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glucose/ glycogen = carbohydrates; other fat sources = intramyocellular triglycerides 

Nutrition and Performance 

Food pyramid, Macronutrients, Substrate oxidation 

DEVELOPMENT AND VALIDATION OF A FOOD PYRAMID FOR SWISS ATHLETES 

! Look at the “Pyramid for Athletes” for the exam ! 

1. Energy intake: 

− Defined moderate intensity of 0.1 kcal/(kg*min) can be too high or too low 

for individual athletes. In this case, the training time can be adjusted. Ex. An 

athlete of a low intensity sport should eat less servings than suggested for 

moderate intensity sports. 

2. Macronutrient intake: 

− The basis pyramid provides enough macronutrients. 

− Elite endurance athletes training more than 4 hours/day should consume 

proportionally more fat at the expanse of the grain food group, mainly because 

high amount of carbohydrate may be unmanageable at higher training volumes.  

3. Micronutrient intake:  

− General problem: No specific recommendations for athletes. 

− Basis micronutrient intake should cover the potentially higher need of athletes. 

− Vitamin D did not meet the recommendations. However, the major source of 

vitD for humans being exposure of the skin to the sun, there is only a minimal 

dietary influence. In case of vitD insufficiency, supplements may be considered.  

− Iron supply to the body not only depends on intake but also on bioavailability.  

4. Limitations:  

− Guide athletes of 50-85 kg and a weekly training volume of 5-28 h 

− Can’t predict exact needs of athletes → individual adjustments 

− Average training intensity may need to be adjusted. 

− Timing of food intake relative to training is not considered. 

 

 

 

  

 

The longer the exercise, the higher the macronutrient requirements. 

 

 

 

 

E% = energy percentage: Percentage of required energy provided by the respective 

macronutrient. Why does only E% of carbohydrates increase? In absolute 

numbers, carbohydrate uptake increases unproportionally faster than fat and protein 

demand/uptake. Thus, in relative numbers, carbohydrate consumption becomes 

increasingly important the longer the exercise duration. 

Generally: E% is unusable, as there is a wide range (How much energy does an athlete 

even need?) and it does not state % of what. Better [g/kg body mass].  

Fat oxidation is running right from 

the start and also at rest. 

However, in high intensity short 

intervall exercises, there is only a 

low fat oxidation → Intensity, 

not duration, determines 

macronutrient oxidation! 

Increase of FFA oxidation from 

low to middle intensity, increase in 

carbohydrate oxidation at high intensities. Note: Valid in a fasted state; in a non-fasted 

state, fat oxidation would be on a lower level.  
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Muscles are oppportunistic and burn what is available. Fasted state – high fat oxidation; 

feeded state – high glucose oxidation. Diet determines oxidation to some point.  

Fast depletion of glycogen 

stores at high intensities. 

Although gloycogen stores 

can’t be replenished 

inbetween two trainings on 

the same day, a 

carbohydrate-rich meal  

helps improve performance 

during the second training.  

If the ratio VCO2/VO2 is high, more 

carbohydrates are burned. Faster, better trained 

athletes burn more carbohydrates. Why?  

Fast athletes have a high aerobic capacity and can 

maintain a personal high level for a long time. 

They may run at 85% VO2max → high intensity 

= carbohydrate oxidation. Slow runners have a 

lower VO2max (lower aerobic capacity) and 

can't run at a high level for a prolonged time. 

They may run at 50% VO2max → fat oxidation. 

Long performance tasks may require fat oxidation. Suppressed fat oxidation has no 

impact on exercises shorter than 120’. 

FATmax represents both,  

1. The exercise intesity at which the maximal fat oxidation is found and 

2. The maximal fat oxidation rate (g/min). 

Generally: 

→ People with low fitness level reach FATmax early and have a low FATmax, 

while athletes reach FATmax later and have a higher FATmax. 

→ Walking has a higher FATmax than cycling, as it involves more muscle mass 

which can use fat oxidation for energy generation. 

→ Relatively to body mass, men have a lower FATmax than women and reach it 

earlier. In absolut numbers, though, men have a higher FATmax. 

→ Large inter-individual variation! 

Training at FATmax improved insulin sensitivity in overweight, sedentary but “healthy” 

men. However, training outside FATmax, no matter whether above or below, had no 

significant impact on insulin sensitivity.  

Exercise Physiology 

Energy systems: 

− Anaerobic metabolism:  

▪ ATP-PCr system: (PCr) + (ADP) + H+  (Cr) + (ATP) 

▪ Glycolytic system: Glucose (Glycogen) + Pi + ADP → Lactate + ATP 

− Aerobic metabolism:  

▪ Glucose (Glycogen) + Pi + ADP + O2 → CO2 + H2O + ATP 

▪ FAs + Pi + ADP + O2 → CO2 + H2O + ATP 

Remember: Pyruvate can only enter the mitochondria in 

the presence of oxygen, otherwise it remains in the 

cytosol and is degenerated into lactate. 

Oxidative glucose metabolism is more efficient in 

numbers of ATP produced per molecule of oxygen, while 

oxidative fat metabolism is more efficient in numbers of 

ATP produced per gram of metabolite.  

Although exercise time is three times as long, required energy 

only doubles → The speed level and, consequently, the energy 

required will drop if the exercise takes longer. 

The anaerobic metabolisms already generate half of the 

energy required for a 90 sec all out exercise. 
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The higher the training intensity, the lower the energy generated by the 

aerobic system and the shorter is the time till exhaustion. 

 

Aerobic threshold: Aerobic system can't generate all the required energy. Slowly, 

more of the required energy is generated by the anaerobic system. Basic endurance is 

trained at this heart rate. 

Remember: It is not the lactate making the athlete stop but rather the acidity (H+). 

Why? Systemically: Brain stops exercise to save the organism; Locally: muscles can't 

perform anymore. Lactate is used by several organs: Heart, liver, brain and aearobic 

working muscles (upper extremities of a runner → not so heavy loaded). 

Anaerobic threshold: The working muscles generate more lactate than can be used 

by other organs. Lactate will ultimately accumulate, even if the power is maintained.  

Lactate steady state (=if power is maintained, say 220 Watt, lactate level would 

stabilize and a plateau would be formed) can be generated between the aerobic and 

the anaerobic threshold. 

If an athlete gets better, the whole curve shifts to the right: The aerobic system gets 

more powerful and can sustain a higher performance level. Less energy must be 

produced by the anaerobic system, thus, lactate production decreases. Not only is less 

lactate produced, lactate may also be cleared more efficiently (ex. stronger heart). 

Severely untrained people have low thresholds and show immensely increased 

breathing after even short everyday activities to buffer the accumulated H+. 

 

− VO2 : Velocity of oxygen consumption [L/min or L/(min*kg)] 

− VO2max : maximal oxygen consumption of the body; VO2 curve 

forms a plateau, even if speed increases further, and RER > 

1.15 + blood lactic acid level > 8 mmol/l 

− VO2peak: if not all 3 criteria are met 

− RQ : cellular respiratory exchange ratio 

− RER : pulmonary respiratory exchange ratio = VCO2/VO2; lacks 

a bit behind RQ; the both are equal at steady state conditions 

 

 

 

 

 

 

 

 

Incremental Test:  

RER < 1: VCO2 < VO2 → red curve below blue curve 

RER > 1: VCO2 > VO2 → red curve above blue curve → more CO2 is exhaled 

than oxygen is inhaled. Lactate is accumulating. The minute ventilation now rises 

drastically: Hyperventilation in an attempt to get rid of the additional CO2. The 

athlete will soon be exhausted. 

VO2max and the anaerobic threshold are decisive measures in endurance sports. 

Trained athletes have VO2max around 65 (females) or 75 (males). However, for 

sprinters, they both are completely irrelevant, as aerobic metabolism is not important 

at all.  
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Pre-exercise Nutrition 

Fat is unlimited (70’000 kcal), while only 2500 kcal of carbohydrate are available in full 

stores. Full glycogen stores are consequently crucial for optimal performance, mainly 

in endurance events of 90-120 min or physically demanding field sports.  

Carboloading: The day before the performance 

Sweden Diet: It was found that glycogen super-compensates, only if stores have 

previously been depleted. Original carboloading protocol: 3 days of very low 

carbohydrate supply to deplete glycogen stores, followed by 3 days of high 

carbohydrate supply for glycogen supercompensation. However, this protocol is very 

hard for athletes, as they train with completely empty glycogen stores. 

Tapering: Reduction of training load in combination with 3 days of high carbohydrate 

loading is enough for glycogen supercompensation. Depletion phase is left out.  

Modern protocol: High carbohydrate consumption on the last day pre-competition. 

Why was a glycogen depletion required for glycogen loading in previous studies? 

Previous studies fed 100% carbohydrate to the subjects but normal amounts of energy 

(2300 kcal). In modern protocols, subjects eat not only carbohydrates, but also fat and 

protein and thus ingest more energy than usual (4600 kcal). This high amount of energy 

may help to overshoot glycogen stores, even if they have not been previously depleted.  

 

 

− High carbohydrate, ~10 g CHO / kg BM needed 

− Low fat & low protein (at least in relative amounts) 

− Liquid carbohydrates make it easier: Soft drinks, Sports drinks, Fruit juices, 

Carboloader, liquid meal replacement products (3-4 g /kg BM possible) 

− Reduce dietary fibres (vegetables, fruits) to reduce gastrointestinal 

problems and even reduce body weight.  

− No experiments: Respect individual food tolerance 

− Individual preference: Select carbohydrate rich foods you like 

Carboloading is not healthy → body mass! It’s no problem for top endurance 

athletes with 5-10 runs a year. However, for team sport athletes it is (a) not 

healthy as the whole team would be loaded while only a few need it, (c) impossible 

to do as the loading day should be a rest day and (b) not working repetitively. 

There seems to be a refraction time. 

Females struggle a bit to eat such high amounts of carbohydrate, but if they can 

eat enough, carboloading has the same effect as for males.  
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Not much protein, fat, vegetables. Eat 

mainly carbohydrates. 

The stomach should be empty, so the 

energy is available. Eat 3-5h before. 

 

 

Hours before performance: (re)fuelling + avoiding GI problems 

Digestion time takes around 6h for stomach and depends on… 

… fat- and protein content ↑ 

… dietary fibres ↑ 

… solid food ↑ liquid food ↓ 

… number of calories ↑ 

… processed food ↓ 

 

ex. pasta with tomato sauce is easy to digest, lots of cheese on top makes it harder. 

Apply when it is necessary! If it is applied for every training, high quality food would 
be totally excluded from an athlete’s diet.  

Some studies showed that carbohydrate ingestion hours before exercise would harm 
performance due to a rebound hypoglycaemia. However, as so often in sport science, 
this could be explained by applying 
the “wrong” test protocol. Real life 
exercises are always time trials 
(cover a distance as fast as 
possible), in studies, though, time to 
exhaustion is often measured. 
Athletes performed worse under 
time to exhaustion condition if they 
ate carbohydrate before. In time 
trials, however, no harmful effect 
could be shown. Blood glucose and 
insulin stabilize during warm-up on 
a specific level independent from 
the pre-exercise level.  

High variability of plasma insulin during the initial 20min (=warm-up) depending on 
carbohydrate ingestion; stable level during the time trial performance. No effect on 
performance!  

Few athletes report subjective feelings of symptoms (fatigue, dizziness…), which don’t 
correlate with real blood glucose values. Continuing carbohydrate supply during 
exercise likely reduces symptoms. 

 

Carbohydrate fuelling during 
exercise is more important for 
blood glucose maintenance and 
performance than pre-exercise 
CHO intake.  

 

 

 

 

During-exercise Nutrition 

! Use only known and tested food/ drinks during competition ! 
[Individual food tolerance / preferences / experience] 

Seems to be dose sensitive. More is better, up to a certain level. Too much is too much.  

Not all ingested glucose can be absorbed, especially if only one sugar is ingested. If the 
ingestion is based on multiple sugars, more can be oxidized. Why? Glucose is taken up 
by the intestines via SGLT1 receptors. At a certain level, they are all busy. Fructose is 
taken up via glut4 receptor, in parallel to glucose. The GI-tract can probably be trained 
to absorb more glucose. 

Ingestion of CHO spares endogenous CHO. If not only glucose, but glucose + fructose 
is ingested, more exogenous CHO is available and more endogenous CHO can be 

What determines competition outcome? 

1. During competition 

2. Carboloading on last days 

3. Last hours → Avoid GI-problems 
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spared. At the same time, if more CHO is available, less energy must be generated by 
fat oxidation. 

Carbs should be ingested regularly, in small serving because it is better tolerated by 
the GI tract. →  

 

Which of these two options, does basically not matter.  It depends on the athlete’s 
preference and tolerance and the type of sport, ex. marathon with no breaks vs. tennis 
with many breaks). 

→ Only few commercially available sports 
drinks are acid free. Self-made drinks are a good 
alternative: Easy to make and well tolerated. 

Mouth rinsing increases performance in a time 
trial. It only works with carbs, independent of 
sweetness. Artificial sweetener (= no carbs) do 
not work.  

Improvement in exercise performance that is observed when carbohydrate is present 
in the mouth may be due to the activation of brain regions believed to be involved in 
reward and motor control. The findings also suggest that there may be a class of so 
far unidentified oral receptors that respond to carbohydrate independently of those 

for sweetness. 

Only recently has a rinsing effect be compared with no rinsing. It has been shown 
that rinsing with CHO rather reverses the bad effect of rinsing with water than 
actually having a beneficial effect. 

If any, mouth rinsing could be beneficial in sports, where breaks and actual CHO 
ingestion are not possible. However, in these high intensity sports, even rinsing the 

mouth would perturb an athlete’s breathing rhythm and are thus not suitable. In all 
other sports, it may be beneficial to keep the fluid in the mouth before swallowing to 
activate those ‘CHO-receptors’ (if actually present). 

 

 

 

 

 

No dependence on body mass. Smaller athletes have an advantage as they can 
absorb more carbohydrates per body mass. 

It’s important to start with supplementation right from the beginning! In short high 
intensity exercise, it’s better not to ingest anything as not to perturb the breathing 
rhythm and focus of the athlete. Endogenous energy stores are full enough. 

Sportsdrink 
Water + energy bars / 

power gels 

Sports drinks: − Standard: 60-80 g/L 

− Individual: 30-120 g/L if either high drinking volumes or high 
carbohydrate supply needed 

− Glucose only is sufficient up to 60g/h, after that, it should be 
combined with fructose to maximize absorption 

− Sodium supply is only necessary for long endurance >4 h → 
depending on sweating and thus salt loss 

− Better hypotonic osmolarity, certainly not hypertonic 

− Not sparkling (CO2) and if possible acid free (teeth) 
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For “fitness” athletes or easy sessions? 

Not recommended because: Risk of energy input > energy output → better 
water or carbohydrate free drinks, also no problem to drink nothing for 1h! 

 

 

 

 

 

 

 

 

 

What about Protein during exercise? Conflicting evidence! 

Problems with studies 
showing a benefit from 
protein supplementation:  

- Constant load time to exhaustion under fasting 
conditions→ far from reality. Studies using ‘time to 
exhaustion-trials’ rather than time trials are generally 
less reliable. 

- CHO supply of 46 g/h given to athletes is insufficient 
for high exercise. Protein given additionally probably 
only fuelled the exogenous CHO supply. 

Studies showing no 
benefit: 

- Time trial & not fasted → more realistic 

- Sufficient CHO given to athletes, Protein given 
additionally not used to fuel exogenous CHO supply. 

→ generally no benefit found (in time trial studies) 

Take into account that protein takes significantly longer to be cleared from the GI 
tract. 

Drinking guidelines during exercise 

Depending on the environment, we can 
either have a heat gain or heat loss via 
radiation/ conduction/ convection. We 
surely gain heat from muscle work and lose 
it via evaporation (sweat). 

Air humidity (How much water can the 
environment take?) is decisive for 
efficiency of sweating and thus cooling. So 
is wind. Without it, it is difficult to dissipate 
the “heat shield” generated around us.  

Fluid supply from drinking and eating, as well as from metabolic activity; the later 
mainly via glucose/ amino acid oxidation. It is thus dependent on energy expenditure. 

What are the recommendations concerning (a) performance and (b) health? 

General opinion 1990: “Ad libitum” drinking increases risk of dehydration. 

Two studies indicating clear negative effect of dehydration (fatigue, slower in time 
trials), a third study suggests no negative effect. Why? In the first two studies, the 
subjects were already dehydrated before starting, not so in the third study.  

Intern validity: was the research done “right”? 
External validity: Does the same thing happen in other settings? Everyday 
settings or lab conditions? 
→ external validity the problem here: all studies were done rightly. Ask 
yourself: What does usually happen to athletes in real life? 

− come from A to B as fast as possible (time trials rather than time to 
exhaustion!) 

− dehydration happens during exercise; no athlete starts dehydrated 

− Convective cooling in relation to running/ cycling speed/ wind 

Often pre-exercise induced dehydration in studies (heat exposure with or without 
exercise, fluid restriction (1-2 days), diuretic drugs, a combination of these measures). 

If the thousands of available studies are filtered for these criteria (time trial + no pre-
exercise induced dehydration), shows no negative effect of dehydration. Relying on 
thirst sensation maximizes performance → Drinking ad libitum is enough. 
 

Arguments for Sports drink: Arguments against Sports drinks: 

• Whenever the focus is on exercise 

performance (competition) 

• Elite athletes: for competition 

and selected trainings. 

• Fitness: for competitions. 

• Fitness / recreational athletes 

for daily training  

• Elite athletes for easy trainings  

• If weight reduction / control is 

a main aspect of the training. 
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→ Pre-exercise induced dehydration consistently shows performance 

decrements from ≥1-2% body mass. (= 2 % BM in kg are lost during performance) 

→ With "ecologic valid" study designs (i.e., TT and during-exercise dehydration 

protocol), endurance performance does not seem to be impaired with up to 4% 

body mass. 

→ Observational data among world class endurance athletes reveal dehydration 

values of >4% body mass without obvious performance effects. 

 

 

 

 

 

 

 

 
If thirst is blocked by sucking on ice cubes, performance is not influenced by 

dehydration. Does thirst influence performance rather than dehydration? None of 
the three parameters dehydration, ingesting fluids and the perception of thirst, 
can on its own explain performance effects. 
 

 

 

 

 

Situation when drinking to a fixed drinking plan (drinking beyond thirst) might be 
considered: → Critical question here: How much dehydration is acceptable? 

Tournament Situation: Drinking ad libitum induces slight dehydration which is no 
problem for the first competition. If an athlete has only 
limited regeneration time before the next competition 
(ex. 3 hrs), scheduled drinking can increase regeneration 
and thus limit dehydration.  

Training Recovery: during an intense training week for the same reason. 

Training Adaption: ex. building up muscle mass. A dehydrated cell is in the 
catabolic state which makes it more difficult to build up 
muscle. 

Evening Training: Deduce dehydration before going to bed; dehydrated 
sleep = bad recovery 

GI problems/ Muscle 
cramps: 

Dehydration can cause GI problems and muscle cramps. 
Important to consider during tournament and training. 

 

 

Maximal Drinking: Consider gastric emptying (1l / h): High intensity reduces gastric 

emptying slightly. 0.8 l/h is the upper tolerable drinking level for endurance sport. “Gut- 

training” may increase volume tolerance. 

Gastric emptying is reduced significantly if high amounts of CHO or energy in general. 

are in the fluid. → The more energy there is in a drink, the less fluid we can actually 

get into the system! 

 

Some practical consideration when drinking “ad libitum”: 

Organization: Without a drinking plan, athletes may forget to organize drinks. If drinks 
are not available, you can’t drink ad libitum. 

Fuelling: If athletes drink a carbohydrate infused drink, they should know how 
much they drink to guarantee CHO fuelling. 

Distraction: Athletes my get distracted during a race (emotions, tactics, fans, 
fatigue). Regular reminders can help. If it has been forgotten, it can 
often not be caught up. 

Inexperience: Increased emotions/ nervousness can impair the athletes body 
perception. 

Inexperience: Drinking plan can be of help, especially for inexperienced athletes, but 
also for elite athletes (ex. first Olympic games).  

Ad libitum drinking  Having no drinking plan 
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Osmolarity: 

− Values are often in the range of 0.3 - 0.7 L/h 

− Volumes > 0.8 L/h are sometimes tolerable, but often associated with GI discomfort 

− Intermittent sports with regular recovery breaks and / or heavy body masses (e.g. 
hockey, basketball, tennis, rugby) may tolerate more 

 

Correlation between dehydration and rectal temperature measured in marathon 

runners at finish line. But no causation!! Athletes which run faster, have higher body 

temperature and at the same time sweat more. We need intervention studies to 

prove causality! → different amount of drinking during exercise shows higher 

temperature in athletes who drink less.  

 

BUT some challenging thoughts to these results… 

…completely irrelevant temperature level. Would temp. actually rise until heat 

stroke? It usually rises only in the beginning, then stabilizes. 

…maybe the body rises its temperature intentionally to minimize water loss: If the 

body is hotter, it can lose more warmth via radiation and conduction rather than 

sweat. 

…studies have not applied sufficient cooling (lab condition → wind cooling is missing) 

 

Humans are made to run long distances, even in heat. It only gets 

dangerous when the runner is not adapted to it (ex. modern life). 

 

So, no real health risk comes from dehydration. What about Overhydration?  

= more drink than sweat → gain on body mass. 

1/3 of runners finishing a marathon drink too much: more finisher with 

overhydration than dehydration. Overdrinking mainly in less trained 

participants (NO CAUSATION: sweat less and at the same time have more time 

to drink) 

 

Possible problems: 

 

 

 

 

 

  

 

 

  

− performance (additional weight) 

− GI problem (more volume than necessary) 

− Hyponatremia: Too much fluid ingestion dilutes the blood 
of ions. Sodium concentration drops and blood becomes 
hypotonic. Volume drifts into tissues; problematic mainly 
in brain and lungs (lung edema and brain swelling).  

Cycling; 370 ml + 185 mol/10min of either… 

…Hypertonic (Glu + Fru) 

…Isotonic (Suc + Glu) 

…Hypotonic (Suc + Maltodextrin) 

→ Hypertonic drinks were cleared less 

efficiently! No accumulation but higher GI 

volume. No hypertonic drinks during 

exercise! 

 

The link between dehydration and an increased risk for heat stroke does exist, 

but it's weak and it faces some serious realworld challenges (relevancy unclear). 

Primary causes for heat stroke are: 
• Unfamiliar with high exercise intensity (ex. first runs in the spring) 

• Event inexperience 

• Insufficient heat acclimatization 
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Post-exercise Recovery 

 

1. Fluid (and sodium) for rehydration 

− Replenish fluid and electrolyte losses 

− Sodium speeds up rehydration 

2. Carbohydrates (and fat) 

− Replenish energy/ glycogen stores 

− Support immune system 

3. Protein 

− Protein synthesis and muscle building 

− Improved performance recovery 

 

 

More fluid must be ingested than is the current deficit: Body keeps on producing urine 

→ additional fluid loss. Around 150% of deficit is usually required. 

Sodium can speed up rehydration. With more sodium in the drink, less fluid is needed 

(100% of deficit). Why? Less urine is produced as more primary urine is reabsorbed. 

Alcohol is counterproductive as it works diurectic (increases urine production). 

 

 

Adapt carbohydrate intake to the demands for refilling glycogen stores. Depleted 

glycogen stores have a huge impact on additional exercise bouts. The following 

recommendations are only vital for all-out exercise. If glycogen stores are not fully 

depleted, fast CHO intake is not required. Whether the glycogen stores are depleted 

or not can not be measured in the field. Athletes have to trust their feeling. 

Glycogen stores refill faster right after exercise (plot on p2). Why? Insulin-independent 

CHO uptake high during exercise but diminishes quickly after finishing exercise. Better 

to eat CHO right after exercise, especially if recovery time is limited.  

 

 

 

High glycemic index food increase glycogen resynthesis. Practical aspect: Difficult to 

digest high amounts of low glycemic index food (whole grain, oats, lentils, brown 

rice…) 

 

To maximize short term glycogen storage over the first few hours: 
− 1.2 g/kg/h CHO 

Or add protein (e.g. 0.4 g/kg/h) to a slightly 'suboptimal' CHO supply of 

~0.8 g/kg/h 

− More (carb or pro) does not increase glycogen storage any further 

Athletes want to eat enough CHO for recovery but not too much, in order 

to prevent GI problems during the next exercise session. 

− Maybe high feeding frequency necessary.  

Many athletes don’t like eating big meals right after exercise 

− Timing is relevant for fast recovery situation (e.g. 4 h recovery time) 
Over 24 h glycogen recovery depends only on total amount, not on immediate timing 

− In practise, often limited time for recovery available → Timing important 

 

Remember: Regular exercise increases insulin sensitivity. Less insulin needed to take 

up a certain amount of glucose. We can measure a lower insulin response for ex. a 

pure glucose drink in athletes compared to non-athletes, already in young age.  

Intramyocellular trigylcerides (IMTG) are depleted during exercise and filled after 

exercise, depending on how much fat is consumed. Whether IMTG depletion is 

problematic for an additional exercise bout is unknown. Fast forced fat feeding is 

probably not relevant for performance.  
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Muscles store the bodies largest amount of protein.  

Recommendations: 1.2-2.0 g/kg/day; best spread across the day. More does not help 

more; it may help during weight loss. 

Protein synthesis and breakdown 

are always running at the same 

time. The critical question is: 

Where is the net balance? 

As protein synthesis is much 

more variable than breakdown, 

the focus is often on synthesis 

only. 

Exercise increases response of 

muscles to protein → more 

muscle protein synthesis (MPS). 

Effect of strength training: The 

following 1-2 days, muscles are 

more sensitive to protein during 

each meal: Higher MPS after each 

meal. 

 

 

Ceiling effect: While response to protein ceils with 20 g in a resting state, there is no 

real dose response ceiling after exercise. 40 g of protein shows a bigger effect on 

myofibrillar growth than 20 g.  

Influence of body weight: no impact on serving size → same amount for all  

Influence of aging: 20 g is insufficient to activate MPS. More protein has a massive 

influence on elderly (30-45g). 

Combining protein and carbohydrates: CHO in combination with insufficient protein 

improves MPS, whereas it has no positive effect if combined with sufficient protein.  

Timing of protein intake: Timing has no obvious impact. It’s important, though, to 

spread protein intake over the day. The sensitisation of muscle to protein remains for 

many hours, even up to two days.  So, timing can’t be decisive for muscle protein 

synthesis.  

 

 

 

 

 

 

 

 

 

A single large amount of protein is not optimal. Excess protein can not be transferred 

to the next meal.  

 

 

 

 

 

 

 

Protein synthesis is specific. Exercise only stimulate myofibrillar protein synthesis, but 

not of sarcoplasmic proteins. About protein synthesis: mTORC1 is activated by 

resistance exercise, insulin and the amino acid leucin. mTORC1 is paramount for 

activation of protein synthesis. 

Proteins 



12 
 

Which protein is the best? 

Fast protein digestion => fast amino acid release (leucin) => fast MPS activation 

Whey proteins can be digested faster than casein or soy protein.  

No significant effect, though, between a protein mix compared to pure whey protein. 

A certain amount of whey protein is surely necessary to make the muscle protein 

synthesis kick in fast. Whey protein activates MPS fast but can’t keep it up. Casein, on 

the other hand, takes some time to kick in but can keep it up for up to 6 hours. 

Therefore, evaluated over a longer period of time, whey is not better than casein.  

Some studies indicate that other nutrients may play an important role in protein 

synthesis. Interactions between nutrients is not yet fully understood. 

Plant based protein has less of the essential amino acids (leucine and lysine) compared 

to animal proteins. However, the thus observed slightly lower effects of some plant-

based proteins may probably be overcome with an increased protein intake.  

Attention: What is the minimal amount of protein required to maintain biological 

function? vs. What amount of protein is required to optimize biological function (ex. 

building up muscle mass)? These are two different questions. While it is enough to 

simply look at the amino acid profile for answers to A, the answers to B are more 

complex as we also have to consider other parameters, like fasting state, rest time… 

 

 

Keep in mind, that myofibrillar protein synthesis is dependent on many different 

parameters. The current understanding on the whole system is very limited. We can 

measure protein ingestion and the final output, myofibrillar protein synthesis, but 

what exactly happens in between those steps is a black box, which relevantly 

influences the output. Only around 10% of ingested protein is finally used in protein 

synthesis. Which parameter exactly influence that number in what way, is a black box. 

Protein supplements: Adding Leucine or BCAA (branched-chain amino acids) to 

sufficient protein does not add any benefit. It may help if not enough protein is taken 

up. Leucine supplements in elderly people can help. Why? Elderly people develop an 

anabolic resistance and need to ingest more protein for muscle protein synthesis. This 

can be overcome by supplementing leucine (or ingest higher amounts of protein). 

During weight loss: Increased protein leads to:  

− Less reduction of basic metabolic rate (less energy consumption = lower 

metabolic rate) 

− Reduced appetite 

− Increased thermic effect of food  

− Maintenance of muscle mass (usually also lost if less energy is consumed) => 

basic metabolic rate and functional performance remains higher. Significantly 

higher fat loss to lean tissue loss ratio.  
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The ideal recovery meal depends on the individual needs, training load, eating 

patern,… 

 

 

 

 

 

Recovery products are not magic! Often the same effect as ‘normal’ food, like solid 

food or milkshakes. They are sometimes mor convenient (storage, ingestion of real 

food after a hard training often not tolerated…).  

 

 

 

 

 

 

 

 

 

Recovery starts when we start eating, not when we finish training! Start 
rehydrating immediately to be able to sleep in a rehydrated state and not to have 
toilet breaks during sleep. Same goes for food: Better start right after training so as 
not to have to eat too much before bed.  
 

 

 

Timing (feeding in relation to training) seems to be important 
− For glycogen re-synthesis, particularly for short recovery periods 

− Probably for protein: For performance recovery 

Timing seems to be less important 
− Probably for protein: For muscle protein synthesis 

Timing may still be important from a practical point of view 
− Reduce time in catabolic state / support immune system 

− Reduce risk of staying dehydrated for a long period of time (e.g. overnight) 

− Use time for recovery before other activities distract (work, school, sleep) 

Optimal amount of carbohydrates (post ex./daily) for glycogen re-

synthesis 

Optimal amount of protein (post ex./daily) for MPS and recovery 

  
Overview 
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Metabolic Diets 

High fat diet 

Idea: Eat more fat, so the organism uses fat oxidation rather than CHO oxidation and 

thus spares glycogen.  

Short term (1-3 days) Long term 

− Does not work 

− Low muscle glycogen 

− Metabolism not adapted to oxidise 
more fat 

− Resting muscle glycogen may recover 

− Higher fat oxidation during exercise 

− BUT no study has ever found a 
performance benefit 

 

New concept: Fat adaption happens within 5 days. Athletes can train on a normal 

diet, change only shortly before a competition on high fat diet to change the 

metabolism and carbo-reload just before the competition. In that way, an athlete has 

full glycogen stores and a metabolism adapted to use more fat. However, this adaption 

does not show in time trials → no performance benefits. Even on the contrary. While 

fat metabolism is increased, carbohydrate metabolism decreases. Remember: 

Competition-intensity depends on carbs. For carbohydrate oxidation, less oxygen must 

be consumed than for fat oxidation. In high intensity power output, oxygen 

consumption is actually the limiting factor! That means, an athlete performing mainly 

on fat oxidation, can’t reach the same power as when performing on carbohydrate 

oxidation.  

Training adaption 

Question: Is the same diet, that maximizes performance during competition, also 

good for training? Is it a lack or a surplus of substrate that trigger training adaptation? 

Maybe training with full carbohydrate stores has no benefits… 

Low glycogen training: Low glycogen training  low carbohydrate intake! 

Both groups eat a high carbohydrate diet, but a low glycogen situation is produced by 

coupling two trainings without refuelling. The muscle, low on glycogen after the first 

session, has a higher fat oxidation during the second training. However, no 

performance influence could be found. Again, athletes on fat oxidation couldn’t 

reach the same performance output as athletes on glycogen oxidation. Fat needs more 

oxygen to produce the same amount of ATP as does glycogen. Also, those athletes on 

low glycogen training perceived the exertion as much harder! → An athlete on low 

glycogen training can not push himself to his limits. 

ex. High glycogen training 

group trains either VO2max 

or HIIT every day, low 

glycogen training group trains 

both on the same day but 

only every other day, without 

refuelling between the two 

trainings.  

Delayed recovery 

Idea: No carbohydrate re-fuelling directly after training (= sleep low). The athletes ate 

the same amount of carbohydrates over the day, though. No low carbohydrate 

intake! Also here, fat oxidation naturally increases, thus athletes perceive exertion as 

harder. Performance effects are yet unclear. The only study showing a beneficial effect 

was severely flawed.  

Whenever fat oxidation increases at the expense of carbohydrate 

oxidation, metabolic efficiency is reduced (more O2 per ATP). If O2 is a 

performance limiting factor, performance may be reduced. 

 

Transfer into real life  

(1) Low glycogen or sleep low   low carbohydrate intake! 

It’s only about carbohydrate re-distribution over the day. Athletes often forget 

to refuel and thus have a change in daily macronutrient intake.  

(2) Low glycogen or sleep low   energy restriction! 

Athletes often skip the meal in the next morning as well and thus fall into an 

energy deficit → more stressors on the system.  

(3) Delayed recovery = bad recovery! 

Trainings are perceived as harder. Shouldn’t be done more than twice a week. 

Increased risk of overreaching/ overtraining.  
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Don’t apply low glycogen or sleep low when: 

− Borderline health (common cold; especially during winter months) 

− Increased training load (training camp) 

− Extreme environmental conditions (altitude, temperature) 

− Athlete is already tired or slightly overreaching 

− Young athletes 

− Athletes with disordered eating pattern 

→ Maybe for experienced senior athletes reaching a performance plateau to give an 

alternative metabolic training stimulus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplements 

Food supplements: concentrated sources of nutrients in dose form (pills, tablets, 

capsules, liquids in measured doses) with a nutritional or physiological effect. 

 Performance or medical supplements: do not provide calories but 

provide other substances with a promising effect on health/ performance 

 Sport foods: provide macronutrients and energy. 

Specific supplementation for specific individual needs, for directed sports specific needs 

or for special situations. It is only the tip of the pyramid.  

Transfer into real life  

Understanding information is often a problem. Athletes usually have to trust the 

supplement seller that the stated benefits of their products are true. Those description 

usually contain only benefits, no risks or adverse effects.  

Dose control: Different components (ex. caffeine) varied in different samples of one 

and the same product bought and tested over the course of a year.  

Mislabelling: Companies are accused of selling workout supplements spiked with 

cheap fillers that they’re passing off as protein! 

Cross-contamination with doping substances! There seem to be 2 different causes 

for contamination. 

(1) Poor practice on the part of manufacturers 

(2) Manufacturers have added active ingredients (steroids) to products otherwise 

unlikely to be effective 

Some products have been shown to contain lead, broken glass, animal faeces,… Thus, 

the ‘just in case’ use of supplements should be discouraged. Every supplement use 

carries a certain risk.  

→ Athlete is fully responsible, also for failed doping tests! He must inform 

himself about possible risks. There is no excuse. 
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“The golden rules” 

• If it works, it’s probably banned 

• If it’s not banned, it probably doesn’t work 

• There may be some exceptions 

Supplement guides: place commercially available products on a list. 

− A: evidence-based benefit of product 

o Sport Foods: provide energy, CHO and protein 

o Performance Supplements: don’t provide energy (Creatine, Caffeine, 

Buffering substances…) 

o Medical supplements (Vitamins, Probiotics) 

− B: not yet enough evidence, may be beneficial for some athletes under special 

circumstances 

− C: no or little benefit, use not recommended (most products) 

− D: prohibited or high risk of contamination with prohibited substances 

Placebo and Nocebo: It works! So why should elite athletes care, whether a product 

they take really works? It works anyway, if they believe it do. To believe in anything 

may bring a small placebo effect, but… 

• it may increase the risk of undesired or unknown side effects 

• it carries the risk of contaminated supplements.  

• it may distract your focus and resources away from thing that really 

help! Placebo plus evidence-based benefit! 

Creatine 

Supplies the bodies ATP stores. Natural creatine stores in the muscles. It is either 

taken up via food (only via meat) or synthesised in the liver or the kidney from arginine, 

glycine and methionine to ATP and creatinine, the latter of which is excreted via the 

urinary tract. Synthesis is not enzymatically controlled. Only 1-2 g of creatine (out of 

120 g in the body in total) is degraded over a day. This can easily be restored via 

synthesis. Muscle creatine content of vegetarians is lower. Creatine supplements in 

vegetarians thus has a higher effect. Possible effects on repeated high intensity sprint 

performance (6-30s) with short recovery breaks → team sports. Good evidence that 

creatine can help increasing muscle mass (Two possible effects: 1) higher training loads 

possible 2) more creatine in cell leads to more water following osmotically which is an 

anabolic signal). 

First loading phase (3-5 g/d for 4 weeks or more and thus faster), than maintain (2-3 

g/d).  

Potential Side effects: 

− Acute, reversible weight gain → water follows osmotically 

− “undesired” muscle mass gain: running economy or agility may suffer 

− Long term safety: available data do not indicate problems 

− Some athletes respond with increases muscle tone and thus tendon problems 

− Large spectrum of individual responses (positive or negative) to creatine. For 

some athletes it works, for some it does and for some it was detrimental (ex. 

gained too much weight). 

Exam Questions: 

Which ingredients are required for a sports drink optimized for a 3.5h bike 

race?  

Water, maltodextrin, fructose (Lot of CHO required; Thus we need different uptake 

pathways. We need a glucose source and a fructose source. Better maltodextrin than 

sugar: non-sweet, less osmolarity effect as it is a short chain sugar.) 

Which fuelling strategy do maximize muscle glycogen re-synthesis over the 

first hour post exercise for a 60 kg athlete? 

Shake with 70 g CHO immediately post exercise (1-1.5 g / kg body mass) 

Shake with 70 g CHO and 30 g protein immediately post exercise (maybe a bit too 

much but still beneficial) 

Shake with 50 g CHO and 30 g protein immediately post exercise (carbohydrate intake 

can be reduced if it is supplemented with protein) 
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Exercise, Nutrition & the Brain – Prof Dr Romain Meeusen 

Among others, the hypothalamus hosts energy sensing and satiety and receives inputs 

from the GI tract. The GI tract forwards all sorts of information to the hypothalamus. 

Mouth cavity Chemosensors and sense-sensors Salt, sweet, glucose,… 

Stomach Volume and fat sensing Ghrelin 

Pancreas Sugar Insulin, Glucagon 

Bowel Macronutrient-specific encoding Fat, proteins, fluid,… 

 

Brain areas activated when food associated cues are presented:  

- Reward (amygdala, orbitofrontal cortex) 

- Taste (Insula) 

- Motivation (nucleus accumbens, ventral tegmental area, substantia nigra) 

- Food seeking behaviour (lateral hypothalamus) 

CHO mouth rinse has been shown to activate the orbitofrontal cortex (reward, 

attention, part of the limbic system) and the dorsolateral prefrontal cortex (reward, 

attention, working memory, executive function => thinking and action) → Reward, 

emotion, motor control. 

Glucose is the fuel of the brain. It can be stored as glycogen in astrocytes. There it 

is converted into lactate and shuffled to neurons. Lactate is the primary source of 

energy for neurons as it is faster transformed to energy compared to glucose. Lactate 

can also originate from the periphery, cross the blood brain barrier and be used as an 

energy source by neurons. 

Like in the periphery, glycogen stores in astrocytes are depleted during exercise. 

Additionally, they also supercompensate, meaning glycogen stores are higher some 

hours after exercise than they were before exercise. However, supercompensation in 

the brain happens faster (within 6 hours) than in muscles (24 hours). Fatigue during 

long duration exercise (ex. finishing a race on hand and feet) could be due to reduced 

glycogen stores in the brain. The brain has not even enough energy to execute basic 

motor commands.  

Fatigue is an extreme disturbance of homeostasis. For a long time, it had been common 

believe, that fatigue was due to substrate availability, accumulation of metabolites,…, 

but there had never been made a link to the brain.  

The Central Fatigue Hypothesis: Athletes not only fatigue due to a decrease in 

substrate, but there is also fatigue induced by brain mechanisms. Serotonin increases 

in the brain during exercise, causing lethargy and a loss of drive, resulting in a reduction 

in motor unit recruitment and affecting the physical and mental efficiency of athletes.  

Biosynthesis of serotonin: L-tryptophan (essential amino acid) is converted to 

serotonin in a non-limited manner, meaning the more L-tryptophan is available, the 

more serotonin is produced. An amino acid becomes an important signal 

transducer in the human brain! More L-tryptophan is available during exercise, as 

the molecule it is usually bound to (albumin) binds to free fatty acids, which are more 

abundant during exercise. Thus, L-tryptophan is free to cross the blood brain barrier 

where it is transformed to serotonin. BCAA (branched chain amino acids) use the 

same channels as L-tryptophan to cross the BBB and thus compete for the crossing. 

However, supplementing BCAA during exercise didn’t hinder L-tryptophan from 

entering the brain.  

Until now, no straightforward evidence that serotonin is the only player in the field. 

Studies manipulating other neurotransmitters: 

Manipulation of performance or manipulation of perception of performance? 

Ex. longer time till exhaustion or less perception of fatigue/ pain.  

Manipulation of the dopaminergic system has no effect in normal environment 

(18°C). However, in hot environment (30°C), athletes are faster in time trials 

when given a dopamine activator (Ritalin). Their core temperature rises higher 

than in the control group while no difference is perceived by the athletes. This 

allows athletes to push harder, which is ultimately dangerous. 

 

Caffeine has an ergogenic effect. Why? 

1. Caffeine improves sustained attention (vigilance) 

2. Caffeine reduces symptoms of fatigue 

3. Caffeine reduces skeletal muscle pain during exercise  

4. Caffeine reduces force sensation & perception of effort 

5. Caffeine increases motivation to sustain effort 
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Caffeine is an adenosine antagonist → dopaminergic action! Mainly activates brain areas 

involved in attention, sensation and motor control. Mouth rinsing with caffeine also helps. 

Similar to CHO mouth rinse, brain areas involved in reward, emotion and motor control 

are stimulated. Caffeine acts only centrally, not in the periphery.  

 

Polyphenols (in kiwi, apples, wine, peanuts, chocolate, soy, citrus fruits…) have a positive 

effect on mental fitness and physical performance. Why? Increased expression of genes 

associated with mitochondrial biogenesis; not only in muscles but also in the brain. This 

leads to enhanced cerebral blood flow during cognitive tasks and increased anti-oxidative 

capacity during exercise.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interactions on Performance in older Adults 

Health in older age influenced by individual factors (behaviour, genetics, age-related 

changes like cartilage loss, diseases) and the environment (housing, transport, social 

factors, assistive technologies like wheelchairs). Intrinsic capacity (= sum of 

physiological functioning; like brain health, breathing, locomotor system…) and 

physical function decline with age. However, a very broad range is observable. Some 

have already low scores from the beginning, while others maintain high scores even 

with higher age. Depending on whether functional ability or intrinsic capacity decline, 

different measures should be taken by health services and the environment:  

 

Healthy aging starts when one is born. Good nutrition and healthy lifestyle help to 

sustain an independent life. Contrary to common believes, healthy nutrition and sport 

don’t prolong one’s life, but rather allow to life independently. A bad lifestyle, however, 

can lead to premature death. A high quality of life can save immense care cost for the 

population. 
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Be aware: If a good functioning individuum is brought to life in a nursing home, where 

it can’t perform independently although it is still capable of doing so, it’s condition will 

worsen severely! The body adapts to too little press! Environments should be 

adapted to one’s condition. 

 

People living in nursing homes have more problems with walking. It’s probably a 

combination of “We put people with problems into nursing homes” and people in 

nursing homes face too little challenges and start adapting in a negative way.  

Sarcopenia: Muscles needed for  

− Glucose homeostasis → insulin sensitivity declines with muscle loss 

− Bone health → less pull force on bones with muscle loss → osteopenia 

− Breathing → less chest muscles lead to decreased VO2 max 

− Strength and power → less physical capacity and impaired balance 

Often aggregated by chronic undernutrition (low quality, wrong combination of 

macronutrients, mainly protein imbalance). Sarcopenia ultimately leads to frailty.  

Muscle mass declines with age (-1% per year from 25 on) → increasing fat to muscle 

ratio. This also means, that, although the BMI may remain stable, the person can have 

increased fat mass compared to muscle mass. This further suggests that training in 

young age help preserve higher muscle mass with age. Also exercise in older adults 

increases muscle mass (150% compared to pre-training) and muscle strength (200%! 

Additional progress due to improved innervation!). The brain seems to play an essential 

role in sarcopenia! 

Falling and changes in the locomotor system per se are not only due to muscle changes 

but also to a significant amount to changes in executive function and how theses 

muscles are controlled.  

Recap: Environmental cues are sent to the prefrontal cortex, where unnecessary 

information is separated from necessary information. This is then integrated in the 

premotor cortex and the motor cortex, which initiates a motor command. Nutrition 

and exercise can affect brain structures. Non-stimulating activities have a negative 

effect on neuroplasticity, so does social isolation, poor emotional health, a sedentary 

lifestyle, inadequate nutrition… Aerobic activity combined with cognitive exercise 

has the most positive effects, on cerebral blood flow as well as on neurons and 

astrocytes. (Ex. running on a treadmill is less effective than running in the woods where 

one must watch the environment). Activation of big muscles lead to release of trophic 

factors, like VEGF and BDNF, which stimulate neurogenesis, angiogenesis and 

synaptogenesis (in the brain). Physical exercise of a certain level can improve memory 

and hippocampal function. 

Environmental enrichment has been shown to be a positive regulator of adult 

neurogenesis (through release of trophic factors). This can explain the observable 

decline in function when fit elderlies are put into a nursing home.  

Dynapenia: Combination of muscle structure changes and nervous system changes 

(lower cognitive function → lower spinal excitability → lower and slower motor unit 

recruitment).  


