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Learning Objectives 
 
• Know the methods used for assessment of energy requirements in exercising subjects; 
• Understand the effects of inadequate energy intakes on physical performance; 
• Explain the effects of dietary manipulation on health-related fitness and performance; 
• Recognize the difficulty of providing straight nutritional recommendations for health-

related fitness on the basis of evidence-based medicine; 
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Key messages 
 
• Energy restriction improves health-related fitness in normal or overweight subjects 

but worsens it in underweight subjects; 
• Recommended chronic intakes of macronutrient do not differ between exercising and 

sedentary subjects although debates exist for athletes; 
• Carbohydrate intakes before, during and after exercise are essential to optimize 

glycogen storage, maintain blood glucose and promote optimal physical performance; 
• Addition of protein to carbohydrate intakes close to exercise may increase muscle 

protein synthesis, fat-free mass, muscle strength and prevent muscle damage 
compared to carbohydrates alone; 

• Nutritional advice of athletes should be personalized to meet their specific needs. 
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1. Introduction 
 
This module discusses energy and macronutrient requirements for physical fitness in 

individuals aged over 18 years and suffering of no chronic disease. “The President's 
Council on Physical Fitness and Sports” developed a definition of physical fitness 
comprising three subgroups, in particular physiological physical fitness (which includes 
non-performance components that relate to biological systems, e.g. bone strength, 
elements predictive of cardiovascular risk or diabetes), health-related and skill-related 
physical fitness (1). This module will focus on health-related physical fitness as the 
engagement in regular physical exercise aims at improving their components. 
Components of health-related physical fitness, their definition and examples of their 
assessment are reported on table 1.  
 
Table 1: Components of health-related fitness 
 
Term Definition Examples of assessment 
Body composition Structural components of the 

body 
Body mass index, skinfold 
thickness, BIA …   

Muscular strength Maximum force generated by a 
muscle 

One RM*, cable tensiometry, 
force platforms, dynamometry… 

Muscular 
endurance       

Ability of a muscle to perform 
repeated contractions for a 
prolonged period of time  

Repetitions of lifts at a fixed 
percentage of body weight or 
RM*, of push-ups, of abdominal 
curls, isokinetic dynamometry… 

Flexibility Ability to move joints and muscle 
freely through their full range of 
motion 

“sit and reach test”, 
goniometry… 

Cardio-vascular 
and respiratory 
fitness  

Ability of the circulatory and 
respiratory systems to supply 
oxygen to skeletal muscle for 
energy-generating processes 

Maximum oxygen consumption 
(VO  max)  2

*RM: maximum amount of weight lifted at one time 
 

It should be remembered that, although this module tries to summarize actual 
knowledge in this field, it is not possible to provide straight recommendations on 
nutritional requirements. Indeed, the studies investigating the effect of nutrition on 
physical fitness differ with regard to the type of subjects included (individual genetic 
characteristics, prior training and nutritional status, gender…) as well as the targeted 
energy balance, macronutrient consumption and performed physical exercise during the 
studies. Furthermore, the variety of end-points reflecting physical fitness and the variety 
of methods to measure them precludes any general recommendations. Therefore, health 
care givers should personalize nutritional advice to meet the specific needs of the 
individuals. In athletes especially, they should keep in mind that athletes use a mixture 
of science, superstition, circumstance and popular belief with regard not only to nutrition 
but all aspects of their preparation. 
 
2. Energy requirements for physical fitness 

 
Adequate energy requirement is the amount of energy that a person must consume 

to balance total energy expenditure (TEE) and maintain weight (Campbell WW Nutrition 
2004). TEE reflects the sum of the resting metabolic rate (60-75% of TEE), the energy 
used for dietary-induced thermogenesis (~10% of TEE) and the energy expended 
through physical activity (15-30% of TEE). The energy used for physical activity is the 
most variable component of TEE. It depends on lifestyle activities, characteristics of 
physical exercise (mnemonically FITT characteristics for frequency, intensity, time, type), 
as well as gender and prior nutritional state of the subject. TEE of physically active adults 
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can be determined in free-living conditions by doubly-labelled water, portable 
calorimeters, heart rate monitors, podometers or accelerometers. However, these 
methods may be expensive and are often not available or feasible. In clinical practice, 
health care professionals generally estimate daily TEE by multiplying the resting energy 
expenditure by an activity factor of 1.6-2.4 (2) or by using the Dietary Reference Intake 
(3) (table 2).  

 
Table 2: Estimation of total energy expenditure 
 
Reference Formula 
  
Dietary Reference 
Intake 

M: 662 - 9.53 (age in yrs) + PA [15.91 (weight in kg) + 539.6 
(height in meters)] 

 F: 354 - 6.91 (age in yrs)+ PA [9,36 (weight in kg) + 726 
(height in meters)]  

  
 PA: 
 1.0-1.39: sedentary, typical daily living activities 
 1.4-1.59: low active, typical daily living activities plus 30-60 min 

of daily moderate activity (ex: walking)  
 1.6-1.89: active, typical daily living activities plus 60 min of 

daily moderate activity  
 1.9-2.5: very active, typical daily activities plus at least 60 min 

of daily moderate activity plus an additional 60 min of vigorous 
activity or 120 min of moderate activity 

 
 
  
Food and Agriculture 
Organization 
(FAO)/World Health 
Organization (WHO) 

M 19-30 yrs: REE = (15.3 weight in kg)+ 679 
M 31-60 yrs: REE = (11.6 weight in kg) + 879 
F 19-30 yrs: REE = (14.7 weight in kg) + 496 
F 31-60 yrs: REE = (8.7 weight in kg) + 829 
 

Multiplied by 
PA factor 
1.6-2.4 

PA: physical activity, REE: resting energy expenditure 
 
An alternative method is to record the duration and intensity of all activities over a 

24-hour period and to convert them into energy expenditure using metabolic equivalents 
(MET). One MET corresponds to a rate of oxygen consumption of 3.5 ml/kg/min in adults 
or 250 ml/min for an average man and 200 ml/min for an average woman. METs for 
numerous physical activities and exercises can be found in the tables published by 
Ainsworth et al. (4).  

 
2.1. Energy restriction and physical fitness 

 
The effect of calorie restriction on physical fitness depends mainly on the severity and 

duration of calorie restriction and prior nutritional status. A meta-analysis showed that 
energy restriction reduces body weight by fat mass and fat-free mass loss (5). Garrow et 
al. showed an approximately 25% of weight loss as fat free mass in dieters (5). The fat 
mass is preferentially lost as visceral adipose tissue in contrast to subcutaneous adipose 
tissue (6).  

 
The rare studies analyzing the impact of dieting only on muscle performance 

generally describe a preservation or increase of muscular strength relative to body 
weight or fat-free mass and on muscular endurance in normal- and overweight subjects 
at baseline. For instance, in healthy 50-60 year-old subjects submitted to a 16-20% 
calorie restriction during 12 months, Weiss et al. found a decrease in body weight of 
about 8kg and a reduction of fat free mass, thigh muscle volume and knee flexor 
strength. When reported to muscle volume, the strength was not different from baseline 
(7). After a 544 kcal/d diet for 4 weeks, 32 obese women experienced an increase of 
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muscle endurance during knee extensions (8). In contrast to overweight subjects, dieting 
negatively affects muscle function in underweight subjects. It has been shown that 
anorectic women have a decreased maximum voluntary contraction and muscle strength 
compared to predicted values (9). The authors describe a myopathy with a selective 
atrophy of type 2 muscle fibers, probably secondary to malnutrition. 

 
No studies so far have focused on the relationship between hypocaloric diet/weight 

loss and flexibility. However, it would be logical to consider an improvement in the sit 
and reach test in obese subjects who underwent major weight loss as they will have lost 
abdominal mass. 

 
Moderately hypocaloric diets do not seem to affect negatively aerobic fitness in 

normal- and overweight subjects. In 20 healthy women with a BMI of 24.3±3.1 kg/m2, a 
400 kcal/d energy deficit during 8 weeks leading to a weight loss of about 2 kg did not 
affect maximal aerobic power output during a stepwise increase of workload on a cycle 
ergometer (10). Similarly, in 52 obese men assigned to a 700 kcal/d reduction during 12 
weeks, fat and fat free mass decreased but VO2 max measured on a treadmill did not 
change (11). Even a 16-20% calorie restriction during one year with a weight loss of 
approximately 8 kg in 50-60 year old subjects did not decrease VO2 max adjusted for 
body weight (7). However, low body weight as in patients with anorexia nervosa 
negatively affects aerobic capacity by decreasing resting and maximum heart rate as well 
as VO2 max. 

 
The above-mentioned studies did not include any exercise intervention. They raise 

the question whether the maintenance of VO2 max and relative muscle strength in 
weight-loosing overweight subjects is not related, at least partly, to a spontaneous 
increase of physical activity. Furthermore, these studies suggest that there may be a 
threshold of weight or weight loss under which physical fitness is negatively affected.  

 
2.2. Energy restriction plus exercise and physical fitness  
 

The impact of combined calorie restriction and physical exercise on physical fitness 
has been studied more extensively than the impact of calorie restriction alone and 
generally in overweight or obese subjects.  

 
A recent review summarizes the studies which have investigated the effect of dietary 

restriction plus exercise on weight loss and body composition (12). It highlights that the 
combination of modest calorie restriction and physical exercise is preferable over dietary 
restriction alone to induce weight and fat mass loss and possible preservation of fat-free 
mass. An older meta-analysis included studies with at least one group submitted to a 
physical exercise intervention and one group who was not. It showed that for a weight 
loss of 10 kg, the expected loss of fat-free mass was only 1.7 kg with an intervention 
combining diet plus exercise as opposed to approximately 2.5 kg with diet alone (5).  

 
The impact of dietary restriction and physical exercise on muscular strength, 

muscular endurance and cardiovascular fitness is shown on table 3. Only studies since 
1995 which report a control dieting non-exercising group are mentioned here. Taken 
together, these studies demonstrate that the addition of physical exercise to calorie 
restriction improves muscle strength and aerobic capacity in normal- or overweight 
subjects. The optimal frequency, duration and intensity of training remain to be 
determined.  
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Table 3: Impact of dietary restriction plus physical exercise on muscular 
strength and VO2max  
 
Authors Dietary 

restriction 
Exercise Length 

(wk) 
Muscle strength and 
VO2max (l/min) 
compared to diet alone 
DAN, DAEAN: ↑ muscle 
strength 

↓ ~600 kcal/d 20 Marks et al. D: no exercise 
1995(13) DAE: 30 min 3x/wk 

DAE, DAEAN: ↑ VO2 max DAN: 30 min 3x/wk 
DAEAN: 30 min 
3x/wk 

DAN: ↑ muscle strength Geliebter et 
al. 1997 

70% of resting 
metabolic rate 

D: no exercise 8 
DAE: 30 min 3x/wk DAE: ↑ VO2 max 
DAN: 60 min 3x/wk 

↓ 250-350 kcal/d DAE: ↑ VO2 max Ryan et al.  D: no exercise 24 
1998 DAE: 35 min 3x/wk   

DAEAN: ↑ muscle 
strength,↑ mean power,↑ 
VO2 max 

↓ 6-9 kg in 12 
wk 

12 D: no exercise Kraemer et al. 
1999 DAE: 30-50 min 

3x/wk  
DAEAN: 30-50 min 
3x/wk 

 DAE: ↑ VO2 max, ↑ mean 
power 
DAN: ↑ muscle strength  ↓ 1000 kcal/d 16 Janssen et al. D: no exercise 

1999 DAE: 60 min 5d/wk DAE: ↑ VO2max 
DAN: 30 min 3d/wk 

DA: ↑ muscle strength, ↑ 
VO2 max 

14 Okura T et al. ~ 1130 kcal/d D: no exercise 
2003 DW: walking 30 min 

7d/wk  
DA: aerobic dance 
45 min 3d/wk 

DAE: ↑ peak power output, 
↑ anaerobic threshold 

Ozcelik O et al 1200-1600 
kcal/d 

D+orlistat: no 
exercise 

8 
2006 

DAE: 45 min 3x/wk 
AE: ↑ muscle strength, D: ↓16-20% 

kcal/d 
D: no exercise 48 Weiss et al. 
AE: +16 to 20% of 
EE 

2007 ↑ VO2 max  
AE: no dietary 
restriction 

 

↓ 8 % kcal/d (+ 
bed rest) 

DAN: → lower body muscle 
strength, ↑ upper body 
muscle strength 

Brooks et al. D: no exercise 28 
2008 DAN: 60 min 6x/wk  

 
AE : ↑ VO2 max 16 Amati et al AE: no dietary 

restriction 
D: no exercise 

2008 DAE, AE: 45 min 3-
5x/wk  

DAE: ↑ VO2 max  
D, DAE: ↓ 500 to 
1000 kcal/d 

D: diet, DAN: diet plus anaerobic exercise, DAE : diet plus aerobic exercise, AE : aerobic 
exercise, DAEAN : diet plus aerobic plus anaerobic exercise 
 

Athletes undertake calorie restriction to loose body weight in order to improve skill-
related fitness, compete in a lower weight class or for aesthetic reasons. However, unlike 
overweight subject, athletes may experiment an impairment of physical fitness with 
calorie restrictions lasting up to 7 day. Horswill et al. found that an approximately 6% 
body weight loss through dieting in 4 days in 12 well-trained subjects adversely affected 
sprint work, post-arm cranking lactate and profile of mood states (14). Similarly a 7-d 
food restriction with low carbohydrate (CHO) content decreases left arm strength and 30 
s jumping test in judo athletes and time to exhaustion in healthy recreational endurance 
athletes. These negative results may be related to inadequate CHO intakes and 
subsequent decreased glycogen stores and serum glucose levels.  

 
Health care givers should be aware of an entity specific of female athletes, which may 

impair performance, i.e. the female athlete triad. It is defined by low energy intakes 
(generally < 30 kcal/kg fat-free mass), amenorrhea and osteoporosis, alone or in 

   

Copyright © 2010 by ESPEN LLL Programme



 6

combination. Since low energy intakes appear to be the factor that impairs reproductive 
and skeletal health, the first treatment is to increase energy availability by increasing 
calorie intakes and/or reducing exercise energy expenditure. For further details on 
health-related consequences, diagnosis and treatment, the reader is referred to the 
ACSM stand (15).  
 
2.3. Energy supplementation and physical fitness 
 

Hypercaloric diets alone lead to weight gain. In an older study, male volunteers with 
an initial body fat of 15% increased their calorie intake to about 7000 kcal/d for 40 
weeks. Their body mass increased by 25% and percent body fat doubled (16). Forbes 
differentiates the changes in body composition occurring with weight according to initial 
body mass. In case of weight gain, he describes a 60-70% increase of fat-free mass in 
thin people compared to 30-40% of fat free mass in the obese (17).  

 
Two longitudinal studies have evaluated the relationship of weight gain with muscle 

performance and aerobic capacity in non anorectic subjects (18, 19). They showed that 
the higher the weight gain in non strength training and normal-weight subjects, the 
lower is the physical fitness. In contrast, the effect of hypercaloric diet seems beneficial 
in low-weight patients. For instance, in patients with a low body mass index as in 
anorexia nervosa, refeeding and thus weight gain leads to normalization of VO2 max, 
duration of exercise and workload on a cycle ergometer although exercise-related oxygen 
consumption and muscle mass remains below the values of control subjects.  

 
When combined with physical exercise, especially resistance training, hypercaloric 

intakes may increase the proportion of weight gained as fat-free mass. Mc Ardle et al. 
calculated that 700 to 1000 kcal/d added to the regular diet supplied the energy needed 
for a weekly 0.5-1.0 kg gain in lean tissue and the energy for training in heavy resistance 
training (20). Rozenek et at included 73 healthy non obese men which were put on a 
high calorie supplement (2010 kcal/j) or no supplement for 8 weeks in addition to their 
normal diet, and a 4d/wk resistance training. The supplemented group showed a weight 
gain of 3 kg consisting almost exclusively of fat-free mass (21) while weight did not 
change in the control group. Even older subjects may increase their muscle mass and 
function in case of energy supplementation and simultaneous resistance training.  
 
2.4. Summary 

 
Hypocaloric diets in normal or overweight subjects may elicit loss of fat and fat-free 

mass and maintain muscular strength and aerobic capacity relative to body weight. In 
underweight subjects however, they induce a reduction in aerobic capacity. Hypercaloric 
diets negatively affect physical fitness in normal- and overweight subjects but not in 
underweight subjects. The addition of physical activity, whether endurance or resistance 
exercise, enhances the maintenance of fat free mass and may improve muscular and 
aerobic performance as long as adequate amounts of CHO are ingested. They may be 
useful in athletes to increase fat free mass when resistance exercise is performed 
simultaneously. 
 
3. Chronic macronutrient requirements for physical fitness 
 

According to a position paper of the American College of Sports Medicine, The 
American Dietetic Association and the Dieticians of Canada, exercising individuals do not 
require substantially different macronutrient intakes than healthy adults (3). The 
macronutrient requirements for healthy adults are summarized in topic 4 of the LLL 
courses. However, there is some controversy about the macronutrient requirements of 
dieting subjects or athletes with regard to physical fitness.  
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3.1. Chronic protein intake and physical fitness  
 

Protein makes up 10-15% of body weight. The three major endogenous sources of 
protein are blood plasma, visceral tissue and muscle mass, where skeletal muscle mass 
comprises about 65% of the body’s protein stores. The dietary recommended intake 
(DRI) is 0.8 g/kg body weight or 10-35% of total calories for adults over 18 years. 
However, many subjects consume protein intakes far above requirements with the 
purpose of loosing/controlling body weight and/or synthesizing muscle mass.  

 
A recent meta-regression analyzed the effect of high-protein energy restriction vs. 

high CHO energy restriction on body weight and composition (22). The authors reported 
an improved weight loss and conservation of fat-free mass with high protein energy 
restriction in interventions as short as 4 weeks. The amount of fat-free mass retained 
improved with increasing protein intakes and was significantly higher in subjects with 
intakes over 1.05 g/kg body weight compared to those with intakes ≤ 0.7 g/kg body 
weight. An older study demonstrated that protein intakes up to 1.5 g/kg ideal body 
weight reduce loss of fat-free mass during rapid weight loss (23). It is speculated that 
the higher weight loss and fat-free mass preservation with high protein diets resulted 
from dietary-induced thermogenesis, appetite suppression and decreased subsequent 
food intake. Compared to energy-restriction diets which contain more CHO, this type of 
diet induces less insulin secretion, reduces glycogenolysis and lipolysis and thus may less 
trigger the release of counter-regulatory hormones responsible for fat-free mass 
catabolism (12). Nevertheless, from all the above-mentioned findings, it remains unclear 
if the described benefits of high protein energy restriction are really related to protein 
intake and not to decreased intakes of other nutrients.  

 
Considerable debate has taken place over protein requirements of athletes wishing to 

increase/preserve their muscle mass. Arguments for higher protein needs rely on 
nitrogen balance studies. They suggest protein requirements of 1.1 g/kg/d in endurance-
trained athletes and 1.3 g/kg/d in strength-trained athletes (24). Higher needs could be 
explained by increased amino acid oxidation during exercise, or growth and repair of 
muscle tissue. Opponents to this concept point out that the results of nitrogen balance 
studies at high protein intakes give physiologically non-plausible results. Other methods 
for determining protein requirements, as stable isotopic tracers and functional indicators 
of protein adequacy have also been the source of a great deal of controversy over the 
years. Furthermore, the opponents argue that exercise stimulates the reutilization of 
amino acids from proteolysis and thus may actually lower protein requirements. Thus, 
until now, there is no clear consensus on the protein requirements of athletes. For most 
exercising subjects, this debate on protein requirement is moot as their intakes are 
higher than the increased estimates proposed. However, in exercising subjects on energy 
restriction, this debate is of importance as a high protein intake may occur at the 
expense of carbohydrate intakes, lead to incomplete muscle glycogen restoration and 
eventually compromise physical fitness. 

  
Attention should be drawn to the safety of high protein intakes. There is no evidence 

for adverse effects on kidney function in individuals without established renal disease 
(25). Poortmans et al compared the clearance of creatinine, urea and albumin of body 
builders to that of athletes consuming moderate protein diets and did not find any 
adverse effects with protein intake up to 2.8 g/kg (26). It seems that at some point, a 
high protein diet in healthy subjects will only lead to increased blood urea, stimulation of 
amino acid breakdown and use of amino acids as fuel. However, caution is required in 
subjects predisposed to uric acid or calcium stones and kidney disease. Another area of 
concern is the effect on blood lipids but it appears until now that high protein intakes are 
not harmful to blood lipids and to cardiovascular health.  

 
While most athletes tend to over-consume protein, it should be noted that about 20% 

of athletes have protein intakes below recommendations of sedentary subjects. 
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Individuals at risk include those with a negative energy balance through weight-loss 
programs or sudden increases in training level, vegetarians and athletes competing in 
weight-class categories. Consequences of low protein intakes without calorie restriction 
may be loss of fat-free mass, of immune response and of neuromuscular muscle function 
and strength.  
 
3.2. Chronic carbohydrate intake and physical fitness  
 

Carbohydrates provide energy aerobically and anaerobically, spare tissue protein, and 
prevent the formation of ketone bodies and subsequent ketosis. CHO fuels include liver 
and muscle glycogen, blood glucose as well as blood, muscle and liver lactate. The DRI 
recommends CHO intakes between 45-65% of total calories for healthy adults. Since 
glycogen is the major substrate for submaximal or intermittent, high-intensity exercise 
including endurance exercises as well as moderate-repetition resistance exercise, 
research focused on optimisation of glycogen stores through nutrition in order to prolong 
delay the onset of fatigue and enhance exercise capacity.  

 
As mentionned in chapter 3.1, there is presently no clear advantage of consuming 

low-carbohydrate (high-fat diets) diets vs. high-carbohydrate (low-fat) diets in the long-
term with regards to health-related fitness. Nevertheless, attention of exercising subjects 
should focus on adequate consumption of carbohydrates to replenish glycogen stores. 
The recommendations of CHO intakes for the routine diet of athletes rely on short-term 
CHO feeding studies and have been published by Burke et al (table 4) (27). The authors 
point out the difficulty of providing these guidelines. Short-term studies have shown 
discrepancies with regard to performance, resulting from too short CHO feeding studies 
to allow for differences in performance outcome, possible metabolic adaptations to lower 
glycogen stores in subjects with low CHO intakes and methodological issues. The authors 
also highlight that recommendation of CHO intakes in % of total calories, as in generic 
guidelines and most sports nutrition groups, may be misleading and should be expressed 
in grams. For instance, athletes with low energy intakes may consume insufficient CHO 
for glycogen storage and training fuel in g and inversely, athletes with high intakes 
following these recommendations may exceed their needs. These guidelines did not 
include strength-training athletes as body-builders but Lambert et al. reviewed the 
evidence and concluded that an intake of 5-7 g/kg/d was sufficient for optimal glycogen 
levels (28).  
 
Table 4: Guidelines for CHO intake for athletes (Adapted from (27)) 
 
Situation Recommended CHO intake 

(expressed per kg body weight) 
Long term  
Needs for athlete with moderate exercise program 
(i.e. <1h, or exercise of low intensity) 

5-7 g/kg/d 

Needs for endurance athlete (i.e. 1-3h of 
moderate to high intensity exercise) 

7-10 g/kg/d 

Needs for athlete undertaking extreme exercise 
program (i.e. >4-5h of moderate to high intensity 
exercise) 

10-12+ g/kg/d 

Short term  
Optimal muscle glycogen storage 7-10 g/kg/d 
Pre-event meal to increase CHO availability prior 
to prolonged exercise session 

1-4 g/kg 1-4 h before exercise 

Rapid post-exercise recovery of muscle glycogen, 
where recovery between session is < 8h 

1g/kg immediately after exercise, 
repeated after 2h 

CHO intake during moderate-intensity or 
intermittent exercise >1h 

0.5-1.0 g/kg/h 
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CHO loading is probably the oldest form of nutritional modulation for physical 

performance. It originally advocated depleting glycogen stores during 7 days by low CHO 
diet and training, and then super-compensating them during 3 days by increasing CHO 
intakes and rest. The protocol was later modified to exclude the depletion phase as 
athletes were shown to optimize muscle glycogen stores with only 3 days of high CHO. 
Several studies even showed that diets of 10-12 g/d/kg CHO for one day while 
minimizing physical activity were sufficient for muscle glycogen stores to reach maximal 
levels (29) (Fig. 1).  
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Figure 1: Muscle glycogen concentrations pre-loading, and 24 and 72 hours 
after initiation of the carbohydrate-loading diet (Redrawn from (29)). 

 
3.3. Chronic fat intake and physical fitness  
 

Fat mass generally varies between 10-30% in healthy non overweight subjects (20). 
About 90% of the body fat is situated in the adipose tissue, predominantly in the 
subcutaneous tissues. Fat serves as energy source especially in low- to moderate 
intensity exercise. The DRI recommends fat intakes between 20-35% of total calories. A 
substantial amount of work examined the effect of high-fat diets on physical 
performance. The rationale is that high fat diets may enhance levels of intra-muscular 
triglycerides, increase their use during exercise and subsequently preserve glycogen 
stores.  

 
Johnson et al. reviewed the evidence regarding the impact of high fat diet on physical 

fitness and described that 1) there was no conclusive evidence so far that depletion of 
intramuscular triglycerides impairs performance, 2) short-term (1-5 days) and long-term 
(7-49 days) high fat diets containing > 46% of total calories as fat and less than 21% 
CHO stimulated whole body fat oxidation by increased enzyme levels, fatty acid transport 
and beta-oxidation and 3) high fat diets maintained or even decreased endurance 
performance compared to high CHO diets (30). In addition, Burke et al highlighted that 
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the ingestion of high fat diet during 5 days significantly reduced muscle glycogen 
utilization during exercise compared with an isoenergetic-high CHO diet (31) (Fig. 2).  
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Figure 2: Estimated contribution of substrate oxidation during 120 min of 
steady state cycling at 70% VO2 my after 5 days of high-fat or high-CHO diet 
and 1 day of CHO restoration (Redrawn from (31)) 

 
The joint position statement of the American College of Medicine (ACSM), the 

American Dietetic Association (ADA) and the dieticians of Canada (DC) came to the 
conclusion that, although high fat diets elicit potentially interesting changes in substrate 
utilization, there were presently no arguments for these diets on athletic performance 
(3).  

 
Several studies investigated the effect of a short-term high-fat diet followed by 

carbohydrate loading (32). They found that high-fat intakes were associated with 
increased reliance on fat and decreased reliance on muscle glycogen as energy substrate 
but the effect on performance was controversial. 

 
The lack of apparent translation of metabolic changes in performance outcome could 

be related to changes which are too small to be detected while worthwile in real-life 
sports or to responders and non-responders to the fat adaptation strategies (33). They 
raise also the question whether these detrimental or at least indifferent effects on 
physical fitness reflect the impact of high-fat diets or rather the impact of insufficient 
CHO intakes and subsequent low glycogen stores. Randomized crossover isoenergetic 
studies comparing low-fat and high-fat diets do not support any advantage of long-term 
dietary manipulation with regard to endurance or strength performance, whether 
considering high- or low-fat isocaloric diets. However, in these studies, the subjects in 
the high-fat diet group consumed CHO far below the 5-7g/kg recommended for 
moderately active athletes (27). As a result, the potential ergogenic effects of high fat 
diets in endurance and resistance performance may have been overridden, at least 
partly, by the ergolytic effect of low glycogen stores.  
 
3.4. Summary 
 

Protein intakes above the DRI associated with energy restriction seem to stimulate 
weight loss, and preservation of fat-free mass and muscular strength in normal-and 
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overweight subjects. Regarding athletes, the necessity of protein intakes above the DRI 
for muscle synthesis is controversial. No advantage of long-term high fat vs. high-CHO 
diets have been demonstrated so far regarding health-related fitness. However, CHO 
loading increases muscle glycogen and improves performance in most studies when 
taken during training period or one week before competition. High-fat diets have been 
shown to preserve muscle glycogen but, whether taken alone or followed by CHO 
loading, they do not translate into improved physical fitness in exercising subjects.  
 
 
4. Short-term macronutrient intakes and physical performance 
 

In this section, we will consider the effect of macronutrient intakes before, during and 
after physical exercise. Nutritional considerations have focused especially on CHO and 
protein intakes. CHO intakes were studied with the aim of maximizing muscle glycogen 
content, reducing muscle glycogen utilization and maintaining serum glucose levels 
during endurance exercise. Protein intakes associated or not with CHO were considered 
for promotion of muscle protein synthesis and prevention of acute exercise-induced 
muscle damage.  
 
4.1. Pre-exercise nutrition and physical performance 
 

The pre-exercise period is defined as the 4h period before physical exercise. Single 
CHO-rich meals 2-4 hours before exercise improve muscle and liver glycogen stores and 
maintenance of blood glucose. With regard to performance, they decrease the time taken 
to complete a fixed amount of work after prolonged moderate-intensity cycling and 
enhance endurance and work output at the end of a standardized exercise bout (34). 
However, the impact of these meals depends on the degree of recovery since the 
previous training. For instance, athletes who underwent strenuous daily training may 
show sub-optimal muscle and liver glycogen stores in the pre-exercise period, which 
cannot be restored by a single CHO-rich meal.  

 
A speculated disadvantage of CHO intakes within an hour before exercise is the 

increased plasma insulin concentration, which could lead to hypoglycaemia and impaired 
performance. Hawley et al. summarized the studies on this topic and found that CHO 
intakes within an hour prior to exercise increased endurance performance in 5 studies, 
decreased it in one study and did not influence it in 5 studies (34). The only negative 
study included 8 subjects who ingested water, 75 g glucose or a liquid meal containing 
15 g CHO, 10 g protein, 12.5 g fat (35). Thirty minutes later, they cycled to exhaustion 
at 80 or 100% VO2max. Compared to water, the ingestion of glucose, but not of the 
liquid meal, decreased cycle time to exhaustion by 19% at 80% VO2 max, compared to 
water. The feedings had no effect on exercise time to exhaustion at 100% VO2 max. 
Furthermore, the CHO intake led to a transient decrease of glycemia. The results of this 
study were so widely reported that CHO intakes in the hour before exercise are 
frequently, and probably wrongly, avoided.  

 
Protein or amino acid intakes combined with CHO consumed near strength and 

endurance exercise can enhance muscle protein synthesis, increase muscle strength, fat-
free mass and prevent muscle damage. Their pre-exercise ingestion is advocated in the 
position stand of the International Society of Sports Nutrition (ISSN) (36).  
 

The position stand of the ISSN recommends ingestion of 1-2 g CHO/kg and 0.15-0.25 
g proteins/kg 3-4 hours before exercise (36). The joint position stand of the ACSM, ADA 
and DC suggests meals before competition to be low in fat and fiber to facilitate gastric 
emptying, high in carbohydrates and moderate in protein. It states that the amounts 
shown to enhance performance range between 200 and 300 g CHO for meals 3-4 hours 
before exercise (3).  
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4.2. Nutrition during exercise and physical performance 
 

Most studies show benefits of CHO intakes during exercise. It improves cycling time 
trials, time to exhaustion during cycling or running, power output and self-selected pace 
during cycling. The speculated mechanisms include maintenance of blood glucose, high 
CHO oxidation, sparing of endogenous glycogen and synthesis of glycogen during low-
intensity exercise. Jeukendrup et al. also hypothesized that CHO solutions may trigger 
stimuli within the oral cavity, which in turn initiates a chain of neural messages in the 
central nervous system, resulting in the stimulation of the reward and/or pleasure 
centers in the brain (37).  

 
The amount of CHO needed to improve performance may be as low as 16 g/h and 

amounts over 75 g/h do not seem beneficial (37). The form of CHO intakes (solid or 
liquid) seems to have little effect on performance as well as the feeding frequency.  

 
A novel area of research has examined the impact of CHO type on CHO oxidation. 

Glucose oxidation is around 1 g/min, but fructose and galactose are oxidized at a lower 
rate during exercise due to the fact that they first need to be converted into glucose 
(38). In contrast, CHO oxidation can be increased to 1.2 g/min with a glucose and 
sucrose mixture and even to 1.7 g/min with a mixture of glucose, fructose, sucrose. The 
effect on performance has been studied by Currell et al (39). They randomized 8 trained 
cyclists to water, glucose or glucose and fructose beverage during a 120 min of cycling 
exercise at 55% VO2max followed by a time trial. The mixture glucose + fructose led to 
an improvement of 8% in time-trial performance probably by sparing of endogenous CHO 
stores.  

 
The utility of adding protein to CHO intakes during exercise is controversial. In 

endurance exercise, the addition of protein improves (40) or does not change 
performance (41) compared to CHO intakes alone. In resistance exercise, research 
supports the use of additional protein in order to decrease serum levels of cortisol and 
increase those of insulin and prevent muscle protein breakdown (36). Regarding muscle 
damage, the addition of protein to carbohydrates during exercise may decrease post-
exercise markers of muscle disruption as creatine kinase and serum myoglobin and thus 
ameliorate recovery.  

 
The ISSN position stand advocates the ingestion of 30-60 g/CHO/h, typically 

delivered by drinking 250-500 ml of a 6-8% CHO solution every 10-15 minutes during 
exercise sessions lasting longer than 60 min. They recommend the addition of protein to 
CHO to improve endurance performance and the ingestion of CHO alone or with protein 
during resistance exercise to increase muscle glycogen stores and differ muscle damage 
(36). The Joint Position Stand of the ACSM, ADA and DC suggests similar intakes of CHO 
but considers that there is inconclusive evidence to recommend protein intake during 
exercise (3). 
 
4.3. Post-exercise nutrition and physical performance 
 

Previously, it was thought that 48 hours were necessary to replenish muscle and liver 
glycogen stores to pre-exercise levels. Now it is commonly accepted that 24 hours may 
be sufficient providing the timing and amount are optimal. Glycogen synthesis is highest 
when CHO are consumed immediately after the end of the exercise compared to 2 hours 
later (42). However, it is not different whether 1.5 g glucose/kg or 3.0 g glucose/kg are 
ingested (43). The type of CHO intakes may be of importance. Glucose and sucrose elicit 
a similar level of muscle glycogen re-synthesis, which is higher than fructose. 
Furthermore, CHO with a high glycaemic index have been shown to promote greater 
muscle glycogen storage than those with a low glycaemic index in the 24 h after 
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strenuous cycling. Frequency and form of CHO intake have no influence on glycogen 
synthesis as long as the total amount of CHO ingested is sufficient (34) (table 4).  

 
The addition of protein to CHO intakes has either no effect on glycogen synthesis (44) 

or increases glycogen stores (45) compared to CHO alone. One study looked at the effect 
on subsequent exercising performance Berardi et al included 6 male cyclists who 
performed a glycogen-depleting effort after a standardized breakfast. They were 
thereafter assigned to a placebo, CHO or CHO and protein supplementation immediately 
and 1 and 2 h post-exercise and to a solid meal at 4 h post-exercise for the latter two 
groups.  At 6 hours, they performed again a 60-min time trial. The ingestion of additional 
protein enhanced glycogen re-synthesis but did not influence the second cycling 
performance. Thus, even if the addition of protein may have a beneficial effect on 
glycogen synthesis, there are no arguments for improvement of subsequent 
performance.  

 
Protein and CHO ingestion may also increase muscle protein synthesis compared to 

CHO alone. When summarizing the studies dealing with protein intake and muscle 
synthesis, Tipton et al. described that muscle protein synthesis is reduced on low-
intensity exercise, increases with higher intensity exercise and finally decreases again 
after exercises at high intensities and long duration. They suggest that there may be a 
continuum of exercise intensity in which the response of muscle protein metabolism 
changes (46). Regarding muscle damage, the consumption of protein after repeat-sprint 
performance tests may decrease creatine-kinase levels (47) but this has been refuted by 
others (48). 

 
The ISSN position stand advocates consumption of 8-10g/CHO/kg/d within 30 

minutes post-exercise, preferentially with additional protein, to promote glycogen storage 
and muscle protein synthesis (36). It recognizes the potential of amino acids for 
increased muscle protein synthesis, and of CHO + protein supplements for increased 
strength and body composition. The Joint Position Stand of the ACSM, ADA and DC 
advocates carbohydrate supplements during recovery period of 4h or more to improve 
athletic performance. They encourage protein supplementation for muscle repair and a 
more anabolic hormonal profile but negate their effect on glycogen synthesis rates (3). 
 
4.4. Summary 

 
Carbohydrate intakes before exercise, during and after exercise are beneficial for 

improvement endurance and resistance exercise. The addition of protein can enhance 
muscle synthesis, whether taken immediately before, during or after exercise and 
prevent muscle damage. The addition of protein to CHO in terms of endurance 
performance is controversial. 
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