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2 Train low - compete high!
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Introduction
Glycogen loading has been known to increase endurance performance for many years (Bergstrom & Hultman, 1967a). 
As a result, most athletes and coaches believe that training in a glycogen-loaded state is essential to optimal conditio-
ning and performance. However, the validity of this philosophy is now being challenged. It is becoming clear that there 
are benefi ts to training in a glycogen-depleted state. The potential benefi ts of training in the glycogen-depleted state 
have recently led many coaches and scientists to espouse a new training philosophy: “Train low-compete high”. Here we 
will discuss the evidence in support of this philosophy as well as the potential mechanism underlying the benefi ts of 
training in a low glycogen state.

Importance of glycogen as a fuel for endurance exercise
Glycogen is the principal storage form of carbohydrate in mammals. In 1858 (Bernard, 1858) Claude 

Bernard isolated carbohydrate from liver and muscle (Young, 1957). Bernard’s landmark discovery 
provided direct evidence that muscle and liver had an accessible form of energy for meeting energy 
demands during exercise. Almost a century later, Bergstrom and Hultman began to investigate 
the role of glycogen in exercise (Bergstrom & Hultman, 1966); discovering a relationship between 
glycogen and exercise performance (Bergstrom et al., 1967). These early studies demonstrated that 
the glycogen content of a muscle is a major determinant of the capacity to sustain endurance 

exercise (Bergstrom & Hultman, 1967a). Importantly, they also demonstrated that diet and exercise 
could greatly vary the glycogen content in skeletal muscle (Bergstrom et al., 1967). This fi nal observa-

tion, that eating a high carbohydrate diet following exercise increased the recovery of muscle glycogen 
stores compared to a fat or protein diet, provided direct evidence that dietary glucose was the precursor 

for muscle glycogen (Bergstrom & Hultman, 1967b; Hultman & Bergstrom, 1967) and suggested for the fi rst time 
that a high muscle glycogen was benefi cial for endurance performance.

Glycogen and whole body substrate utilization
In the low glycogen state, whole body metabolism shifts drastically. In humans, glycogen depletion results in increased 
systemic release of amino acids from muscle protein breakdown, increased fat metabolism (calculated from arterio-
venous differences), reduced pyruvate oxidation, and increased stress hormones such as cortisol and epinephrine 
(Blomstrand & Saltin, 1999; Steensberg et al., 2002). As a result of these changes, it is not surprising that performance is 
negatively affected by low muscle glycogen. However, some have postulated that lower glycogen during training alters 
whole body substrate metabolism in a manner that stimulates the activation of cellular signaling pathways that might 
be involved in the muscular adaptation to training (Steensberg et al., 2002). 

Glycogen depletion training and endurance training adaptation
In support of the benefi cial effects of training in a glycogen-depleted state, Hansen et al. (Hansen et al., 2005) have 
shown that 10 weeks of training in a glycogen-depleted state resulted in an 85% greater increase in time to exhaustion 
compared with training with high glycogen. The reason for this greater increase in endurance was a larger increase in 
citrate synthase (CS) and 3-hydroxyacyl-CoA dehydrogenase (HAD) and other important enzymes of fat metabolism. The-
se results have now been confi rmed in highly trained cyclists suggesting that, regardless of the athlete’s training state, 
training in a glycogen-depleted state results in an increased capacity to use fat as a fuel during exercise.

Glycogen depletion training and endurance performance
Since training in the glycogen-depleted state improves the capacity for fat oxidation, this type of training might be ex-
pected to have a glycogen sparing effect during competition leading to improved performance. While this might be true 
at low intensities (<70% whole body VO2max) exercise, it does not appear to have a positive effect on performance at 
higher intensities (>70% whole body VO2max) where CHO are the primary fuel source. What this means is that in long 
duration endurance competition (triathlon, marathon, road cycling), training in a glycogen-depleted state will have a po-
sitive effect on performance. However, in shorter, higher intensity events (10K run, time trial cycling, rowing), training in 
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a glycogen-depleted state will have less of a performance benefi t. One caveat is that for competitions 

such as world championships and Olympics, where heats are run prior to the fi nals, low glycogen 
training, and the resulting increase in the capacity to use fat as a fuel, may improve recovery and 
therefore have benefi cial effects on subsequent performances.
 
Resistance training it a glycogen-depleted state

Unlike endurance training, resistance training in a glycogen-depleted state does not seem to have 
any benefi cial effects. If anything, weight training in a glycogen-depleted state may decrease training 

adaptations. It is already clear that the transcriptional changes following resistance exercise are no 
different in a glycogen-depleted state and the greater metabolic stress of training with low glycogen will 

negatively affect the primary pathway leading to increased muscle protein synthesis. Therefore, for strength 
events, training in a glycogen-depleted state should be avoided.

Why is endurance training in a glycogen-depleted state benefi cial?
Endurance training in a glycogen-depleted state results in an improved capacity to use fat to fuel exercise. One impor-
tant question is why? Some recent work has given clues as to how training in a glycogen-depleted state results in this 
benefi cial effect. Narkar et al (Narkar et al., 2008) recently showed that training rats on a treadmill while at the same 
time giving them a drug that activated a transcription factor called PPAR∂ resulted in the same changes that occur 
when training in the glycogen-depleted state: increased capacity to use fat as a fuel. Increasing the enzymes that are 
required for oxidizing fatty acids is what PPAR∂ does. The result in this study was the rats that both got the drug and 
trained on the treadmill increased their ability to run at ~50% VO2max by 70% over those that just ran on the treadmill. 
These data suggest that exercising in the glycogen-depleted state activates PPAR∂ to a greater extent than training in 
the glycogen-loaded state. PPAR∂ seems to be activated by a byproduct of the breakdown of fat in muscle. As discussed 
above, exercising in the glycogen-depleted state increases circulating fatty acids and the oxidation of fat during exercise 
resulting in more of the byproduct and more PPAR∂ activation.

Figure 1
The potential effects of training in low muscle 
glycogen states on the PPAR transcription factor. 
A. In the low muscle glycogen state, more fatty 
acids are available resulting in the activation 
of PPAR∂; B. In the high muscle glycogen state, 
a greater proportion of carbohydrates are used 
resulting in lower PPAR∂ activation and less 
adaptation of the fatty acid oxidation enzymes. 

How to train in a glycogen-depleted state
If you compete in long duration endurance events, or train athletes who do, a natural question is how do I implement 
these techniques in my own training? The positive effects of training with low glycogen require glycogen levels to be de-
creased by about one third that of the normal. This can be accomplished by performing steady state exercise at ~70% of 
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max for 30 minutes to 1 hour without consuming a CHO supplement. Following the depletion stage, a second session is 
performed. This session can be performed immediately, or following a fast of 1-3 hours. Ideally, the second session should 
include high intensity work as this type of training maximally activates the molecular targets that improve endurance 
performance (Table 1). As with all training techniques, each athlete will have to determine whether training with low 
glycogen affects their recovery and therefore the overall intensity of their training.

Table 1: Examples of glycogen-depletion training sessions for different sports

Sport Depletion Session Adaptive Session

Marathon 1h @ 75% HRmax 6 x 800m at 1 mile pace with 1.5min recovery, or
4 x 1200m at 3K race pace with 3min recovery, or
2 x 2 miles at 10K pace with 10min recovery
1h at 75% HRmax

Road Cycling 1h @ 70% HRmax 6 x 5min at 95% HRmax with 2min recovery
2 x 20min hills @ 80% Wmax

Swimming 20x 150m @ medium-high effort 15 
sec rest 
30 x 100m @ medium-high

15 x 50m with 10sec recovery, or
10 x 200m with 20sec recovery, or
4 x 400m with 40sec recovery

effort 15 sec rest All with increasing intensity (1st med – last race 
pace)

Triathlon 4h bike with no supplementation
Low CHO dinner

Morning - 3h ride with 3 x 10min @ 90% Wmax, or
Morning – 1h run with 2 x 1 mile at 10K pace

Football/Soccer 30min run @75% HRmax Regular training with team, skills sessions, repeated 
sprints, ball skills, etc.

Rugby/US Football,
Sprinting,
Rowing,
Time trial cycling

This type of training is not recommended

Conclusions
Training in a muscle glycogen-depleted state increases an athlete’s ability to oxidize fat. In long duration endurance 
competition this increase in fat oxidation may spare muscle glycogen and improve performance. However, in strength 
events and endurance events lasting less than 1 hour, where stored ATP, phosphocreatine, and CHO are the primary sour-
ces of fuel, there is no performance benefi t to training in a muscle glycogen-depleted state. 
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