. 8: 92–98. PMID:23302142.


Beelen, M., Berghuis, J., Bonaparte, B., Ballak, S.B., Jeukendrup, A.E., and
van Loon, L.J. 2009. Carbohydrate mouth rinsing in the fed state: lack of
enhancement of time-trial performance. Int. J. Sport Nutr. Exerc. Metab. 19:
400–409. PMID:19827464.


Below, P.R., Mora-Rodriguez, R., Gonzalez-Alonso, J., and Coyle, E.F. 1995. Fluid
and carbohydrate ingestion independently improve performance during 1 h
of intense exercise. Med. Sci. Sports Exerc. 27: 200–210. doi:10.1249/00005768-
199502000-00009. PMID:7723643.


Bjorkman, O., Sahlin, K., Hagenfeldt, L., and Wahren, J. 1984. Influence of glu-
cose and fructose ingestion on the capacity for long-term exercise in well-
trained men. Clin. Physiol. 4: 483–494. doi:10.1111/j.1475-097X.1984.tb00134.x.
PMID:6542834.


Bonen, A., Malcolm, S.A., Kilgour, R.D., MacIntyre, K.P., and Belcastro, A.N. 1981.
Glucose ingestion before and during intense exercise. J. Appl. Physiol. 50:
766–771. PMID:7021500.


Carter, J., Jeukendrup, A.E., Mundel, T., and Jones, D.A. 2003. Carbohydrate
supplementation improves moderate and high-intensity exercise in the heat.
Pflugers Arch. – Eur. J. Physiol. 446: 211–219. doi:10.1007/s00424-003-1020-4.
PMID:12739159.


Carter, J.M., Jeukendrup, A.E., and Jones, D.A. 2004a. The effect of carbohydrate
mouth rinse on 1-h cycle time trial performance. Med. Sci. Sports Exerc. 36:
2107–2111. doi:10.1249/01.MSS.0000147585.65709.6F. PMID:15570147.


Carter, J.M., Jeukendrup, A.E., Mann, C.H., and Jones, D.A. 2004b. The effect
of glucose infusion on glucose kinetics during a 1-h time trial. Med. Sci.
Sports Exerc. 36: 1543–1550. doi:10.1249/01.MSS.0000139892.69410.D8. PMID:
15354036.


Chambers, E.S., Bridge, M.W., and Jones, D.A. 2009. Carbohydrate sensing in the
human mouth: effects on exercise performance and brain activity. J. Physiol.
587: 1779–1794. doi:10.1113/jphysiol.2008.164285. PMID:19237430.


Coggan, A.R., and Coyle, E.F. 1987. Reversal of fatigue during prolonged exercise
by carbohydrate infusion or ingestion. J. Appl. Physiol. 63: 2388–2395. PMID:
3325488.


Cox, G.R., Clark, S.A., Cox, A.J., Halson, S.L., Hargreaves, M., Hawley, J.A., et al.


2010. Daily training with high carbohydrate availability increases exogenous
carbohydrate oxidation during endurance cycling. J. Appl. Physiol. 109: 126–
134. doi:10.1152/japplphysiol.00950.2009. PMID:20466803.


Coyle, E.F. 1992a. Carbohydrate feeding during exercise. Int. J. Sports Med.
13(Suppl. 1): S126–S128. doi:10.1055/s-2007-1024615. PMID:1483749.


Coyle, E.F. 1992b. Carbohydrate supplementation during exercise. J. Nutr. 122:
788–795. PMID:1542049.


Coyle, E.F., Hagberg, J.M., Hurley, B.F., Martin, W.H., Ehsani, A.A., and
Holloszy, J.O. 1983. Carbohydrate feeding during prolonged strenuous exer-
cise can delay fatigue. J. Appl. Physiol. 55: 230–235. PMID:6350247.


Coyle, E.F., Coggan, A.R., Hemmert, M.K., and Ivy, J.L. 1986. Muscle glycogen
utilization during prolonged strenuous exercise when fed carbohydrate.
J. Appl. Physiol. 61: 165–172. PMID:3525502.


Currell, K., and Jeukendrup, A.E. 2008. Superior endurance performance with
ingestion of multiple transportable carbohydrates. Med. Sci. Sports Exerc.
40: 275–281. doi:10.1249/mss.0b013e31815adf19. PMID:18202575.


Davis, J.M., Burgess, W.A., Slentz, C.A., Bartoli, W.P., and Pate, R.R. 1988a. Effects
of ingesting 6% and 12% glucose/electrolyte beverages during prolonged in-
termittent cycling in the heat. Eur. J. Appl. Physiol. Occup. Physiol. 57: 563–
569. doi:10.1007/BF00418463. PMID:3396573.


Davis, J.M., Lamb, D.R., Pate, R.R., Slentz, C.A., Burgess, W.A., and Bartoli, W.P.
1988b. Carbohydrate-electrolyte drinks: effects on endurance cycling in the
heat. Am. J. Clin. Nutr. 48: 1023–1030. PMID:3421199.


Desbrow, B., Anderson, S., Barrett, J., Rao, E., and Hargreaves, M. 2004.
Carbohydrate-electrolyte feedings and 1 h time trial cycling performance.
Int. J. Sport Nutr. Exerc. Metab. 14: 541–549. PMID:15673100.


el-Sayed, M.S., Balmer, J., and Rattu, A.J. 1997. Carbohydrate ingestion improves
endurance performance during a 1 h simulated cycling time trial. J. Sports
Sci. 15: 223–230. doi:10.1080/026404197367506. PMID:9258853.


Eston, R. 2012. Use of ratings of perceived exertion in sports. Int. J. Sports
Physiol. Perform. 7: 175–182. PMID:22634967.


Fares, E.J., and Kayser, B. 2011. Carbohydrate mouth rinse effects on exercise
capacity in pre- and postprandial states. J. Nutr. Metab. 2011: 385962. doi:10.
1155/2011/385962. PMID:22013515.


Fielding, R.A., Costill, D.L., Fink, W.J., King, D.S., Hargreaves, M., and
Kovaleski, J.E. 1985. Effect of carbohydrate feeding frequencies and dosage on
muscle glycogen use during exercise. Med. Sci. Sports Exerc. 17: 472–476.
doi:10.1249/00005768-198508000-00012. PMID:4033404.


Flynn, M.G., Costill, D.L., Hawley, J.A., Fink, W.J., Neufer, P.D., Fielding, R.A., and
Sleeper, M.D. 1987. Influence of selected carbohydrate drinks on cycling per-
formance and glycogen use. Med. Sci. Sports Exerc. 19: 37–40. doi:10.1249/
00005768-198702000-00008. PMID:3821453.


Gam, S., Guelfi, K.J., and Fournier, P.A. 2013. Opposition of carbohydrate in a
mouth-rinse solution to the detrimental effect of mouth rinsing during cy-
cling time trials. Int. J. Sport Nutr. Exerc. Metab. 23: 48–56. PMID:22952137.


Hargreaves, M., Costill, D.L., Coggan, A., Fink, W.J., and Nishibata, I. 1984. Effect
of carbohydrate feedings on muscle glycogen utilization and exercise perfor-
mance. Med. Sci. Sports Exerc. 16: 219–222. doi:10.1249/00005768-198406000-
00004. PMID:6748917.


Hulston, C.J., Wallis, G.A., and Jeukendrup, A.E. 2009. Exogenous CHO oxidation
with glucose plus fructose intake during exercise. Med. Sci. Sports Exerc. 41:
357–363. doi:10.1249/MSS.0b013e3181857ee6. PMID:19127189.


Ivy, J.L., Miller, W., Dover, V., Goodyear, L.G., Sherman, W.M., Farrell, S., and
Williams, H. 1983. Endurance improved by ingestion of a glucose polymer
supplement. Med. Sci. Sports Exerc. 15: 466–471. doi:10.1249/00005768-
198315060-00005. PMID:6361440.


Jeukendrup, A.E. 2010. Carbohydrate and exercise performance: the role of mul-
tiple transportable carbohydrates. Curr. Opin. Clin. Nutr. Metab. Care, 13:
452–457. doi:10.1097/MCO.0b013e328339de9f. PMID:20574242.


Jeukendrup, A.E. 2011. Nutrition for endurance sports: marathon, triathlon, and
road cycling. J. Sports Sci. 29(Suppl. 1): S91–S99. doi:10.1080/02640414.2011.
610348. PMID:21916794.


Jeukendrup, A., Brouns, F., Wagenmakers, A.J., and Saris, W.H. 1997.
Carbohydrate-electrolyte feedings improve 1 h time trial cycling perfor-
mance. Int. J. Sports Med. 18: 125–129. doi:10.1055/s-2007-972607. PMID:
9081269.


Jeukendrup, A.E., Hopkins, S., Aragon-Vargas, L.F., and Hulston, C. 2008. No
effect of carbohydrate feeding on 16 km cycling time trial performance. Eur.
J. Appl. Physiol. 104: 831–837. doi:10.1007/s00421-008-0838-z. PMID:18813941.


Lambert, G.P., Lang, J., Bull, A., Eckerson, J., Lanspa, S., and O’Brien, J. 2008. Fluid
tolerance while running: effect of repeated trials. Int. J. Sports Med. 29:
878–882. doi:10.1055/s-2008-1038620. PMID:18512180.


Lane, S.C., Bird, S.R., Burke, L.M., and Hawley, J.A. 2013. Effect of a carbohydrate
mouth rinse on simulated cycling time-trial performance commenced in a
fed or fasted state. Appl. Physiol. Nutr. Metab. 38(2): 134–139. doi:10.1139/
apnm-2012-0300. PMID:23438223.


Langenfeld, M.E., Seifert, J.G., Rudge, S.R., and Bucher, R.J. 1994. Effect of carbo-
hydrate ingestion on performance of non-fasted cyclists during a simulated
80-mile time trial. J. Sports Med. Phys. Fitness, 34: 263–270. PMID:7830390.


Madsen, K., MacLean, D.A., Kiens, B., and Christensen, D. 1996. Effects of glucose,
glucose plus branched-chain amino acids, or placebo on bike performance
over 100 km. J. Appl. Physiol. 81: 2644–2650. PMID:9018517.


Margolskee, R.F., Dyer, J., Kokrashvili, Z., Salmon, K.S., Ilegems, E., Daly, K., et al.


Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)


Stellingwerff and Cox 13


Published by NRC Research Press


A
pp


l. 
Ph


ys
io


l. 
N


ut
r.


 M
et


ab
. D


ow
nl


oa
de


d 
fr


om
 w


w
w


.n
rc


re
se


ar
ch


pr
es


s.
co


m
 b


y 
M


cM
as


te
r 


U
ni


ve
rs


ity
 o


n 
08


/1
5/


14
Fo


r 
pe


rs
on


al
 u


se
 o


nl
y.


 



http://www.ncbi.nlm.nih.gov/pubmed/11128862

http://dx.doi.org/10.1055/s-2007-973038

http://www.ncbi.nlm.nih.gov/pubmed/8550255

http://www.ncbi.nlm.nih.gov/pubmed/10642370

http://www.ncbi.nlm.nih.gov/pubmed/23302142

http://www.ncbi.nlm.nih.gov/pubmed/19827464

http://dx.doi.org/10.1249/00005768-199502000-00009

http://dx.doi.org/10.1249/00005768-199502000-00009

http://www.ncbi.nlm.nih.gov/pubmed/7723643

http://dx.doi.org/10.1111/j.1475-097X.1984.tb00134.x

http://www.ncbi.nlm.nih.gov/pubmed/6542834

http://www.ncbi.nlm.nih.gov/pubmed/7021500

http://dx.doi.org/10.1007/s00424-003-1020-4

http://www.ncbi.nlm.nih.gov/pubmed/12739159

http://dx.doi.org/10.1249/01.MSS.0000147585.65709.6F

http://www.ncbi.nlm.nih.gov/pubmed/15570147

http://dx.doi.org/10.1249/01.MSS.0000139892.69410.D8

http://www.ncbi.nlm.nih.gov/pubmed/15354036

http://dx.doi.org/10.1113/jphysiol.2008.164285

http://www.ncbi.nlm.nih.gov/pubmed/19237430

http://www.ncbi.nlm.nih.gov/pubmed/3325488

http://dx.doi.org/10.1152/japplphysiol.00950.2009

http://www.ncbi.nlm.nih.gov/pubmed/20466803

http://dx.doi.org/10.1055/s-2007-1024615

http://www.ncbi.nlm.nih.gov/pubmed/1483749

http://www.ncbi.nlm.nih.gov/pubmed/1542049

http://www.ncbi.nlm.nih.gov/pubmed/6350247

http://www.ncbi.nlm.nih.gov/pubmed/3525502

http://dx.doi.org/10.1249/mss.0b013e31815adf19

http://www.ncbi.nlm.nih.gov/pubmed/18202575

http://dx.doi.org/10.1007/BF00418463

http://www.ncbi.nlm.nih.gov/pubmed/3396573

http://www.ncbi.nlm.nih.gov/pubmed/3421199

http://www.ncbi.nlm.nih.gov/pubmed/15673100

http://dx.doi.org/10.1080/026404197367506

http://www.ncbi.nlm.nih.gov/pubmed/9258853

http://www.ncbi.nlm.nih.gov/pubmed/22634967

http://dx.doi.org/10.1155/2011/385962

http://dx.doi.org/10.1155/2011/385962

http://www.ncbi.nlm.nih.gov/pubmed/22013515

http://dx.doi.org/10.1249/00005768-198508000-00012

http://www.ncbi.nlm.nih.gov/pubmed/4033404

http://dx.doi.org/10.1249/00005768-198702000-00008

http://dx.doi.org/10.1249/00005768-198702000-00008

http://www.ncbi.nlm.nih.gov/pubmed/3821453

http://www.ncbi.nlm.nih.gov/pubmed/22952137

http://dx.doi.org/10.1249/00005768-198406000-00004

http://dx.doi.org/10.1249/00005768-198406000-00004

http://www.ncbi.nlm.nih.gov/pubmed/6748917

http://dx.doi.org/10.1249/MSS.0b013e3181857ee6

http://www.ncbi.nlm.nih.gov/pubmed/19127189

http://dx.doi.org/10.1249/00005768-198315060-00005

http://dx.doi.org/10.1249/00005768-198315060-00005

http://www.ncbi.nlm.nih.gov/pubmed/6361440

http://dx.doi.org/10.1097/MCO.0b013e328339de9f

http://www.ncbi.nlm.nih.gov/pubmed/20574242

http://dx.doi.org/10.1080/02640414.2011.610348

http://dx.doi.org/10.1080/02640414.2011.610348

http://www.ncbi.nlm.nih.gov/pubmed/21916794

http://dx.doi.org/10.1055/s-2007-972607

http://www.ncbi.nlm.nih.gov/pubmed/9081269

http://dx.doi.org/10.1007/s00421-008-0838-z

http://www.ncbi.nlm.nih.gov/pubmed/18813941

http://dx.doi.org/10.1055/s-2008-1038620

http://www.ncbi.nlm.nih.gov/pubmed/18512180

http://dx.doi.org/10.1139/apnm-2012-0300

http://dx.doi.org/10.1139/apnm-2012-0300

http://www.ncbi.nlm.nih.gov/pubmed/23438223

http://www.ncbi.nlm.nih.gov/pubmed/7830390

http://www.ncbi.nlm.nih.gov/pubmed/9018517

http://www.nrcresearchpress.com/action/showLinks?pmid=6350247

http://www.nrcresearchpress.com/action/showLinks?pmid=22952137

http://www.nrcresearchpress.com/action/showLinks?pmid=19127189&crossref=10.1249%2FMSS.0b013e3181857ee6

http://www.nrcresearchpress.com/action/showLinks?pmid=9018517&isi=A1996WB34900042

http://www.nrcresearchpress.com/action/showLinks?pmid=8550255&crossref=10.1055%2Fs-2007-973038

http://www.nrcresearchpress.com/action/showLinks?pmid=1483749&crossref=10.1055%2Fs-2007-1024615

http://www.nrcresearchpress.com/action/showLinks?pmid=4033404&crossref=10.1249%2F00005768-198508000-00012

http://www.nrcresearchpress.com/action/showLinks?system=10.1139%2Fapnm-2012-0300&pmid=23438223

http://www.nrcresearchpress.com/action/showLinks?pmid=12739159&crossref=10.1007%2Fs00424-003-1020-4&isi=000183398600011

http://www.nrcresearchpress.com/action/showLinks?pmid=3325488&isi=A1987L459900029

http://www.nrcresearchpress.com/action/showLinks?pmid=22634967

http://www.nrcresearchpress.com/action/showLinks?pmid=18813941&crossref=10.1007%2Fs00421-008-0838-z

http://www.nrcresearchpress.com/action/showLinks?pmid=6542834&crossref=10.1111%2Fj.1475-097X.1984.tb00134.x

http://www.nrcresearchpress.com/action/showLinks?pmid=15354036&crossref=10.1249%2F01.MSS.0000139892.69410.D8&isi=000223967100013

http://www.nrcresearchpress.com/action/showLinks?pmid=15673100

http://www.nrcresearchpress.com/action/showLinks?pmid=21916794&crossref=10.1080%2F02640414.2011.610348

http://www.nrcresearchpress.com/action/showLinks?pmid=19827464

http://www.nrcresearchpress.com/action/showLinks?pmid=3525502&isi=A1986D300500024

http://www.nrcresearchpress.com/action/showLinks?pmid=3396573&crossref=10.1007%2FBF00418463

http://www.nrcresearchpress.com/action/showLinks?pmid=6748917&crossref=10.1249%2F00005768-198406000-00004

http://www.nrcresearchpress.com/action/showLinks?pmid=6361440&crossref=10.1249%2F00005768-198315060-00005

http://www.nrcresearchpress.com/action/showLinks?pmid=10642370

http://www.nrcresearchpress.com/action/showLinks?pmid=1542049

http://www.nrcresearchpress.com/action/showLinks?pmid=3821453&crossref=10.1249%2F00005768-198702000-00008

http://www.nrcresearchpress.com/action/showLinks?pmid=7830390

http://www.nrcresearchpress.com/action/showLinks?pmid=17724332&crossref=10.1073%2Fpnas.0706678104

http://www.nrcresearchpress.com/action/showLinks?pmid=11128862&crossref=10.1097%2F00005768-200012000-00025

http://www.nrcresearchpress.com/action/showLinks?pmid=20466803&crossref=10.1152%2Fjapplphysiol.00950.2009

http://www.nrcresearchpress.com/action/showLinks?pmid=22013515&crossref=10.1155%2F2011%2F385962

http://www.nrcresearchpress.com/action/showLinks?pmid=18512180&crossref=10.1055%2Fs-2008-1038620

http://www.nrcresearchpress.com/action/showLinks?pmid=7021500

http://www.nrcresearchpress.com/action/showLinks?pmid=19237430&crossref=10.1113%2Fjphysiol.2008.164285&isi=000265616800013

http://www.nrcresearchpress.com/action/showLinks?pmid=9258853&crossref=10.1080%2F026404197367506

http://www.nrcresearchpress.com/action/showLinks?pmid=9081269&crossref=10.1055%2Fs-2007-972607&isi=A1997WK95500010

http://www.nrcresearchpress.com/action/showLinks?pmid=7723643&crossref=10.1249%2F00005768-199502000-00009&isi=A1995QF64000009

http://www.nrcresearchpress.com/action/showLinks?pmid=15570147&crossref=10.1249%2F01.MSS.0000147585.65709.6F&isi=000225547500015

http://www.nrcresearchpress.com/action/showLinks?pmid=18202575&crossref=10.1249%2Fmss.0b013e31815adf19&isi=000252608300012

http://www.nrcresearchpress.com/action/showLinks?pmid=3421199&isi=A1988Q348800014

http://www.nrcresearchpress.com/action/showLinks?pmid=20574242&crossref=10.1097%2FMCO.0b013e328339de9f

http://www.nrcresearchpress.com/action/showLinks?pmid=23302142





2007. T1R3 and gustducin in gut sense sugars to regulate expression of Na+-
glucose cotransporter 1. Proc. Natl. Acad. Sci. U.S.A. 104: 15075–15080. doi:10.
1073/pnas.0706678104. PMID:17724332.


Maughan, R.J., Fenn, C.E., and Leiper, J.B. 1989. Effects of fluid, electrolyte and
substrate ingestion on endurance capacity. Eur. J. Appl. Physiol. Occup.
Physiol. 58: 481–486. doi:10.1007/BF02330701. PMID:2759074.


Maughan, R.J., Bethell, L.R., and Leiper, J.B. 1996. Effects of ingested fluids on
exercise capacity and on cardiovascular and metabolic responses to pro-
longed exercise in man. Exp. Physiol. 81: 847–859. PMID:8889482.


McConell, G., Kloot, K., and Hargreaves, M. 1996. Effect of timing of carbohy-
drate ingestion on endurance exercise performance. Med. Sci. Sports Exerc.
28: 1300–1304. doi:10.1097/00005768-199610000-00014. PMID:8897388.


McConell, G.K., Canny, B.J., Daddo, M.C., Nance, M.J., and Snow, R.J. 2000. Effect
of carbohydrate ingestion on glucose kinetics and muscle metabolism dur-
ing intense endurance exercise. J. Appl. Physiol. 89: 1690–1698. PMID:
11053315.


Mitchell, J.B., Costill, D.L., Houmard, J.A., Flynn, M.G., Fink, W.J., and Beltz, J.D.
1988. Effects of carbohydrate ingestion on gastric emptying and exercise
performance. Med. Sci. Sports Exerc. 20: 110–115. doi:10.1249/00005768-
198820020-00002. PMID:3367744.


Mitchell, J.B., Costill, D.L., Houmard, J.A., Fink, W.J., Pascoe, D.D., and
Pearson, D.R. 1989. Influence of carbohydrate dosage on exercise perfor-
mance and glycogen metabolism. J. Appl. Physiol. 67: 1843–1849. PMID:
2600017.


Murray, R., Eddy, D.E., Murray, T.W., Seifert, J.G., Paul, G.L., and Halaby, G.A.
1987. The effect of fluid and carbohydrate feedings during intermittent cy-
cling exercise. Med. Sci. Sports Exerc. 19: 597–604. doi:10.1249/00005768-
198712000-00010. PMID:3431377.


Murray, R., Paul, G.L., Seifert, J.G., Eddy, D.E., and Halaby, G.A. 1989a. The effects
of glucose, fructose, and sucrose ingestion during exercise. Med. Sci. Sports
Exerc. 21: 275–282. doi:10.1249/00005768-198906000-00008. PMID:2733576.


Murray, R., Seifert, J.G., Eddy, D.E., Paul, G.L., and Halaby, G.A. 1989b. Carbohy-
drate feeding and exercise: effect of beverage carbohydrate content. Eur. J.
Appl. Physiol. Occup. Physiol. 59: 152–158. doi:10.1007/BF02396594. PMID:
2583144.


Neufer, P.D., Costill, D.L., Flynn, M.G., Kirwan, J.P., Mitchell, J.B., and Houmard, J.
1987. Improvements in exercise performance: effects of carbohydrate feed-
ings and diet. J. Appl. Physiol. 62: 983–988. PMID:3571097.


Nicholas, C.W., Williams, C., Lakomy, H.K., Phillips, G., and Nowitz, A. 1995.
Influence of ingesting a carbohydrate-electrolyte solution on endurance ca-
pacity during intermittent, high-intensity shuttle running. J. Sports Sci. 13:
283–290. doi:10.1080/02640419508732241. PMID:7474041.


O’Brien, W.J., and Rowlands, D.S. 2011. Fructose-maltodextrin ratio in a
carbohydrate-electrolyte solution differentially affects exogenous carbohy-
drate oxidation rate, gut comfort, and performance. Am. J. Physiol. Gastro-
intest. Liver Physiol. 300: G181–G189. doi:10.1152/ajpgi.00419.2010. PMID:
21071509.


O’Brien, W.J., Stannard, S.R., Clarke, J.A., and Rowlands, D.S. 2013. Fructose-
maltodextrin ratio governs exogenous and other CHO oxidation and
performance. Med. Sci. Sports Exerc. 45(9): 1814–1824. doi:10.1249/MSS.
0b013e31828e12d4. PMID:23949097.


Painelli, V.S., Roschel, H., Gualano, B., Del-Favero, S., Benatti, F.B.,
Ugrinowitsch, C., et al. 2011. The effect of carbohydrate mouth rinse on
maximal strength and strength endurance. Eur. J. Appl. Physiol. 111: 2381–
2386. doi:10.1007/s00421-011-1865-8. PMID:21336838.


Pfeiffer, B., Cotterill, A., Grathwohl, D., Stellingwerff, T., and Jeukendrup, A.E.
2009. The effect of carbohydrate gels on gastrointestinal tolerance during a
16-km run. Int. J. Sport Nutr. Exerc. Metab. 19: 485–503. PMID:19910651.


Pfeiffer, B., Stellingwerff, T., Hodgson, A.B., Randell, R., Pottgen, K., Res, P., and
Jeukendrup, A.E. 2012. Nutritional intake and gastrointestinal problems dur-
ing competitive endurance events. Med. Sci. Sports Exerc. 44: 344–351. doi:
10.1249/MSS.0b013e31822dc809. PMID:21775906.


Pottier, A., Bouckaert, J., Gilis, W., Roels, T., and Derave, W. 2010. Mouth rinse
but not ingestion of a carbohydrate solution improves 1-h cycle time trial
performance. Scand. J. Med. Sci. Sports, 20: 105–111. doi:10.1111/j.1600-0838.
2008.00868.x. PMID:19000099.


Powers, S.K., Lawler, J., Dodd, S., Tulley, R., Landry, G., and Wheeler, K. 1990.
Fluid replacement drinks during high intensity exercise: effects on minimiz-
ing exercise-induced disturbances in homeostasis. Eur. J. Appl. Physiol. Oc-
cup. Physiol. 60: 54–60. doi:10.1007/BF00572186. PMID:2311595.


Rollo, I., Williams, C., Gant, N., and Nute, M. 2008. The influence of carbohydrate
mouth rinse on self-selected speeds during a 30-min treadmill run. Int. J.
Sport Nutr. Exerc. Metab. 18: 585–600. PMID:19164829.


Rollo, I., Cole, M., Miller, R., and Williams, C. 2010. Influence of mouth rinsing a


carbohydrate solution on 1-h running performance. Med. Sci. Sports Exerc.
42: 798–804. doi:10.1249/MSS.0b013e3181bac6e4. PMID:19952850.


Sawka, M.N., Burke, L.M., Eichner, E.R., Maughan, R.J., Montain, S.J., and
Stachenfeld, N.S. 2007. American College of Sports Medicine position stand.
Exercise and fluid replacement. Med. Sci. Sports Exerc. 39: 377–390. doi:10.
1249/mss.0b013e31802ca597. PMID:17277604.


Sinclair, J., Bottoms, L., Flynn, C., Bradley, E., Alexander, G., McCullagh, S., et al.
2014. The effect of different durations of carbohydrate mouth rinse on cy-
cling performance. Eur. J. Sport Sci. 14(3): 259–264. doi:10.1080/17461391.2013.
785599. PMID:23578290.


Smith, J.W., Zachwieja, J.J., Peronnet, F., Passe, D.H., Massicotte, D., Lavoie, C.,
and Pascoe, D.D. 2010. Fuel selection and cycling endurance performance
with ingestion of [13C]glucose: evidence for a carbohydrate dose response.
J. Appl. Physiol. 108: 1520–1529. doi:10.1152/japplphysiol.91394.2008. PMID:
20299609.


Smith, J.W., Pascoe, D.D., Passe, D.H., Ruby, B.C., Stewart, L.K., Baker, L.B., and
Zachwieja, J.J. 2013. Curvilinear dose–response relationship of carbohydrate
(0–120 g·h−1) and performance. Med. Sci. Sports Exerc. 45: 336–341. doi:10.
1249/MSS.0b013e31827205d1. PMID:22968309.


Stellingwerff, T. 2012. Case study: nutrition and training periodization in three
elite marathon runners. Int. J. Sport Nutr. Exerc. Metab. 22: 392–400. PMID:
22805754.


Stellingwerff, T., and Jeukendrup, A.E. 2011. Don’t forget the gut–it is an impor-
tant athletic organ! J. Appl. Physiol. (1985), 110: 278; discussion 294. doi:10.
1152/japplphysiol.01259.2010. PMID:21228188.


Sugiura, K., and Kobayashi, K. 1998. Effect of carbohydrate ingestion on sprint
performance following continuous and intermittent exercise. Med. Sci.
Sports Exerc. 30: 1624–1630. doi:10.1097/00005768-199811000-00011. PMID:
9813876.


Thorburn, M.S., Vistisen, B., Thorp, R.M., Rockell, M.J., Jeukendrup, A.E., Xu, X.,
and Rowlands, D.S. 2006. Attenuated gastric distress but no benefit to per-
formance with adaptation to octanoate-rich esterified oils in well-trained
male cyclists. J. Appl. Physiol. 101: 1733–1743. doi:10.1152/japplphysiol.00393.
2006. PMID:16840580.


Too, B.W., Cicai, S., Hockett, K.R., Applegate, E., Davis, B.A., and Casazza, G.A.
2012. Natural versus commercial carbohydrate supplementation and endur-
ance running performance. J. Int. Soc. Sports Nutr. 9: 27. doi:10.1186/1550-
2783-9-27. PMID:22704463.


Triplett, D., Doyle, J.A., Rupp, J.C., and Benardot, D. 2010. An isocaloric glucose-
fructose beverage’s effect on simulated 100-km cycling performance com-
pared with a glucose-only beverage. Int. J. Sport Nutr. Exerc. Metab. 20:
122–131. PMID:20479485.


Tsintzas, K., Liu, R., Williams, C., Campbell, I., and Gaitanos, G. 1993. The effect
of carbohydrate ingestion on performance during a 30-km race. Int. J. Sport
Nutr. 3: 127–139. PMID:8508191.


Tsintzas, O.K., Williams, C., Boobis, L., and Greenhaff, P. 1996a. Carbohydrate
ingestion and single muscle fiber glycogen metabolism during prolonged
running in men. J. Appl. Physiol. 81: 801–809. PMID:8872649.


Tsintzas, O.K., Williams, C., Wilson, W., and Burrin, J. 1996b. Influence of carbo-
hydrate supplementation early in exercise on endurance running capacity.
Med. Sci. Sports Exerc. 28: 1373–1379. doi:10.1097/00005768-199611000-00005.
PMID:8933487.


Vandenbogaerde, T.J., and Hopkins, W.G. 2011. Effects of acute carbohydrate
supplementation on endurance performance: a meta-analysis. Sports Med.
41: 773–792. doi:10.2165/11590520-000000000-00000. PMID:21846165.


Wallis, G.A., Dawson, R., Achten, J., Webber, J., and Jeukendrup, A.E. 2006.
Metabolic response to carbohydrate ingestion during exercise in males and
females. Am. J. Physiol. Endocrinol. Metab. 290: E708–E715. doi:10.1152/ajp
endo.00357.2005. PMID:16278245.


Watson, P., Shirreffs, S.M., and Maughan, R.J. 2012. Effect of dilute CHO bever-
ages on performance in cool and warm environments. Med. Sci. Sports Exerc.
44: 336–343. doi:10.1249/MSS.0b013e31822dc5ed. PMID:22251924.


Whitham, M., and McKinney, J. 2007. Effect of a carbohydrate mouthwash on
running time-trial performance. J. Sports Sci. 25: 1385–1392. doi:10.1080/
02640410601113676. PMID:17786691.


Wilber, R.L., and Moffatt, R.J. 1992. Influence of carbohydrate ingestion on blood
glucose and performance in runners. Int. J. Sport Nutr. 2: 317–327. PMID:
1299501.


Wright, D.A., Sherman, W.M., and Dernbach, A.R. 1991. Carbohydrate feedings
before, during, or in combination improve cycling endurance performance.
J. Appl. Physiol. 71: 1082–1088. PMID:1757304.


Zachwieja, J.J., Costill, D.L., Beard, G.C., Robergs, R.A., Pascoe, D.D., and
Anderson, D.E. 1992. The effects of a carbonated carbohydrate drink on gas-
tric emptying, gastrointestinal distress, and exercise performance. Int. J.
Sport Nutr. 2: 239–250. PMID:1299496.


Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)


14 Appl. Physiol. Nutr. Metab. Vol. 39, 2014


Published by NRC Research Press


A
pp


l. 
Ph


ys
io


l. 
N


ut
r.


 M
et


ab
. D


ow
nl


oa
de


d 
fr


om
 w


w
w


.n
rc


re
se


ar
ch


pr
es


s.
co


m
 b


y 
M


cM
as


te
r 


U
ni


ve
rs


ity
 o


n 
08


/1
5/


14
Fo


r 
pe


rs
on


al
 u


se
 o


nl
y.


 



http://dx.doi.org/10.1073/pnas.0706678104

http://dx.doi.org/10.1073/pnas.0706678104

http://www.ncbi.nlm.nih.gov/pubmed/17724332

http://dx.doi.org/10.1007/BF02330701

http://www.ncbi.nlm.nih.gov/pubmed/2759074

http://www.ncbi.nlm.nih.gov/pubmed/8889482

http://dx.doi.org/10.1097/00005768-199610000-00014

http://www.ncbi.nlm.nih.gov/pubmed/8897388

http://www.ncbi.nlm.nih.gov/pubmed/11053315

http://dx.doi.org/10.1249/00005768-198820020-00002

http://dx.doi.org/10.1249/00005768-198820020-00002

http://www.ncbi.nlm.nih.gov/pubmed/3367744

http://www.ncbi.nlm.nih.gov/pubmed/2600017

http://dx.doi.org/10.1249/00005768-198712000-00010

http://dx.doi.org/10.1249/00005768-198712000-00010

http://www.ncbi.nlm.nih.gov/pubmed/3431377

http://dx.doi.org/10.1249/00005768-198906000-00008

http://www.ncbi.nlm.nih.gov/pubmed/2733576

http://dx.doi.org/10.1007/BF02396594

http://www.ncbi.nlm.nih.gov/pubmed/2583144

http://www.ncbi.nlm.nih.gov/pubmed/3571097

http://dx.doi.org/10.1080/02640419508732241

http://www.ncbi.nlm.nih.gov/pubmed/7474041

http://dx.doi.org/10.1152/ajpgi.00419.2010

http://www.ncbi.nlm.nih.gov/pubmed/21071509

http://dx.doi.org/10.1249/MSS.0b013e31828e12d4

http://dx.doi.org/10.1249/MSS.0b013e31828e12d4

http://www.ncbi.nlm.nih.gov/pubmed/23949097

http://dx.doi.org/10.1007/s00421-011-1865-8

http://www.ncbi.nlm.nih.gov/pubmed/21336838

http://www.ncbi.nlm.nih.gov/pubmed/19910651

http://dx.doi.org/10.1249/MSS.0b013e31822dc809

http://www.ncbi.nlm.nih.gov/pubmed/21775906

http://dx.doi.org/10.1111/j.1600-0838.2008.00868.x

http://dx.doi.org/10.1111/j.1600-0838.2008.00868.x

http://www.ncbi.nlm.nih.gov/pubmed/19000099

http://dx.doi.org/10.1007/BF00572186

http://www.ncbi.nlm.nih.gov/pubmed/2311595

http://www.ncbi.nlm.nih.gov/pubmed/19164829

http://dx.doi.org/10.1249/MSS.0b013e3181bac6e4

http://www.ncbi.nlm.nih.gov/pubmed/19952850

http://dx.doi.org/10.1249/mss.0b013e31802ca597

http://dx.doi.org/10.1249/mss.0b013e31802ca597

http://www.ncbi.nlm.nih.gov/pubmed/17277604

http://dx.doi.org/10.1080/17461391.2013.785599

http://dx.doi.org/10.1080/17461391.2013.785599

http://www.ncbi.nlm.nih.gov/pubmed/23578290

http://dx.doi.org/10.1152/japplphysiol.91394.2008

http://www.ncbi.nlm.nih.gov/pubmed/20299609

http://dx.doi.org/10.1249/MSS.0b013e31827205d1

http://dx.doi.org/10.1249/MSS.0b013e31827205d1

http://www.ncbi.nlm.nih.gov/pubmed/22968309

http://www.ncbi.nlm.nih.gov/pubmed/22805754

http://dx.doi.org/10.1152/japplphysiol.01259.2010

http://dx.doi.org/10.1152/japplphysiol.01259.2010

http://www.ncbi.nlm.nih.gov/pubmed/21228188

http://dx.doi.org/10.1097/00005768-199811000-00011

http://www.ncbi.nlm.nih.gov/pubmed/9813876

http://dx.doi.org/10.1152/japplphysiol.00393.2006

http://dx.doi.org/10.1152/japplphysiol.00393.2006

http://www.ncbi.nlm.nih.gov/pubmed/16840580

http://dx.doi.org/10.1186/1550-2783-9-27

http://dx.doi.org/10.1186/1550-2783-9-27

http://www.ncbi.nlm.nih.gov/pubmed/22704463

http://www.ncbi.nlm.nih.gov/pubmed/20479485

http://www.ncbi.nlm.nih.gov/pubmed/8508191

http://www.ncbi.nlm.nih.gov/pubmed/8872649

http://dx.doi.org/10.1097/00005768-199611000-00005

http://www.ncbi.nlm.nih.gov/pubmed/8933487

http://dx.doi.org/10.2165/11590520-000000000-00000

http://www.ncbi.nlm.nih.gov/pubmed/21846165

http://dx.doi.org/10.1152/ajpendo.00357.2005

http://dx.doi.org/10.1152/ajpendo.00357.2005

http://www.ncbi.nlm.nih.gov/pubmed/16278245

http://dx.doi.org/10.1249/MSS.0b013e31822dc5ed

http://www.ncbi.nlm.nih.gov/pubmed/22251924

http://dx.doi.org/10.1080/02640410601113676

http://dx.doi.org/10.1080/02640410601113676

http://www.ncbi.nlm.nih.gov/pubmed/17786691

http://www.ncbi.nlm.nih.gov/pubmed/1299501

http://www.ncbi.nlm.nih.gov/pubmed/1757304

http://www.ncbi.nlm.nih.gov/pubmed/1299496

http://www.nrcresearchpress.com/action/showLinks?pmid=21336838&crossref=10.1007%2Fs00421-011-1865-8

http://www.nrcresearchpress.com/action/showLinks?pmid=22805754

http://www.nrcresearchpress.com/action/showLinks?pmid=22251924&crossref=10.1249%2FMSS.0b013e31822dc5ed

http://www.nrcresearchpress.com/action/showLinks?pmid=2759074&crossref=10.1007%2FBF02330701

http://www.nrcresearchpress.com/action/showLinks?pmid=21071509&crossref=10.1152%2Fajpgi.00419.2010&isi=000285744300019

http://www.nrcresearchpress.com/action/showLinks?pmid=20299609&crossref=10.1152%2Fjapplphysiol.91394.2008

http://www.nrcresearchpress.com/action/showLinks?pmid=21846165&crossref=10.2165%2F11590520-000000000-00000

http://www.nrcresearchpress.com/action/showLinks?pmid=2733576&crossref=10.1249%2F00005768-198906000-00008

http://www.nrcresearchpress.com/action/showLinks?pmid=3571097

http://www.nrcresearchpress.com/action/showLinks?pmid=19164829

http://www.nrcresearchpress.com/action/showLinks?pmid=17277604&crossref=10.1249%2Fmss.0b013e31802ca597&isi=000243979800022

http://www.nrcresearchpress.com/action/showLinks?pmid=8872649

http://www.nrcresearchpress.com/action/showLinks?pmid=2600017

http://www.nrcresearchpress.com/action/showLinks?pmid=19000099&crossref=10.1111%2Fj.1600-0838.2008.00868.x

http://www.nrcresearchpress.com/action/showLinks?pmid=16840580&crossref=10.1152%2Fjapplphysiol.00393.2006&isi=000242537900027

http://www.nrcresearchpress.com/action/showLinks?pmid=20479485

http://www.nrcresearchpress.com/action/showLinks?pmid=1757304

http://www.nrcresearchpress.com/action/showLinks?pmid=11053315

http://www.nrcresearchpress.com/action/showLinks?pmid=19910651

http://www.nrcresearchpress.com/action/showLinks?pmid=17786691&crossref=10.1080%2F02640410601113676&isi=000249680300010

http://www.nrcresearchpress.com/action/showLinks?pmid=8889482

http://www.nrcresearchpress.com/action/showLinks?pmid=23949097&crossref=10.1249%2FMSS.0b013e31828e12d4

http://www.nrcresearchpress.com/action/showLinks?pmid=22968309&crossref=10.1249%2FMSS.0b013e31827205d1

http://www.nrcresearchpress.com/action/showLinks?pmid=16278245&crossref=10.1152%2Fajpendo.00357.2005

http://www.nrcresearchpress.com/action/showLinks?pmid=2583144&crossref=10.1007%2FBF02396594

http://www.nrcresearchpress.com/action/showLinks?pmid=7474041&crossref=10.1080%2F02640419508732241

http://www.nrcresearchpress.com/action/showLinks?pmid=23578290&crossref=10.1080%2F17461391.2013.785599

http://www.nrcresearchpress.com/action/showLinks?pmid=8933487&crossref=10.1097%2F00005768-199611000-00005

http://www.nrcresearchpress.com/action/showLinks?pmid=3431377&crossref=10.1249%2F00005768-198712000-00010&isi=A1987L294500010

http://www.nrcresearchpress.com/action/showLinks?pmid=2311595&crossref=10.1007%2FBF00572186

http://www.nrcresearchpress.com/action/showLinks?pmid=19952850&crossref=10.1249%2FMSS.0b013e3181bac6e4&isi=000275730500023

http://www.nrcresearchpress.com/action/showLinks?pmid=22704463&crossref=10.1186%2F1550-2783-9-27

http://www.nrcresearchpress.com/action/showLinks?pmid=8508191

http://www.nrcresearchpress.com/action/showLinks?pmid=3367744&crossref=10.1249%2F00005768-198820020-00002

http://www.nrcresearchpress.com/action/showLinks?pmid=21775906&crossref=10.1249%2FMSS.0b013e31822dc809

http://www.nrcresearchpress.com/action/showLinks?pmid=9813876&crossref=10.1097%2F00005768-199811000-00011

http://www.nrcresearchpress.com/action/showLinks?pmid=1299501

http://www.nrcresearchpress.com/action/showLinks?pmid=8897388&crossref=10.1097%2F00005768-199610000-00014

http://www.nrcresearchpress.com/action/showLinks?pmid=1299496



		Review

		Introduction/approach

		Proposed performance mechanisms of CHO supplementation

		Exercise duration of less than ∼60 min (nonglycogen limiting conditions)

		Exercise duration of greater than ∼60 min (potentially glycogen limiting conditions)

		Multi-transportable CHO: glucose:fructose (GLU:FRU) blends



		CHO supplementation recommendations and performance intervention studies

		Less than 1 h of exercise

		1 to 2 h of exercise

		Greater than 2 h of exercise

		GLU:FRU combinations increase CHO oxidation and performance greater than glucose alone

		Carbohydrate dose–performance response studies



		Practical carbohydrate supplementation considerations

		Athlete body mass (BM)

		Individual GI tolerance



		Summary

		Conflict of interest statement





		References





<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /PageByPage
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Average
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice






Commentaries on Viewpoint: The two-hour marathon: Who and when?


DON’T FORGET THE GUT—IT IS AN IMPORTANT
ATHLETIC ORGAN!


TO THE EDITOR: It was with great interest that we read the
Journal of Applied Physiology Viewpoint on the 2-h marathon
barrier (3). We would argue that, alongside having a superla-
tive V̇O2max, lactate threshold, and running economy, it will be
required for this athlete to have an individualized and aggres-
sive fueling strategy coupled with a predisposition for high
exogenous CHO oxidation (CHOexog), without a history of GI
distress. It is clear that supplemented carbohydrate (CHO)
improves prolonged endurance performance (�90 min) com-
pared with water (2). Furthermore, recent evidence has dem-
onstrated a positive dose-response relationship between sup-
plemented CHO, CHOexog, and endurance performance; where
60 g CHO/h outperformed either 15 or 30 g CHO/h (5). The
maximal CHOexog with single CHO sources appears to be �1
g/min due to limitations of the intestinal transporters (1).
However, despite any individual differences in CHOexog or
history of GI distress (4), CHOexog is not dependent on body
weight (BW), as a recent analysis has shown no relationship
between BW and CHOexog (1). Accordingly, a 56-kg runner is
able to oxidize �20% more per kg BW compared with a 70-kg
runner with a given CHOexog rate of �1 g/min (1.07 vs.0.86 g
CHO·h�1·kg BW�1). Therefore, there appears to be a distinct
CHOexog advantage for lighter marathon runners compared
with heavier. Thus the future 2-h marathon runner will feature
a low BW, both for improved thermoregulation, but also
optimal CHOexog per kg BW. All of these elements will need to
be possessed by the first athlete to break the 2-h marathon
barrier.
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MARATHON RUN IS AN IMPORTANT STRESS TO MUSCLE
AND BRAIN FUNCTIONS


TO THE EDITOR: In their Viewpoint, Joyner, Ruiz, and Lucia (2)
specifically highlight the important role of “exceptional run-
ning economy” as one of the main physiological factors for
breaking 2 h for a marathon run. We totally agree that future
studies should investigate not only mechanical factors related


to running economy, but also the complex links between heat
storage, body size, and functional links between muscle and
brain with fatigue. First, as a plausible source of “exceptional
running economy” there are some favorable types of runner’s
footstrike patterns. Recent detailed analyses of foot kinematics
and kinetics in barefoot and shod Kalenjin runners (2) corrob-
orate and extend what is known about the mechanics of
barefoot running (3). So, fore-foot striking runners are prompt
to take further advantage of elastic energy storage in both the
Achilles tendon and the longitudinal arch of the foot. Second,
one possible issue is that athletes (African vs. white runners)
pace themselves differently during marathon in hot conditions
(4), and the rate of heat storage is a likely candidate that
mediates this difference. Part of this difference is the larger
body size of the white runners, suggesting that their rate of heat
storage would be higher than the African runners at the same
speed. Third, the breakdown of running style over the distance
suggests that muscles are no longer activated ideally and
ultimately central nervous system is affected by long-lasting
exercise (5) associated with increased temperature. Each of
these factors can play a significant role in aerobic exercise
performance.
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WEALTH AND ATHLETIC RECORDS


TO THE EDITOR: Improvements in athletic performance (4) have
long fascinated investigators (3). The plot against time is
relatively linear, but breaks in this trajectory arise from factors
such as new technology or doping. Possible developments in
marathon running include shoes designed to return elastic
energy, high-altitude training, and blood doping, all more
likely available to contestants from wealthy nations.


An important cause of the underlying trend is a progres-
sively more complete search of world populations for optimal
phenotypes. To date, this search has probably been less ex-
haustive in developing nations such as Kenya than in countries
that make major investments in international competition.


Physiological advantages in addition to a large maximal
oxygen intake and a high mechanical efficiency include the
ability to exercise for long periods at close to maximal oxygen
intake (2)—probably an expression of both motivation and the
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percentage of Type I muscle fibers—and a concentration of
muscle mass in the active limbs. Loss of protein from other
parts of the body during training is diminished by glycogen
loading (1) and a high protein intake, more likely among
competitors from wealthy nations. It would be interesting to
compare the ratio of leg to whole body mass among runners
from various nations, but I suspect such ratios would be highest
in those from the third world.


“Who” breaches the 2-h barrier may thus depend on the
relative importance of factors associated with affluence and
those linked to limited material resources.
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MATURITY EFFECT OF TRAINING


TO THE EDITOR: Joyner, Ruiz, and Lucia (4) bring up interesting
and thought-provoking concepts in their Viewpoint on the
possibility of the 2-h marathon. However, one factor that was
perhaps overlooked is the effects of maturity and time in
developing the marathon runner. Joyner and Coyle (3) have
said that the “outcome of all Olympic endurance events is
decided at intensities above 85% V̇O2max and most require
athletes to be relatively fatigue resistant at intensities that
stimulate significant anaerobic metabolism.” The improve-
ments made in economy with maturity of the athlete in a
training program should not be overlooked, as they allow
athletes to operate at higher percentages of their V̇O2max and
lactate thresholds for longer periods of time. Jones (4) showed
that 9 yr of training led to a 15% improvement in economy
(from 205 ml·kg�1·min�1 to 175 ml·kg�1·min�1 at 16 km/h)
while V̇O2max remained relatively constant. Similarly, Coyle
(1) showed an 8% improvement in muscular efficiency after 7
yr of training, where the athlete improved his power output at
�83% of his V̇O2max (�5 l/min) to 403 W from 374 W.


The maturity of an athlete under the guidance of a well-
structured training program warrants further investigation, as it
is logical to think the current or next world record holder in the
10,000-m run or half-marathon may take a minimum of 10 yr
to reach their potential peak fitness for the marathon distance
after setting their record, as Gebrselassie did (1998: 10,000 m,
26:22; 2008 marathon 2:03:59).
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MECHANISMS OF SELF-OPTIMIZED PACING


TO THE EDITOR: In sport, breaking barriers cause athletes and
coaches to enter history and scientists to think deeper to the
limits of human beings. In men’s marathon, the last frontier
was the 20 km/h pace (3:00 per km) on 20 September 1998 in
Berlin (2h06:05) by the Brazilian runner Ronaldo Da Costa
coached by the legendary Carlos Cavalheiro. This is still the
fastest time ever run by a non-African born athlete (3)!!


It is known that marathons are not run at a constant pace (for
example, Da Costa had a negative split of 1:04:42 first half, and
1:01:23 second half, whereas Gebrselassie ran between 2:58.2
and 2:53.8 per km for the current World record, 2h03:59) and
that constant pacing is more stressful than self-pacing (4). So,
beyond economy, V̇O2max and the other classically described
parameters, e.g., lactate threshold or fraction of V̇O2max; stor-
age-recoil of elastic energy in muscle-tendon units; heat dissi-
pation capacity and their morphological attributes; the ability
to adjust adequately the pacing is emerging as another factor of
importance (6).


In our view, two potential mechanisms of pacing self-
optimization require further interest. First, the vertical and leg
stiffness changes under fatigue have not been studied for
durations longer than 1 h (2). Second, the kinetics of V̇O2,
specific to each activity (5) is proposed as a key determinant of
endurance performance (1).


These two mechanisms are under the influence of the slight
changes in velocity during the marathon but we don’t know
if/how they interact with the energy cost. However, one may
postulate that they might help us better understand how a
runner will grab the few seconds that are still missing to the 2-h
record.
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IMPLICATIONS OF THE CRITICAL SPEED AND SLOW
COMPONENT OF V̇O2 FOR THE 2-HOUR MARATHON


TO THE EDITOR: The “two-hour marathon barrier” discussed by
Joyner et al. (3) presents an interesting physiological conun-
drum. We believe it is instructive to consider the problem in
light of the contemporary paradigm of V̇O2 kinetics (1) and the
critical power/speed model (for review, see Ref. 2).


For running, the “heavy” exercise domain is bounded by the
lactate threshold (LT) below and the critical speed (CS) above.
It is characterized by the appearance of a slow component of
V̇O2, which increases the energetic cost of exercise despite a
constant work rate (1, 4, 5). This phenomenon has been the
source of much debate, but the emerging consensus view is that
it reflects the recruitment of higher order (type II) muscle
fibers, which have different metabolic properties (4, 5). Above
CS, there is an additional disturbance of metabolic homeostasis
[i.e., inability to stabilize V̇O2, creatine phosphate (PCr) levels,
pH, etc.], and the finite, chiefly anaerobic, work capacity (W=)
will be expended at a predictable rate; once the W= is depleted,
the athlete will fatigue, necessitating a reduction in running
speed (2).


Given that any future 2-h marathon will be completed within
the heavy exercise domain, we would expect that the athlete
breaking the 2-h barrier will exhibit a relatively high CS-to-
body mass ratio, coupled with a relatively small slow compo-
nent. These factors are likely more important for success than
the absolute V̇O2max (which the athlete cannot closely ap-
proach) or running economy (measured in the moderate exer-
cise domain) per se.
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THE 2-H MARATHON—RUNNING FROM EAST


TO THE EDITOR: In their Viewpoint, Joyner, Ruiz, and Lucia (3)
make interesting speculations about who and when will run a
2-h marathon; some cardiovascular pathophysiological consid-
erations could help to better delineate their profile of a perfect
runner. Authors identify some features associated to good
long-distance running performances: birth on uplands, small
body size, and exercise habit since childhood. They claim that
genetic pulmonary adaptation to high altitude reduces arterial
desaturation during heavy exercise and predisposes to good
endurance performances. In effect, it is well known that natural
selection, operated by exposure to hypoxic environments since


prehistoric times, induced remarkably high maximal oxygen
consumption in natives of high altitudes (1). On the other hand,
a reduced alveolar ppO2 also induces pulmonary vasoconstric-
tion and hypertension that is considered a nonadaptive epiphe-
nomenon and that could limit highlanders’ physical perfor-
mances (4). A remarkable exception exists: normal resting
pulmonary arterial pressure and low pulmonary pressure re-
sponse to exercise (2) have been reported in Tibet natives
(people with the oldest altitude ancestry in the world and with
a virtually complete evolutionary adaptation to chronic hyp-
oxia). At present, athletes from Tibet are not used to compete
in marathon (possibly due to cultural or political reasons), but
in the future they could. The above reported considerations
suggest they perhaps represent the ideal marathon runners. The
perfect runner could thus come from Asia and, may be, in a
courtyard of Lhasa, a young Lama is now playing with the
future 2-h marathon winner.
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THE TWO-HOUR MARATHON—WHO AND WHEN? AND IN
WHAT ENVIRONMENTAL CONDITIONS?


TO THE EDITOR: The interesting paper of Joyner et al. (5)
attempts to identify the physiological characteristics of the
individual who could break the 2-h barrier in the marathon foot
race (42 km). An essential addition to this work should be the
inclusion of compulsory environmental conditions needed to
accomplish this feat, as the environment imposes limits to
endurance performance (1).


The ambient temperature range most conducive to fast
marathon times is 10–12°C (50–54°F; Ref. 2) and recent
research has documented that with increasing heat stress there
is a progressive and quantifiable slowing of marathon perfor-
mance (3). A common trait of fast marathon performers is the
ability to maintain a constant running velocity (4). As environ-
mental temperatures increase, it is the fastest runners who are
unable to maintain their pacing strategy and suffer the greatest
deceleration in their running velocity profile (4).


Ambient temperature is the primary environmental determi-
nant of a fast marathon performance as cloud cover and solar
load appear to have little influence (2). Additionally, “humid-
ity” does not appear to be a factor as marathons are usually
contested at relatively cool temperatures where skin tempera-
tures and water vapor pressures are both low.


An individual must therefore not only be blessed with the
physiology of a high V̇O2max, lactate threshold, and running
economy (5), but also with near ideal (10–12°C; Ref. 2)
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temperature conditions on race day if the 2-h threshold is ever
to be broken.
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THE 2-HOUR MARATHON—MORE THAN PHYSIOLOGY


TO THE EDITOR: Joyner et al. (2) write an excellent Viewpoint
discussing the combination of factors such as running econ-
omy, body weight, maximal aerobic capacity, and genetics that
may ultimately lead an individual to break 2 h in the marathon.
However, the discussion cannot be complete without consid-
eration of (at least) two additional factors: psychology and
opportunity. Elite marathoners have a unique psychological
profile: they are emotionally stable, highly motivated, driven
by intrinsic rewards, and possess strong psychic vigor (3, 4).
Moreover, these traits are innate rather than acquired, indicat-
ing that this psychological profile predisposes the individual to
achieve success at the elite level. Therefore, it is highly likely
that the marathoner who eventually dips under the 2-h barrier
will possess a winning combination of both physiological and
psychological attributes. In addition, the individual who pos-
sesses the genetic, physical, and mental proclivity to run the
sub-2-h marathon must also be the individual who is given the
opportunity to do so. The author Malcolm Gladwell, in his
book Outliers, concludes that the accomplishments of ex-
tremely successful people are attributable at least in part to the
contributions of many different resources. In other words,
extraordinary outliers are an amalgamation of the talented
individual with his or her culture, community, family, and
environment that together create a unique opportunity to suc-
ceed. Therefore, the runner who ultimately finishes the mara-
thon under 2 h must first be given the opportunity (through
exposure, financial resources, optimal training, social support,
etc.) to start.
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THE 2-HOUR MARATHON: OLYMPIAN VS. PARALYMPIAN


TO THE EDITOR: We agree that V̇O2max, lactate threshold, and
running economy are physiological determinants of distance
running performance (1, 2) as discussed by Joyner et al. (3).
We would like to share two additional assertions. First, due to
ongoing controversy regarding whether a bilateral transtibial
amputee wearing prostheses could and/or should compete in
the Olympics, that any distinction between physiological and
biomechanical influences on performance is blurred, and sec-
ond, that clear performance-based distinctions between “able-
bodied” and “disabled” athletes may likewise become increas-
ingly problematic.


South African track athlete Oscar Pistorius’ world-record
runs of 10.91 s in the 100 m, 21.58 s in the 200 m, and 46.56
in the 400 m are both inspiring and provocative. Although
these times are not as fast as the world-record times for
“able-bodied” athletes (9.58 s in the 100 m, 19.19 s in the 200
m, Usain Bolt; 43.18 s in the 400 m, Michael Johnson),
Pistorius may qualify for the 2012 London Summer Olympics.
What if he was a distance runner? Based on the Viewpoint, the
question is: What if a bilateral amputee became a gifted
marathoner, wearing the same high-tech J-shaped carbon-fiber
prosthetics (“blades”) worn by Pistorius? Haile Gebrselassie’s
current world record for the marathon is 2:03:59. If his meta-
bolic cost of running was reduced by 3.8% (4), and if this
corresponded to a concomitant time reduction, then he could
hypothetically run a 1:59:16. Whether or not the time would be
recognized by a sanctioning body, this point must be recog-
nized: the first person to run a marathon in under 2 h may not
be an Olympian, but a Paralympian.
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THE 2-HOUR MARATHON: WILL WOMEN CLOSE THE GAP
ON MEN?


TO THE EDITOR: In their Viewpoint, authors raise an interesting
question about when the 2-h marathon barrier will be achieved
and by whom (2). One important point that should be taken
into consideration is whether sex will matter in the long run.
Speculations among scientists regarding the sprinters running
the Olympic 100-m sprint race suggest that women’s perfor-
mance is improving faster, allowing them to narrow the gap on
men (1, 4). Some investigators suggest that women sprinters
may overtake the world record and become faster than men in
150 yr or so from now (4). Over the longer distances, such as
the marathon, the rate of improvement of the women has been
even faster (3), suggesting that, although men might be able to
break the 2-h psychological barrier for the marathon earlier
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than women, women marathoners might finally close the gap
and overtake men in the long run.


Against those speculations is the fact that men and women
are fundamentally different in their physiology and build. For
example, men have at least 10 times more circulating testos-
terone than women, which boosts muscle power and oxygen
capacity in men naturally (5). With such innate advantages of
being a male athlete, it seems difficult to see how female
athletes could ever catch up with the performance of men.
Whether these narrowing trends will continue over time, reach
a plateau, or even become wider remains to be seen.
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FEASIBLITY OF THE TWO-HOUR MARATHON IS A
BURNING ISSUE


TO THE EDITOR: Calculations show that athletes with feasible
metabolic capabilities could complete a marathon in 2 h (4),
clearly a phenomenal performance. Elite distance runners have
exceptional economies, but most estimates ignore that econ-
omy deteriorates during the event, and these estimates are
expressed as oxygen uptake (3), rather than the more relevant
energy equivalent (2). An average energy cost throughout the
marathon of 4.18 kJ·km�1·kg�1 is a reasonable and conserva-
tive estimate. Assuming an efficiency of zero (level grade
locomotion has no net work), 9.87 MJ of heat is generated for
a 56-kg runner, corresponding to a 1°/km temperature gain.
Heat loss by evaporation would require �4.5 liters of sweat.
This might seem feasible too, but keep in mind we are dealing
with a 56-kg athlete, and not all of the sweat would evaporate!
A loss of 1.2 kg would correspond to a 2% mass loss;
performance would deteriorate (1). They would have to drink
over 3.3 liters during the 2 h to prevent this. Of course, a high
body surface area-to-mass ratio will help conductive and con-
vective heat dissipation, so this 4.5 liters is an overestimate. It
may be that the runner who breaks this 2-h barrier will have
exceptional skin blood flow and a very high body surface
area-to-mass ratio (5). The truth is that to provide an accurate
description of the physiological capabilities of this superb
athlete, we will have to obtain more detailed measurements of
the current record level athletes.
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THE TWO-HOUR MARATHON: HOW IMPORTANT IS AGE?


TO THE EDITOR: Age could be a key characteristic of the runner who
will break the 2-h marathon. How old will this runner be? The
average age of the elite marathon runner is 28.9 � 3.8 yr for men
and 29.8 � 4.2 yr for women and this age has not systematically
altered in the last 10–20 yr (2). Haile Gebrselassie was 35 yr when
he set the current world record for the men’s marathon (2008) and
Paula Radcliffe was 29 yr when she set the record for women
(2003). V̇O2max and running economy are important factors con-
tributing to marathon performance (3), but age appears to affect
these factors differently. The primary mechanism mediating the
age-related decline in V̇O2max is maximal heart rate (5), which
declines from 20 to 25 yr (1, 4). Reductions in marathon perfor-
mance, however, occurs from 35 yr of age (5). In contrast to
V̇O2max, running economy can improve dramatically for a runner
over the years (3). Consequently, improved running economy is
important (3) and may offset the inevitable age-related decline in
V̇O2max, at least for up to 10 yr to improve or maintain running
performance. Exceptional running economy therefore, may ex-
plain why the marathon world record holders were not 20 or 25 yr
of age. The implications are that whoever breaks the 2-h marathon
may be a younger runner who is already endowed with an
exceptional running economy and can therefore take advantage of
a V̇O2max that has not begun the inevitable age-related decline.
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THE TWO-HOUR MARATHON: THROUGH A HIGHLY
INDIVIDUALIZED TRAINING PROCESS?


TO THE EDITOR: It is clear that only a genetically gifted runner (3)
would break the 2-h marathon record. Nevertheless, since
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training responses are remarkably individual (5) and since the
runner’s potential has to be most favorable come D day, the
tight individualization of training 1) orientation, 2) content, and
3) periodization are also important factors toward the success
of breaking this record.


1) Anthropometric, cardiovascular, neuromuscular, and bio-
mechanical profiling to target middle-to-long-term training
orientations and priorities.


2) Providing key reference running speeds that are associ-
ated with specific training-induced adaptations (4). While high-
intensity sessions performed near the velocity associated with
V̇O2max elicit both central and peripheral adaptations, low-
intensity and long sessions run below the first ventilatory
threshold serve to signal the aerobic phenotype and promote
physiological recovery (4). The velocity associated with max-
imal fat oxidation rate or larger stroke volume can target body
fat loss or myocardium morphological adaptation, respectively.


3) Monitoring changes in cardiovascular autonomic control
[via heart rate variability (HRV) measures] to assess training
effectiveness and a runner’s readiness to perform. HRV is
likely one of the most promising tools, providing an instanta-
neous insight into both acute and long-term individual responses/
adaptations to aerobic training (2). For instance, training-in-
duced changes in HRV can predict improvements in distance
running performance (1) and can serve to adjust (and therefore
individualize) training content on a daily basis, leading, in turn,
to greater improvements in running performance (2).
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WHAT FOR NATURE, AND WHO TO NURTURE?


TO THE EDITOR: The perspective of Joyner et al. (4) presents
several intriguing hypotheses concerning the physiological
characteristics of the first sub-2-h marathoner. Our interests lie
in long-term maturation of these characteristics and how such
maturation may impact prediction of who will break the 2-h
barrier.


Longitudinal designs are heavily outweighed by cross-sec-
tional studies of performance physiology, and we know only
two investigations that have followed “world-best” endurance
athletes (2, 3). These studies of a world record marathoner and
multiple Tour de France champion both indicate that improved


economy contributes to long-term improvements in perfor-
mance, while maximal oxygen consumption (V̇O2max) either
decreases or remains unchanged. This suggests that physiolog-
ical maturation favors economy over V̇O2max. As such, future
world-best performers are more likely to undergo long-term
improvement in economy than V̇O2max, but candidates for the
first sub-2-h marathoner will exhibit exceptional V̇O2max at a
young age.


To support this logic with performance metrics, both current
marathon world record holders began their careers as outstand-
ing performers over shorter distances [which typically require
higher V̇O2max (5)]. Gebrselassie’s early marks still rank him in
the two fastest of all time over distances from 3,000 m through
the marathon, an exceptional range (1). Among younger run-
ners, Kenenisa Bekele exhibits similar early career success,
and presuming that he matures comparably to Gebrselassie, an
unsophisticated extrapolation of the difference between their
10,000 m records suggests a marathon time of �2:02:13.


Our perspective contends that maturational improvement in
economy will contribute to determination of the first 2-h
marathoner. We encourage publication of further longitudinal
data, which surely exist, to better describe physiological mat-
uration in elite endurance athletes.
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PHYSIOLOGICAL DETERMINANTS OF BEST PERFORMANCE
IN MARATHON RUNNING


TO THE EDITOR: In their Viewpoint, the authors (1) predict the
improvement in marathon times on the basis of a linear
extrapolation of marathon best performances over the last 50
yr. They suggest that within 12–13 yr, marathon runners may
break the 2:00-h limit. However, any running record prediction
made on the basis of linear extrapolations may be fallacious
and has been criticized on several grounds (3). The knowledge
of the physiological determinants of best performances in
human locomotion is required when predictions are to be made
(4). In the context of endurance running, the speed maintained
during the race (v, m/s) is equal to the ratio between the aerobic
metabolic power (fraction of the V̇O2max used during event, F,
times V̇O2max, W/kg) and the energy cost of locomotion (C, J/m
kg) (4). For instance, athletes like those studied by Larsen (2)
(V̇O2max: 28.6–29.3 W/kg, C: 3.9 J/m kg) would need an F
value of 0.78–0.80 to run a marathon in 2:00 h (5.9 m/s).
Therefore, we cannot exclude that an athlete endowed by the
combination of a high V̇O2max and a low C may break this
remarkable limit well before the time predicted by the authors.
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INFLUENCE OF EARLY LIFE FACTORS ON
ELITE PERFORMANCE


TO THE EDITOR: The Viewpoint by Joyner and colleagues (3)
introduces the connection between early life factors and elite
performance that, unfortunately, has not yet received much
attention. Our biology is subject to considerable plasticity
during early life. Potent prenatal stimuli can contribute to
prolonged functional and metabolic changes that can lead to
physiological programming of the offspring (2). Prenatal ex-
posure to high altitude generates vascular adjustments resulting
in increased uterine artery oxygen delivery, particularly in
highlanders (4). This adaptation exerts a strong influence on
cardiopulmonary function that may reduce the incidence of
arterial desaturation observed during heavy exercise in elite
athletes. Indeed, the birthplace of the current top 13 maratho-
ners, and the vast majority of the top 50, was above 1,500 m.
Moreover, early life physical activity, a common feature of
East African life, contributes to increased skeletal muscle
mass, left ventricular mass, myofibrillar protein, motor coor-
dination, and reduced inflammatory cytokine levels during
adulthood (1, 5). It is likely that in East Africa these early life
factors collide with a genetic advantage to induce biological
changes that may allow for a more robust training response in
adulthood. Indeed, East Africans’ slimmer lower legs and high
capacity for fatty oxidation have tremendous impact on run-
ning economy and performance. Yet, the evidence supporting
a genetic advantage in marathon performance remains weak,
highlighting the strong influence of early life factors on elite
performance. Further investigation of these factors through
novel approaches combined with genomic technologies, will
provide insight on “who” will break the 2-h marathon barrier.
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TWO-HOUR MARATHON: BAYES TAKES A DAY OFF?


TO THE EDITOR: Joyner et al.’s Viewpoint luxuriates in using
fastest times (i.e., best case scenario) to predict sub-2-h mar-
athon performance (2). Yet, if Thomas Bayes were allowed
into the conversation, one would question not “when,” but “if”
it is even feasible. By taking the top 500 men’s marathon
performances of all time (range 02:03:59–02:08:42), examin-
ing annual rates of improvement (AROI) for mean and the
distribution range (fastest vs. “slowest”) of progressions, the
estimated likelihood of sub-2-h becomes questionable. Using
all men’s performances regardless of nationality the AROI
(years until a sub-2-h) is: fastest [9 s/yr (27/yr)], slowest [1 s/yr
(240 yr)], and mean [2 sec/yr (120 yr)]. When considering just
the Kenyans who own 252 of the top 500 times the AROI are:
fastest [9 s/yr (27 yr)], slowest [1 s/yr (240 yr)] and mean [5
s/yr (48 yr)]. For the Ethiopians, holders of 59 of the fastest
times, the AROI are: fastest [16 s/yr (15 yr)], slowest [0 s/yr
(never)], and mean [5 s (48 yr)]. More sophisticated models
further suggest a limit to human marathon performance in men
(02:03:59 vs. 02:03:08, time gap 51 s) and women (02:15:25
vs. 02:13:30, time gap 115 s) for current vs. predicted times,
respectively (1). Not discounting “outlier performances,” such
as Haile Gebrselassie’s 2008 Berlin performance that eclipsed
the previous fastest time by 27 s, different analytic techniques
imply that such a feat ranges from “soon” (�15 yr), to “a long
time” (�240 y), to never. Nonetheless, the topic does make for
good discussion.
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THE TWO-HOUR MARATHON: RUNNING ECONOMY AND
LOWER BODY FLEXIBILITY


TO THE EDITOR: The Viewpoint by Joyner et al. (4) regarding the
“two-hour marathon” highlights an interesting area of human
performance, one involving physiological, genetic, nutritional,
social, and psychological aspects. Running economy, known to
be an important factor affecting elite marathon performance as
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well as V̇O2max and lactate threshold (2), is influenced by lower
body flexibility.


Running economy is significantly correlated with lower
body flexibility when tested using the sit-and-reach test (2, 5)
and dorsiflexion and standing hip rotation measures (1) in
international-standard (2), sub-elite (1), and collegiate (5) dis-
tance runners. This negative relationship is likely due to
increased storage and return of elastic energy in stiffer mus-
culotendinous structures during the stretch-shortening cycle,
which reduces the aerobic demand of submaximal running.
Body heat generation is also minimized by rapid and efficient
reutilization of this stored energy. In other words, less flexible
runners are more economical.


In addition, running economy appears significantly related to
ankle range of motion tested with a straight leg (stretching
soleus, gastrocnemius, and hamstrings) but not a flexed leg
(stretching soleus only) in university-standard distance runners
(unpublished observations, Drew and White, 2004). This could
suggest that soleus muscle length is not a limiting factor of
running economy. Rather, less flexibility in the gastrocnemius,
hamstrings, hip joint, and/or lower back area may have more of
an influence on the oxygen cost of submaximal running.


Therefore, whoever breaks the 2-h marathon record may
have relatively stiff musculotendinous structures in their lower
body, which may contribute to their exceptional running econ-
omy.
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IS THE MEN’S MARATHON WORLD RECORD 25 YEARS
BEHIND THE WOMEN’S RECORD?


TO THE EDITOR: Joyner et al. (3) predict a 2-h marathon may
occur within �25 yr (3). There is no doubt this would be an
impressive physiological feat, but we wonder how impressive
this really is in the context of the current women’s world record
of 2:15:25 set by Paula Radcliff. A 2:00:00 hour men’s mar-
athon is equivalent to 2:15:34 for women according to the
Mercier scoring system; a time that has already been beat by
Radcliff 7 yr ago. The Mercier scoring system is a statistical
cross-event performance comparison tool, based on average
running velocity (Vavg) obtained from weighted world rank-


ings over four consecutive years (1995–1998). The Vavg for
5th, 10th, 20th, 50th, and 100th ranked performances in each
event are assigned a common point score and fit via linear
regression (r2 � 0.99 for most events).


Possible sex differences in substrate utilization (5), muscle
fiber type characteristics (4), and the consistent finding of
greater skeletal muscle fatigue resistance in women (1, 2) may
explain, in part, why the performance gap between sexes is
lowest for the marathon compared with every other distance in
athletics. To break 2:00:00 would require a 3.21% reduction in
the current men’s record. An equivalent drop in the women’s
record would bring Radcliff’s time down to a staggering
2:11:04. Given that women are, on a relative basis, well ahead
of men in the marathon, we would safely bet that we will see
a 2:00:00 h men’s marathon well before we see a 2:11:00
marathon in women.
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ROLE OF ALTITUDE TRAINING AND THE
TWO-HOUR MARATHON


TO THE EDITOR: In asking “What will the two-hour marathoner
look like,” Joyner and colleagues (3) suggest that exposure to
high altitude early in life may play a role, perhaps by mini-
mizing pulmonary gas exchange limitations during exercise.
We agree that altitude will almost certainly have to play a
prominent role if 2 h is to be broken in the marathon, but rather
via a different mechanism of maximizing red cell mass and
improving the V̇O2 at the ventilatory threshold/maximal steady
state.


Joyner’s (2) previously published mathematical model for
optimal marathon performance in “ideal” weather and course
conditions indicates three physiological components as having
the largest effect on marathon performance: a) V̇O2 at the
ventilatory threshold, b) V̇O2max, and c) running economy.
Athletes who have completed the “live high-train low” model
of altitude training have demonstrated significant increases in
V̇O2max and V̇O2 at the ventilatory threshold (4), with no change
in running economy (4, 5). Utilizing this data with the Joyner
model predicts that a marathoner would experience an im-
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provement of 4.7–5.1% over the 26.2 mile distance, dependent
on having average or excellent running economy (1). We
would offer that altitude training with the live high-train low
model holds the largest (legal) ergogenic potential for the elite
marathon athlete looking to break the 2-h barrier and would
suggest that it be an integral part of any training plan toward
that effort.
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A SMALL BODY MASS AND HIGHER MUSCLE
RECRUITMENT STRATEGY IS THE KEY


TO THE EDITOR: The elegant Viewpoint by Joyner et al. (2)
emphasizes that the best runners (East African) do not neces-
sarily possess exceptional values for either V̇O2max or lactate
threshold. Therefore, the ability to run a fast marathon; at least
in these individuals, likely is attributable to some other factor/s
such as running economy, although its relationship with
V̇O2max is unclear (2). At least one other contributing factor
could include attenuated heat accumulation, which, in long
distance events is correlated with body mass (1). A higher body
mass has been shown to reduce running speed particularly in
hot conditions and there is evidence that marathon running is
significantly hampered in ambient temperatures above 25°C (3,
5). It is also evident that reductions in running speed occur
before significant elevations in core temperature and ahead of
the expected heat accumulation to be achieved should a given
running speed be maintained (4). Runners with smaller body
mass can maintain higher speeds for less heat accumulation.
Therefore, if a 2-h marathon is to be achieved it is likely that it
will only be possible for individuals with a small body mass,
generating and retaining less heat; however, to achieve this it will
be necessary for that individual to sustain a higher skeletal muscle
recruitment strategy over an extended period of the race.
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OPTIMIZING STRATEGIES FOR THE MARATHON


TO THE EDITOR: We are in overall agreement with the points that
Joyner and coworkers (3) made in their Viewpoint paper.
Maybe the main question that needs to be posed is as follows:
Compared with the last decades, can the rate of improvement
in the marathon world record improve in the next years? If this
is true, the attainment of the 2-h barrier can occur earlier than
Joyner et al. have predicted.


The question is obviously difficult to answer because mar-
athon performance is likely multifactorial. Some of the main
factors that determine world-class performance in this event
are mostly of socioeconomic nature and difficult to control for
in any prediction model. Indeed, increased prize money and
competition opportunities allowing to earn a living running,
largely explain the success of East African runners in the last
decades (3).


On the other hand, a deeper understanding of the biolog-
ical factors involved in marathon performance has arisen
from recent research. Although world-class athletes are
seldom used as subjects in scientific studies, this does not
preclude that they cannot benefit from relevant findings
obtained in less trained humans. Some aspects that could
optimize the training efficacy of the best marathon runners
include, among others, the following: i) use of heart rate
variability (i.e., for training monitoring and overtraining
prevention) (4); ii) respiratory muscle training (1); iii)
optimal combination of hypoxic stimuli during daily living/
training (5); and nutrition strategies (2).


We are not aware of any world-class marathoner who is
combining all of the aforementioned advances to optimize his
training regimens.
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TWO-HOUR MARATHON AND RUNNING ECONOMY


TO THE EDITOR: Joyner and colleagues (1) should be com-
mended on tackling such a complex issue as to who and
when will complete a 2-h marathon. Running economy is
certainly an important factor in elite performance, despite
this, it is relatively misunderstood. The authors indicate that
an inverse relationship exists between mechanical efficiency
and V̇O2max in cyclists but has not been shown in runners. It
has been demonstrated that V̇O2max is inversely related to
running economy (2) albeit in a small population of well
trained runners. Indeed, others have suggested, if not out-
wardly proven that runners with good economy have lower
V̇O2max (3). Running economy relates to performance in
distances from 800 m to 10 km not just the marathon,
whereas V̇O2max often does not show significant relationship
to performance in elite runners (2).


The genetic influence on running performance may not be
limited to a few select genes that happen to cosegregate with
performance. The difference in running economy may be
explained by lower leg volume as demonstrated in Kenyan
runners (3). Joyner et al. (1) mention greater running economy
found in Africans. Perhaps the anomaly runner that possesses
both high V̇O2max and greater running economy may be a result
of as yet unanticipated gene pool mixing.
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OXIDATIVE STRESS: FRIEND AND FOE OF THE
ELITE MARATHONER


TO THE EDITOR: Joyner et al. (5) nicely summarize major training
and genotypic influences on the physiological capacity for
world class marathon performance, yet make no mention of the
central relationship between oxidative stress and these factors.
Intermittent peaks of intracellular reactive oxygen and nitrogen
species (RONS) generated during high-intensity exercise train-
ing initiate the cascade of events which ultimately lead to
upregulation of intrinsic antioxidants and mitochondrial bio-
genesis to improve endurance performance (4). Paradoxically,
oxidative stress is responsible for impaired muscle contraction
during prolonged intense exercise and is therefore detrimental
to race-day performance (6). Polymorphisms of intrinsic anti-
oxidant genes are associated with racing-induced oxidative
stress and muscle damage in runners (1), which further sup-
ports the potential contribution of genotype to the 2-h mara-
thon.


Athletes often use antioxidant supplements in attempt to
reduce the negative consequences oxidative stress. However,
antioxidant supplementation may impair the normal hormetic
response to prevent training adaptations to endurance exercise
(3). Further research is necessary to determine the optimal


timing and dosages of antioxidants to promote recovery rather
than impair hormesis in world class athletes. Regardless, sup-
plements that reduce oxygen consumption, and thus reduce
oxidative stress, can prolong high-intensity exercise (2) and
may help race-day performance.


We believe the first 2-h marathoner will achieve optimal
performance through a fine balance between yet-undefined
ideal genotypic factors. This athlete will combine training and
nutritional practices that produce optimal fluctuations in oxi-
dative stress for a maximal hormetic response during training
and minimize RONS-associated impairments in performance
on race day.
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CRITICAL VELOCITY AND MAXIMAL LACTATE STEADY
STATE: BETTER DETERMINANTS OF 2-HOUR MARATHON


TO THE EDITOR: The achievement of a 2-h marathon depends
on the running velocity associated with the highest obtain-
able level of steady state for one or more submaximal
physiological variables. Joyner et al. (4) suggest that the
lactate threshold (LT) is one such determinant variable, due
in part to a strong correlation with marathon performance
(4). However, the velocity at LT is lower than the average
pace of a marathon (1), suggesting that the highest sustain-
able steady state is determined by other mechanisms. Max-
imal lactate steady state (MLSS) and critical velocity (CV)
occur at similar velocities and metabolic rates (5) and define
the highest intensity at which V̇O2 and fatigue-inducing
metabolites such as blood and muscle H� and Pi achieve
steady-state values (3, 5). In addition, MLSS and CV occur
at �85–90% V̇O2max (5), which is similar to the V̇O2 main-
tained by elite marathon runners when running for more
than 1 h (4). Furthermore, CV is more highly correlated with
marathon time than either V̇O2max or ventilatory threshold
(an estimate of LT) (2). Finally, MLSS and CV may be more
trainable than either V̇O2max or running economy. Therefore,
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we believe that to develop a successful strategy for training
for a 2-h marathon, focus should be directed to a better
understanding of the underlying mechanisms and trainabil-
ity of MLSS and CV.
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THE TWO-HOUR MARATHON, WHO AND WHEN? HAÏLE
GEBRSELASSIE IN 2000


TO THE EDITOR: As discussed by Joyner et al. (4), the physio-
logical determinants of performance in long distance running
include maximal aerobic power (V̇O2max) and lactate threshold.
Additionally, the supremacy of East Africans among elite
marathon runners is likely due to a superior running economy
(5) originating from favorable physical features compared with
Caucasian runners.


Most elite marathon runners usually begin competing in
shorter distance races before moving onto longer distances in
their later years. Although it is recognized that physical per-
formances decline with age as V̇O2max decreases, the last world
records achieved in marathon was Haïle Gebrselassie at the age
of 35.


In 2008, Gebrselassie won the Berlin Marathon with the
world record time of 2:03:59. After the race, he told the French
newspaper L’Equipe that he was too old to break the 2-h
barrier (3). According to the formula by Daniels and Gilbert
(2), a V̇O2max of 86 ml·kg�1·min�1 is required to break the 2-h
barrier, whereas Gebrselassie’s V̇O2max was 82.8 ml·kg�1·min�1


during the Berlin Marathon. Considering that ageing lowers
V̇O2max linearly [�0.43 ml/kg/min/yr (1)], we calculate that Ge-
brselassie had the necessary V̇O2max when he was 27 yr old and
could have run a marathon in 2 h in 2000.


Thus we predict that a world class marathon runner from
East Africa, aged around 25 or less, could break the 2 h barrier
if specifically trained early enough.
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THE TWO-HOUR MARATHON: GENETICS WILL BECOME
INCREASINGLY IMPORTANT


TO THE EDITOR: In their Viewpoint, Joyner, Ruiz, and Lucia (2)
correctly (in my view) give the topic of genetic predisposition
for elite marathon performance some prominence. However,
the total genotype score (TGS) data they cite, such as a TGS
�75 providing a Caucasian individual with �5 times greater
chance of achieving elite endurance runner status, are prelim-
inary at best—no doubt the authors realize this, but it is worth
expanding on. The TGS approach we proposed (4) is entirely
dependent on the appropriateness and completeness of the
genetic variants included. So �75 is applicable to a specific
phenotype in a specific population, for the 7 polymorphisms
chosen in that specific study (3). If a future analysis includes
additional polymorphisms for which there is evidence, e.g.,
only 1 of the 10 polymorphisms recently used (1) to charac-
terize elite endurance athletes was also used by Ruiz et al. (3),
then it is likely that a differently calculated TGS threshold will
emerge that is more powerful in describing elite marathoners.


The progression of the marathon record over recent decades
is a product of combined developments in year-round training,
financial incentives, nutritional strategies, footwear, fast courses,
favorable ambient conditions, etc. However, as these train-
ing, nutritional, and technological advancements become
the norm, then over time, the spontaneous appearance of new,
more favorable genetic combinations in individuals also born
with the opportunity to train and compete will become steadily
more important. The marathon record should continue to fall,
but at a steadily reducing rate.
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THE TWO-HOUR MARATHON: PHYSIOLOGICAL
AND BIOCHEMICAL FACTORS DETERMINANTS
RUNNING ECONOMY


TO THE EDITOR: Running economy (RE) is one of factors that
could be critical for performance in running endurance events
such as marathon. Running efficiency is influenced by many
factors such as environmental conditions, participant specific-
ity and metabolic modifications. Marathon climate conditions
vary not only according to the course geography but also can
change from year to year and even from start to finish in the
same race (1). The fact that climate can significantly limit
temperature regulation and performance is evident from the
correlation between the decreasing in RE during long-distance
running and physiological factors such as the increasing of
body temperature, a lack of fluid balance, and an increasing in
circulating free fatty acids and glycerol (2). Moreover, a
number of physiological and biochemical factors appear to
influence RE in high trained athletes. These include metabolic
adaptations within the muscle such as increased mitochondria
and oxidative enzymes, the ability of the muscles to store and
release energy (5), and physiological adaptations such as motor
unit recruitment. Although a small improvement in RE could
have a large impact on distance running performance, trained
distance runners have shown an increasing in their RE follow-
ing a period of resistance training (4). Consequently, as pro-
posed by Joyner et al. (3), African athletes, who possess
physiological advantages such as greater thermoregulation ca-
pacity, better RE, high skeletal oxidative capacity, higher
skeletal enzyme activity, and superior resistance to fatigue, will
be the first to run a sub-2-h marathon in a good psychological
atmosphere and adequate diet.
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WHAT IS COEFFICIENT OF SPEED ENDURANCE TO
ACHIEVE TWO-HOUR MARATHON?


TO THE EDITOR: The 2-h marathon has become a real possibility
(3). We focused on speed endurance ability as key to running a
marathon within 2 h. Speed endurance ability is defined here as
the ratio of a marathon to the 10,000 m. The speed endurance
coefficient of Haile Gebrselassie, the current men’s marathon
world record holder, is 4.70 (2:03:58/26:22, marathon/10,000
m). Interestingly, this coefficient endurance is not a surprising
value. The coefficient endurance of the Japanese current top 10
marathon runners (4.52) is considerably higher than that of
Gebrselassie. Most Japanese elite runners give priority to total


running time over running speed. The large amount of running
may induce a similar response to skeletal muscle in myocardial
characteristics. Cardiac muscle cells contain a large number of
mitochondria (�40% volume of cytoplasm), reflecting the high
turnover rate in fat metabolism. In comparison to cardiac
muscle, only �5% of skeletal muscle fiber is occupied by
mitochondria (1). Although marathon performance is influ-
enced by various physiological and psychological factors (2),
mitochondria function is noted as a possible limiting factor to
aerobic capacity of human skeletal muscle (4). The large
amount endurance training promotes a mitochondrial develop-
ment (5), and this may contribute to enhancement of coefficient
endurance. If Kenenisa Bekele, who is the current world record
holder of 10,000 m (26:17), obtained the speed endurance
coefficient achieved by Japanese elite runners (4.56), his mar-
athon time would be 2 h!
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LOW PULMONARY VASCULAR RESISTANCE BREAKS THE
TWO-HOUR MARATHON LIMIT


TO THE EDITOR: Joyner et al. (1) raise a thought-provoking
question on the possibility of breaking the 2-h marathon
barrier. They argue that a sub-2-h marathon is physiologically
possible, and describe the systemic requirements of the ideal
athlete. Yet, the importance of the pulmonary circulation in
extreme physical circumstances such as the marathon should
not be overlooked. Interestingly, the structure of the pulmonary
vasculature does not change in response to training, but a large
lung-to-body weight ratio is associated with a large exercise-
capacity (3). During heavy exercise, pressure in the pulmonary
circulation, and thereby right ventricular afterload, may in-
crease by as much as 70% (5) and likely remains elevated
throughout a marathon. In some race horses, this increase in
pulmonary pressure even results in capillary bleeding and
pulmonary edema and limits exercise-capacity (5). Pulmonary
vasodilators serve to limit the increase in pulmonary artery
pressure and in right ventricular afterload. Indeed, in patients
with pulmonary hypertension, pulmonary vasodilators signifi-
cantly improve exercise capacity (5). High plasma levels of
NO and low plasma levels of endothelin-1 have been detected
in trained individuals (4) and promote pulmonary vasodilation
and limit the increase in pulmonary pressure during exercise
(2). Thus marathon runners with high NO levels and low
endothelin-1 levels in addition to a large lung-to-body weight
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ratio are most likely to be excellent performers, because their
pulmonary vascular resistance and right ventricular afterload
are low. The pulmonary vascular structure and regulation of its
function in elite marathon runners deserve further investiga-
tion, as it is reasonable to believe that those with the lowest
pulmonary vascular resistance during the marathon may ulti-
mately finish it within 2 h.
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GENETIC INFORMATION WILL INFLUENCE BUT NOT
PREDICT THE FIRST TWO-HOUR MARATHON


TO THE EDITOR: We strongly agree with Joyner et al. (1) that
genotype/phenotype associations in general and associations
with endurance performance in particular should be thought of
as probabilistic rather than deterministic. For example, power
athletes can achieve elite levels despite having the “wrong”
ACTN3 genotype (2), and a large percentage of the Spanish
population carries the genotype combination predicting elite
marathon performance, yet few actually reach that level (3).
Aggregate genotype scores such as the TGS (5) are superior to
the measurement of single gene variants, but they operate
under the assumption that the most important variants have
been included in the model. Unfortunately, performance is a
remarkably complex trait influenced by hundreds of genes, the
vast majority of which are currently unknown. Sophisticated
studies have explained only a fraction of the genetic contribu-
tion to gains in V̇O2max, which is but one contributor to
performance (4). We are left with physical and environmental
characteristics (e.g., geographic ancestry, training history,
physiological measures) that predict performance far better
than any current or anticipated genotype profile. Gathering
additional information on genotype is unlikely to enable such
performance predictions given both the limitations of our
knowledge of contributing gene variants and the complexity of
the performance phenotype. Instead, genetic factors, in unique
combination with training history, physiological traits, envi-
ronmental conditions, and other intangibles will come together
to produce the first sub-2-h marathon and any contributing
gene variants are likely to be as unique as the assemblage of
other factors that lead to the feat.


REFERENCES


1. Joyner MJ, Ruiz JR, Lucia A. Viewpoint: The two-hour marathon: Who
and when? J Appl Physiol; doi:10.1152/japplphysiol.00563.2010.


2. Lucia A, Olivan J, Gomez-Gallego F, Santiago C, Montil M, Foster C.
Citius and longius (faster and longer) with no alpha-actinin-3 in skeletal
muscles? Br J Sports Med 41: 616–617, 2007.


3. Ruiz JR, Gomez-Gallego F, Santiago C, Gonzalez-Freire M, Verde Z,
Foster C, Lucia A. Is there an optimum endurance polygenic profile? J
Physiol 587: 1527–1534, 2009.


4. Timmons JA, Knudsen S, Rankinen T, Koch LG, Sarzynski M, Jensen
T, Keller P, Scheele C, Vollaard NB, Nielsen S, Akerstrom T, Mac-
Dougald OA, Jansson E, Greenhaff PL, Tarnopolsky MA, van Loon
LJ, Pedersen BK, Sundberg CJ, Wahlestedt C, Britton SL, Bouchard
C. Using molecular classification to predict gains in maximal aerobic
capacity following endurance exercise training in humans. J Appl Physiol
108: 1487–1496, 2010.


5. Williams AG, Folland JP. Similarity of polygenic profiles limits the
potential for elite human physical performance. J Physiol 586: 113–121,
2008.


Erik D. Hanson
PhD Student
Nathan T. Jenkins
Stephen M. Roth
Department of Kinesiology
School Public Health
University of Maryland


TWO-HOUR MARATHON REQUIRES MOTHER
NATURE’S HELP


TO THE EDITOR: Joyner et al. (4) are to be congratulated for their
insightful analysis of prospects for a 2:00:00 marathon, a
challenge comparable to the 4:00 mile 100 yr ago. Achieving
this will require longer than evident in their analysis. The shape
of the record progression curve is a negatively accelerated
polynomial predicting 2:00:00 in �2099.


Further adaptations of V̇O2max or running economy are
unlikely without doping, changes in shoe technology, or
child production among elite runners, allowing for uniquely
favorable genetic combinations. The %V̇O2max sustainable
for 2 h is likely limited by the rate increase in core
temperature (Tc)(5). To increase running velocity by �10
m/min to gain the required 4 min requires an increase in V̇O2


from �64.0 to 66.5, or �2.5 ml·min�1·kg�1; �48 W
metabolic power). Heat balance modeling by Daanen et al.
(1) suggests increased running speed increases convective
heat loss (�10 W). Assuming sweat rates of 800 ml/h, the
current WR performed at 12°C (Berlin WR began at 10°C,
increased to 14°C), results in a final Tc of 40°C. At 12°C
Tamb, for 2:00:00, the final Tc would be an unacceptable
42°C. Assuming no other changes in heat removal capabil-
ities, the only scenario allowing increased metabolic rate
without critical hyperthermia, known to slow marathon
performance (2, 3), is via increases in environmental heat
loss, requiring a decrease in Tamb to �11°C.


Thus achieving 2:00:00 may be possible by current runners
if uniquely cool conditions are encountered, which may depend
on the cooperation of Mother Nature.
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THE HIGHEST POSSIBLE SKELETAL MUSCLE METABOLIC
STABILITY AS A KEY FACTOR FOR BREAKING THE 2-HOUR
MARATHON BARRIER


TO THE EDITOR: We agree with Joyner et al. (2) that outstand-
ing running economy is one of the necessary factors re-
quired to break the 2-h marathon barrier. It should be noted,
however, that running economy can be affected by a distur-
bances in muscle metabolic stability, expressed by decreases
in muscle [PCr] and DGATP as well as by increases in �,
[ADPfree], [IMPfree], [AMPfree], and [H�] (4). There is
indeed convincing evidence that muscle fatigue can de-
crease muscle efficiency due to muscle metabolites accumu-
lation (3). The concept at the base of the “slow component”
of O2 kinetics is that fatiguing muscles consume progres-
sively more O2 per unit of time to maintain a given work
rate. Or, conversely, that fatiguing muscles reduce force or
power output to avoid the slow component (4). Interest-
ingly, it was demonstrated that high-class marathon runners
perform their marathon race at the highest possible running
velocity at which they can maintain unchanged blood pH (5)
and presumably the highest running economy throughout
the race. To break the 2-h marathon barrier the elite runners
will have to improve their muscle metabolic stability to
maintain the highest possible running economy while per-
forming the marathon race at the speed exceeding 21 km/h.
The locomotor muscles of these runners should possess an
excellent muscle metabolic stability—as close as possible to
that found in the heart, the most fatigue-resistant muscle (1).
Runners with very high muscle metabolic stability could
break the 2-h marathon barrier.
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Università degli Studi di Udine
Udine, Italy


THE TWO-HOUR MARATHON: THE IMPORTANCE OF
BREATHING ECONOMY


TO THE EDITOR: A number of important questions remain regard-
ing if and when the 2-h marathon threshold will be crossed.
Although we can’t say for certain when this achievement will
be accomplished, the pulmonary system, particularly through
the impact of lung mechanics and respiratory metabolic prop-
erties on blood flow distribution, may be key and an undera-
ppreciated determinant of performance (3). As endurance ath-
letes push the limits on running economy and the percentage of
sustainable V̇O2peak, respiratory muscle work can rise abruptly
as lung mechanical limits are approached, particularly expira-
tory flows near end-expiratory lung volume. This marked rise
in ventilatory work equates to a large rise in the O2 cost of the
respiratory muscles, which can be as high as 15% of cardiac
output (1, 3). There also can be large differences in lung
volumes and flow rates across sexes and racial groups that
could alter respiratory muscle O2 cost. Studies have suggested
that diaphragm and accessory muscle fatigue becomes evident
when approaching workloads of 85–90% of peak (2). This
fatigue has been demonstrated to cause a prioritization of blood
flow delivery to the respiratory muscles as a result of respira-
tory muscle metaboreflex initiated vasoconstriction in the lo-
comotor muscles (4). With this, the locomotor muscle vaso-
constriction may contribute to activation of the locomotor
metaboreflex, which in turn augments neural ventilatory drive
and ultimately closes the negative feedback loop. Thus, per-
haps in the end, it comes down to the economy of breathing
rather than the more commonly debated economy of running.
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THE TWO-HOUR MARATHON: HOW?


TO THE EDITOR: Running economy (RE) and genetic factors
have been suggested to be very important (3), although no
evidence has been reported on the relationship between
them. Interestingly, the recent literature have showed a
relationship between lower limb’s passive stiffness and RE
(2) and between running performance and the COL5A1 gene
(4), which is a gene that has been also related to flexibility
(1). Thus it may be suggested that this gene could be
potentially important for an exceptional RE. Another inter-
esting hypothesis refers to epigenetics. It may be suggested
that RE improvements could be related to the genetic
expression of connective tissue adaptations. Moreover, as
some forms of strength training have been demonstrated to
be related to RE improvements (5), it is plausible that lower
limb’s elasticity may be altered with some training modal-
ities favoring the elastic energy recoil.


Also, it should not be forgotten other cultural and psy-
chological factors that are unavoidable. In fact, the extraor-
dinary record improvements since Africans entered interna-
tional competition (3) may be an evidence of the influence
of such factors. Furthermore, another question arises regard-
ing epigenetics and the influence of the “non-hereditary
environmental influences” (3) that could interact with ge-
netics. From a mechanistic point of view, it may be consid-
ered the role of the genotype and the genetic expression of
the factors involved during adaptations to training. From a
holistic point of view, we suggest the study of the interac-
tion of the “non-hereditary environmental influences” with
genetic factors that could be a more appropriate model.
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THE ATHLETE WITH MAINTAINED CEREBRAL
OXYGENATION BREAKS THE RECORD


TO THE EDITOR: Only an athlete with favorable genes, a small
body size, and an outstanding running economy will break
the 2-h marathon barrier (2). It is equally important how he
plans the run. Physiological and neurological stimuli need to
be integrated in the brain and seen in that perspective;
cerebral oxygen and substrate homeostasis may become
affected by the marked increase in pulmonary ventilation
during intense running that lowers the arterial CO2 tension.


Hyperventilation restrains cerebral blood flow and in turn
cerebral oxygenation as demonstrated both by near-infrared
spectroscopy (NIRS) and calculation of changes in the
cerebral mitochondrial O2 tension (4). A decrease in cere-
bral oxygenation seems important for development of fa-
tigue as illustrated when the increase in cardiac output and
cerebral perfusion are attenuated by �1-adrenergic receptor
blockade that not only lowers work capacity but also cere-
bral oxygenation (5). Importantly, with and without �1-
blockade, exercise is terminated at a similar reduction in
cerebral oxygenation (5). Conversely, when cerebral oxy-
genation is restored by inhalation of an oxygen-enriched
atmosphere, exercise capacity is enhanced (3). In long-
distance running athletes appear to maintain their pace at a
level that does not threaten cerebral oxygenation, and only when
subjects raise the speed toward the end of the race cerebral
oxygenation becomes low (1). Thus beside being provided with
the best possible genotype, a perfect body size, and outstanding
running economy, the athlete who breaks the 2-h marathon barrier
needs to maintain a pulmonary ventilation that does not affect the
arterial CO2 tension and, in turn, cerebral blood flow and oxy-
genation. We suggest that such an athlete demonstrates a low
ventilatory drive.
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DO NOT UNDERPLAY THE ROLES OF V̇O2max AND CENTRAL
FATIGUE IN THE 2-H MARATHON


TO THE EDITOR: Running velocity at V̇O2max and lactate thresh-
old and running economy (RE) independently accounted for
90 to 97% (R2) of 16-km run time (3). However, stepwise
analysis attributed running performance mainly to V̇O2max


(90.2%), minimally to RE (7.1%), and not to lactate threshold;
97.3% V̇O2max and RE combined (3). These data suggest that RE
contributes to running performance in an additive manner at a
given percentage of V̇O2 (4), and that RE translates to superior
running performance in combination a high V̇O2max and not
independently. The data also disagree with the suggestion that
exceptional RE may play more important roles than V̇O2max in
breaking the 2-h marathon performance barrier (1).


The central fatigue mechanisms may also limit the potential
for further improvements in running performance in humans.
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Although the exact pathways of the central fatigue mechanism are
unclear presently, there is consensus that stress-related signals
relayed from the various physiological systems to the brain during
intense exercise can trigger efferent signals to induce fatigue and
limit performance (2). The ability to achieve the 2-h marathon
performance may ultimately depend on the potential and limita-
tions of the human body design, which may be regulated through
the central fatigue mechanisms. From a genetic point of view, the
chance of having one individual in the world endowed with the
perfect genetic make-up for superior endurance performance is
only 0.0005% (5), that is, provided he/she likes to run.
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Competition Nutrition Practices  
of Elite Ultramarathon Runners


Trent Stellingwerff


Anecdotal claims have suggested that an increasing number of ultramarathoners purposely undertake chronic 
low-carbohydrate (CHO) ketogenic diets while training, and race with very low CHO intakes, as a way to 
maximize fat oxidation and improve performance. However, very little empirical evidence exists on specific 
fueling strategies that elite ultramarathoners undertake to maximize race performance. The study’s purpose 
was to characterize race nutrition habits of elite ultramarathon runners. Three veteran male ultrarunners (M 
± SD; age 35 ± 2 years; mass 59.5 ± 1.7 kg; 16.7 ± 2.5 hr 100-mi. best times) agreed to complete a compe-
tition-specific nutrition intake questionnaire for 100-mi. races. Verbal and visual instructions were used to 
instruct the athletes on portion sizes and confirm dietary intake. Throughout 2014, the athletes competed in 
16 ultramarathons with a total of 8 wins, including the prestigious Western States Endurance Run 100-miler 
(14.9 hr). The average prerace breakfast contained 70 ± 16 g CHO, 29 ± 20 g protein, and 21 ± 8 g fat. Athletes 
consumed an average of 1,162 ± 250 g of CHO (71 ± 20g/hr), with minor fat and protein intakes, resulting in 
caloric intakes totaling 5,530 ± 1,673 kcals (333 ± 105 kcals/hr) with 93% of calories coming from commercial 
products. Athletes also reported consuming 912 ± 322 mg of caffeine and 6.9 ± 2.4 g of sodium. Despite having 
limited professional nutritional input into their fueling approaches, all athletes practiced fueling strategies that 
maximize CHO intake and are congruent with contemporary evidence-based recommendations.


Keywords: ultramarathon, nutrition, carbohydrate, calories, fueling


In 1924–1925, the first series of prolonged exercise 
performance studies (Boston Marathon) concluded that 
“exhaustion, weakness, shock and other symptoms of 
hypoglycemia following prolonged effort may be pre-
vented by the adequate and timely ingestion of carbohy-
drate” (p. 509, Gordon et al., 1925). Since then, numerous 
studies have confirmed these findings, including a recent 
systematic review that found 82% of investigations (n = 
50 studies) demonstrated statistically greater endurance 
performance or capacity with carbohydrate (CHO) intake 
when compared with water alone (Stellingwerff & Cox, 
2014). In support, and contrary to what some believe, the 
few studies that have directly measured substrate oxida-
tion over prolonged intense endurance exercise (~2.5–5 
hr) in well-trained nonfat adapted subjects have shown 
these exercise durations to be very CHO dominant (>70% 
of total energy expenditure [EE] when consuming CHO 
(Bosch et al., 1990; Jeukendrup et al., 2006; O’Brien et 
al., 1993; Stellingwerff et al., 2007).


Nevertheless, recent reviews have hypothesized 
that increasing numbers of ultramarathoners purposely 
undertake chronic low-CHO ketogenic diets to maximize 
fat oxidation, allowing them to race with very low CHO 
intakes and with the hope of improving ultraendurance 
performance by preventing glycogen depletion (Noakes 
et al., 2014; Volek et al., 2015). Although this ketogenic 
ultraendurance performance hypothesis is intriguing, 
these reviews have not cited empirical evidence that 
supports the performance-enhancing claims of ketogenic 
diets or low-CHO fueling strategies in ultraendurance 
athletes.


Published data on fueling intake strategies of elite 
ultramarathoners (elite meaning athletes with perfor-
mances that would allow for wins) are limited. Of the 
published studies on ultramarathoner (>50 km) nutritional 
intake, the subjects of only six can be considered elite 
(Fallon et al., 1998; Rontoyannis et al., 1989; Sengoku 
et al., 2015). Therefore, the primary purpose of the case 
studies in this article was to characterize the nutrition 
habits of three very elite ultramarathoners (162 km or 100 
mi.) in competition. A secondary purpose was to use heart 
rate and GPS data of one ultramarathoner to estimate 
his caloric and substrate utilization over a 100-km race.
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Background and Athletes


Ultramarathoner Characteristics


Each elite veteran ultramarathoner (n = 3 men, 35.3 ± 1.5 
years old with 22.3 ± 4.2 years of running experience; 
all data reported as M ± SD) competed in five or six 
ultramarathons in 2014 (>50 km), winning nearly half of 
those entered (Table 1). These ultramarathoners are truly 
world class as proven by their personal bests and recent 
accolades, including 2014 Western States Endurance 
Run and Leadville 100-mi. winners, 2014 International 
Association of Ultrarunners 100-km world champion, 
and 2013 and 2014 North American Ultra Runner of the 
Year, as voted by Ultrarunning Magazine. Each athlete 
has read, approved, and provided written permission for 
this publication, which conforms to the principle approval 
for case studies within the International Journal of Sports 
Nutrition and Exercise Metabolism by the Ethics Com-
mittee of the Australian Institute of Sport.


Nutritional Intake Assessments


All three ultramarathoners followed unique programs, 
training in different locations. Each had limited profes-
sional nutritional guidance for their race-day fueling 
practices, other than periodic and brief input from the 
author to two of the athletes. These case studies focused 
exclusively on nutritional intakes of ultramarathoners. 
Athletes were given a questionnaire featuring both spe-
cific and open-ended questions and instructions on how 
to report competition dietary intakes. Part of the current 
study’s questionnaire came from a standardized competi-
tion nutrition intake and assessment questionnaire that has 


been used and described previously (Pfeiffer et al., 2009, 
2012). Considerable correspondence (athlete contacted 
several times with verbal and visual instruction) was used 
to educate and confirm dietary intake. On completion of 
analysis, when necessary, further correspondence was 
used to verify data entries against the original records 
provided by the athlete. All data were collected within 
several months of each race, which is lengthier than 
normal for nutrition recall, but all athletes stressed their 
confidence in the data given the standardized approach 
they take to their nutrition race plans. The nutrition 
intakes of all three athletes were collected during one of 
the following races: the 100-mi. Western States Endur-
ance Run (first and fourth places) in the California Sierra 
Nevada Mountains (5,513 m of ascent; June 28–29; 2014 
temperatures: 0 °C–31.7 °C) or the Hardrock 100-miler 
(fourth place) in Colorado’s San Juan Mountain Range 
(average elevation 3,400 m; 10,360 m of ascent; July 
11–12; 2014 temperatures: 8 °C –22 °C). For the 100-mi. 
Western States Endurance Run, accurate body weight data 
were collected by another research team using methods 
described elsewhere (Hoffman & Stuempfle, 2015).


Calculations of Caloric Expenditure and 
Substrate Oxidation Over a 100-Kilometer 
Ultramarathon


Ultramarathoner 2 also participated in the 2014 Inter-
national Association of Ultrarunners 100-km World 
Championships in Doha, Qatar. The race was run on 
5-km loops (aid station every loop), with the athlete’s 
GPS and heart rate (HR) data being uploaded to http://
www.strava.com/activities/221733067. From these data, 


Table 1 Anthropometric, Training, and Performance History 
Characteristics of Three Elite Ultramarathon Runners
Parameter M ± SD


Age 35.3 ± 1.5


Body weight (kg) 59.5 ± 1.7


Height (cm) 171.7 ± 3.2


Years of running 22.3 ± 4.2


Years doing ultras (>50 km) 5.0 ± 2.6


No. of ultras in 2014 (>50 km) 5.3 ± 0.6


No. of ultra wins in 2014 (>50 km) 2.7 ± 0.6


Low-volume training week 117.3 ± 18.5


High-volume training week 173.3 ± 23.1


Half marathon PB 1:06:44 ± 4:03


Marathon PB 2:23:09 ± 7:38


50-km PB 3:12:20 ± 9:18


100-mi. PB 16:42:27 ± 2:27:17


HR throughout 100-mi. ultra 126.0 ± 8.5


Note. All race times reported as hr:min:s; SD reported as min:s. HR = heart rate; PB = personal best; ultra 
= ultramarathon.
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caloric expenditure and substrate fuel utilization estimates 
for each of the 20 × 5-km loops were calculated. First, 
submaximal exercise EE was predicted from HR data 
(Keytel et al., 2005), and an exercise intensity estimate 
(% VO2max) based on the strong linear relationship (r = 
.97) between increasing HR and percentage of maximal 
oxygen uptake (Arts & Kuipers, 1994) was calculated per 
5-km loop. Given the plethora of oxidation data across 
varying exercise intensities (van Loon et al., 2001), cou-
pled with CHO intake data on substrate oxidation during 
prolonged (3-hr) submaximal exercise (Stellingwerff et 
al., 2007), robust estimations of exogenous and endog-
enous substrate utilization were then made, considering 
that this athlete was neither ketogenic nor fat adapted 
(thus, average fat oxidation was ~0.6 g/min). Estimations 
were further refined by labeled CHO intake oxidation 
data over 5 hr of ultraendurance exercise (Jeukendrup 
et al., 2006), with estimations of endogenous fuel stores 
(muscle–liver glycogen) taken from Rapoport (2010).


Ultramarathon Nutrition Intake 
Strategies


Training and Fueling Preparation


Beyond running, athletes conducted varying types of 
endurance training (e.g., trekking, ski touring, and 
cycling). They reported low to high weekly running vol-
umes of 117 ± 19–173 ± 23 km/week, respectively, with 
much of the weekly running occurring over several single 
long runs. Athletes periodically practiced their race-day 
fueling plans in an opportunistic, rather than strategic or 
structured, fashion. As one athlete stated, “It’s difficult 
to truly practice race-day nutrition because 100 mi. [162 
km] is a long way and I max out at 30 mi. [~48 km] in 
training.” Conversely, another athlete indicated, “I will 
do two or three test nutrition runs in the month going into 
the event, and I will also test my [nutrition] plan out in 
preparation races.”


Reported 100-Mile Ultramarathon Dietary 
Intakes


Table 2 outlines the athletes’ caloric, macronutrient, 
caffeine, and sodium intakes on race day. The prerace 
breakfast (~1–3 hr prerace) featured 70 ± 16 g of CHO, 
29 ± 20 g of protein, and 21 ± 8 g of fat. Throughout 
their respective 100-mi. races, athletes consumed 1,162 
± 250 g of CHO (71 ± 20 g/hr), with minimal fat and 
protein intake. Total caloric intake was 5,530 ± 1,673 
kcals (333 ± 105 kcals/hr). Athletes also consumed 912 
± 322 mg of caffeine and 6.9 ± 2.4 g of sodium, and 
two athletes consumed 12.5 g and 4.2 g, respectively, of 
ginger throughout their races (Table 2). Overall, commer-
cial products accounted for 93 ± 12% of energy intake. 
CHO came primarily from sports drinks, gels, candies, 
and commercial colas. However, one athlete did mention 
increasing contributions of real food into his fueling 
plan: “I increasingly use and experiment with real food 


for races over 12 hours, and I do try and take in a bit of 
protein and fat. This largely comes down to trying to avoid 
flavor fatigue.” A second athlete noted “at crewed aid 
stations, I also picked up ~1 oz salted chocolate covered 
almonds. They are an easy way to get some calories and 
protein in, especially later in the race when gels become 
less and less appealing.” Accurate data on body mass 
throughout the race were collected for Ultramarathoners 2 
and 3 respectively: 61.5 and 61.6 kg, dropping to 58.2 and 
58.2 kg at the finish, a 5.1% and 5.8% body weight loss.


Estimation of Caloric Expenditure 
and Substrate Oxidation in an 
Ultramarathoner Over 100 Kilometers


On November 22, 2014, Ultramarathoner 2 won the 
International Association of Ultrarunners 100-km World 
Championships in Doha, Qatar, in 6:27:43 (a North 
American record). The athlete consumed a total of 1,800 
kcals, 100% from commercial CHO gels, for an average 
of 58 g CHO/hr during racing. Average HR was 150 ± 
5 beats/min, which he reported as “higher than normal” 
(most likely due to hot weather: 25–27 °C; 60% humid-
ity). This resulted in an average predicted race %VO2max 
intensity of 74.9 ± 2.4% (athlete reported HRmax of 188). 
This athlete demonstrated an impressively even pacing 
(M = 3:51 min/km, with a SD of only 5.4 s; Figure 1A). 
His estimated % CHO oxidation contribution to total 
EE was highest over the first 40 km (81%–83% of total 
EE) and progressively decreased to 68% throughout 
the race (Figure 1A). This high estimated rate of CHO 
oxidation coincided with the greatest estimated use of 
muscle glycogen (~1.4–1.8 g/min over the first 40 km). 
His estimated average fat oxidation was 0.62 ± 0.12 g/
min. Estimates of total EE were 5,411 kcals, of which the 
largest contributor to EE was muscle glycogen utilization 
(Figure 1B). The predicted use of muscle glycogen was 
1,920 kcals, which was less than the theoretical estimation 
for maximal muscle glycogen storage for an athlete of 
this weight (1,987 kcals; Rapoport, 2010).


Discussion
These case studies provide rare data and insight into the 
competition fueling practices of three of the world’s best 
ultramarathoners. The major finding was that all three 
athletes practice nutrition strategies that provide high 
CHO availability throughout their races. Furthermore, 
substrate oxidation estimates demonstrated a very CHO- 
versus fat-dominant race performance while winning the 
100-km World Championships.


Race-Day Nutrition Intakes


All athletes self-selected fueling strategies providing 
high CHO availability (71 ± 20 g CHO/hr) to fuel their 
impressive ultrarace performances. This CHO intake rate 
aligns with contemporary recommendations (~40–110 
g CHO/hr) for the duration and intensity of their exer-
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cise (Jeukendrup, 2011; Stellingwerff & Cox, 2014). 
When comparing this CHO intake rate with previously 
published ultramarathon data, an interesting pattern 
emerges. Of the nine studies measuring nonelite or 
amateur ultramarathon finisher dietary intakes (n = 82 
subjects), the average CHO intake rate was only 41 g/hr 
(Eden & Abernethy, 1994; Glace et al., 2002a, 2002b; 
Moran et al., 2011; Noakes et al., 1988; Stuempfle et 
al., 2011, 2013). Conversely, in the elite ultramarathon 
data (n = 6 athletes), the average was much higher at 61 
g CHO/hr (Fallon et al., 1998; Rontoyannis et al., 1989; 
Sengoku et al., 2015). This 20-g CHO/hr can quickly 
result in large energy and CHO deficits (~330–550 g 
CHO or 1,300–2,200 kcals over 15–25 hr of racing). 
This finding is supported by previous nutrition intake 
data in triathletes, which found a significant positive 
correlation between CHO intake rate and performance 
in an Ironman race (Pfeiffer et al., 2012). Whether elite 
ultraendurance athletes are partially successful as a result 
of their fueling intakes or whether they would be success-
ful regardless cannot be ascertained from current data. 
However, the plethora of placebo-controlled double-blind 
positive CHO and endurance performance studies have 
suggested that the athletes’ success is at least partially 


due to their fueling (high CHO) strategies (Jeukendrup, 
2011; Stellingwerff & Cox, 2014). In further support 
of success due to a high CHO fueling strategy, Yannis 
Kouros, considered to be the best ultrarunner of all time 
(every world record from 100 to 1,000 miles), averaged 
an impressive 96 g CHO/hr of racing over a 5-day 960-km 
race (96% of energy intake as CHO totaling 13,340 g of 
CHO consumed; Rontoyannis et al., 1989).


In the current case studies, two ultramarathoners also 
consumed significant amounts of ginger to help keep the 
stomach settled. Ginger has a long history with considera-
ble clinical evidence in the prevention of nausea, dizziness, 
and vomiting symptoms, especially involving motion 
sickness (Langner et al., 1998). Interestingly, given that the 
prevalence of gastrointestinal (GI) distress is 30%–80% 
in ultraendurance event participants (Hoffman & Fogard, 
2011; Pfeiffer et al., 2012; Stuempfle et al., 2013), the two 
athletes using ginger had no serious GI side effects. Ginger 
consumption could perhaps be an effective intervention to 
minimize exercise-induced GI issues, although this author 
is unaware of data to support this.


The athletes in these case studies relied on individu-
alized trial-and-error and personal experiences to develop 
and execute their competition fueling interventions. Each 


Table 2 Reported 100-Mile (~160-Kilometer) Race Caloric Intakes for 
Three Elite Ultramarathon Runners
Parameter Athlete 1 Athlete 2 Athlete 3 M ± SD


100-mi. PB (hr) 19.50 15.73 14.88 16.70 ± 2.46


No. of aid stations 14 24 24 21 ± 6


Caloric intake metrics


Total caloric intake (kcals) 6,442 3,600 6,549 5,530 ± 1,673


Calories/hr (kcals/hr) 330 228 440 333 ± 105


CHO intake metrics


Total CHO intake (g) 1,189 900 1,398 1,162 ± 250


CHO/hr (g) 61 57 94 71 ± 20


CHO/aid station (g) 85 41 64 63 ± 22


Estimated % CHO solution 9.1 8.4 18.7 12.1 ± 5.8


CAFF intake metrics


Total CAFF intake (mg) 850 1,260 625 912 ± 322


CAFF/hr (mg) 44 80 42 55 ± 22


CAFF/BW/hr (mg/kg/hr) 0.75 1.20 0.72 0.9 ± 0.27


CAFF/aid station (mg) 61 57 28 49 ± 18


Sodium intake metrics


Total sodium intake (mg) 5,250 9,691 5,780 6,907 ± 2,426


Sodium/hr (mg) 269 616 388 426 ± 176


Sodium/aid station (mg) 375 441 263 359 ± 90


Other


Total ginger intake (g) 12.5 0.0 4.2 5.6 ± 6.4


% intake as commercial products 80 100 100 93 ± 12


Note. BW = body weight; CAFF = caffeine; CHO = carbohydrate; PB = personal best.
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Figure 1 — (A) Running 5-km splits (line; minutes) and estimated oxidation of exogenous and endogenous substrates and % 
carbohydrate oxidation (bars) and (B) total estimated caloric and substrate requirements of elite Ultramarathoner 2 while winning 
the 100-km World Championships. FFA = free fatty acids; IMTG = intramyocellular triglycerides; kcals = nutritional calories.


ultramarathoner highlighted the necessity for in-race 
flexibility in nutrition intake to adjust to specific race cir-
cumstances (e.g., weather, altitude, GI tolerance, tactics).


Predicted Carbohydrate Dominance to 
Fuel Performance


Oxidation estimates for Ultrarunner 2 demonstrated a 
very CHO-dominant race performance while winning 
the 100-km World Championships. In this race, he ran 
for approximately 6.5 hr at an estimated 74% of VO2max, 


which resulted in a predicted 74.9 ± 2.4% CHO oxida-
tion contribution to total EE. This predicted % VO2max 
intensity extrapolates and aligns well with previous 
directly measured data (O’Brien et al., 1993; Rontoyan-
nis et al., 1989; Sengoku et al., 2015). Furthermore, his 
58 g CHO/hr intake was enough to allow him to finish 
with a very small amount of muscle glycogen left (as 
predicted in Figure 1B). The fact that he won the race 
with a significant increase in speed over the final 5-km 
segment (Figure 1A) also supports this predicted postrace 
muscle glycogen level. Mechanistically, it has long been 
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known that CHO-dominant oxidation is more efficient 
and economical than fat oxidation (Krogh & Lindhard, 
1920). In fact, just shifting the respiratory quotient from 
0.90 (~66% CHO oxidation) to 0.95 (~83% CHO) will 
theoretically improve 2-hr elite marathon performance, 
as a result of improved economy, by 60–90 s (Andrew 
Jones, unpublished calculations, 2014 presentation). 
Finally, significant fat adaptation has been shown to 
downregulate CHO metabolism and actually compromise 
higher intensity performance (Burke & Kiens, 2006).


In conclusion, these world-class ultrarunners practice 
fueling strategies that maximize CHO intake for optimal 
race performances. Despite having limited professional 
nutritional input into their fueling approaches, all athletes’ 
individual intakes for CHO and sodium were congruent 
with contemporary evidence-based recommendations.
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