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Summary. The role of  carbohydrate depletion in 
marathon fatigue was examined in 6 marathon 
runs. Four of the runs were potentially 'fast-time' 
marathons and culminated in fatigue. The utiliza- 
tion of carbohydrate, lipid and protein, and 
plasma concentrations of free fatty acids (FFA), 
glucose and lactate were measured at intervals 
throughout the runs. The contribution from pro- 
tein to energy output was low (1--2%). The utili- 
zation of lipid was dependent upon plasma con- 
centrations of  FFA, which rose throughout the 
run. The utilization of  carbohydrate mirrored that 
of  FFA and thus fell throughout the run. Fatigue 
was characterized by a drop in running speed, a 
drop in carbohydrate utilization, an unchanging 
FFA utilization and a fall in blood glucose. The 
fall in blood glucose was not seen in the non-fati- 
gued runners. These results are consistent with 
carbohydrate depletion being the cause of fatigue. 
The implications of these data are that lipid is the 
preferred fuel, but is rate-limiting, and that carbo- 
hydrate depletion, even though it causes fatigue, 
ensures an optimal-time marathon. 

Key words: Human --  Marathon --  Fatigue --  
Carbohydrate depletion 

Introduction 

Fatigue is a regular occurrence during long dis- 
tance running events; the casualty rate varies be- 
tween 0.05 and 2.0% (Richards et al. 1984). The 
causes of  long-term fatigue are many and include 
fatigue at the neuromuscular level, dehydration, 
hyperthermia and carbohydrate depletion (Nadel 
1985; Newshome and Leech 1983; Sawka et al. 
1985; Bergstrom et al. 1967; Hermansen et al. 
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1967). Hyperthermia appears to be the most com- 
mon cause of fatigue in fun runs, however this 
may well be because temperature measurement is 
simple and thus is frequently performed 
(Richards et al. 1979; Richards and Richards 
1984). The mechanism of long-term fatigue will 
vary between situations and also may be a combi- 
nation of all the above factors. 

There are three main sources of energy availa- 
ble to a marathon runner, carbohydrate, fat and 
protein. The protein contribution is no more than 
5% (Plante and Houston 1984) and thus the ma- 
jority of the fuel for the run must derive from car- 
bohydrate and lipid. Carbohydrate depletion, in 
the form of hypoglycemia, has been demonstrated 
in fatigued long-distance runners (Richards et al. 
1979) and in exhausted laboratory animals (Clark 
and Conlee 1979), and indeed was at least one of  
the problems of Gabriela Andersen-Schiess, who 
lurched and swayed to the finish of  the 1984 wo- 
men's Olympic marathon (Newsholme 1985). 
There is a sound biochemical rationale, which 
when taken to its logical conclusion, shows that 
carbohydrate depletion is a feasible cause of long- 
term fatigue. This rationale is briefly discussed 
below. 

The marathon runner cannot rely on carbohy- 
drate alone because the stores in the blood, mus- 
cle and liver are limiting. These carbohydrate 
stores are sufficient for only 90 min of marathon 
running (Newsholme and Leech 1983). Lipid 
stores are potentially sufficient for 80 h running 
(Newsholme and Leech 1983), but also cannot 
constitute a sole fuel source for the marathon run- 
ner for the following reasons. (a) The rate of  entry 
of FFA 1 into the muscle cell depends upon the 

l The term FFA is used to describe the total pool of FFA in 
the plasma and includes those bound to albumin and those 
which are not bound, but  simply dissolved in the plasma 



M. Callow et al.: Carbohydrate depletion and marathon fatigue 655 

concentration of unbound (to albumin) FFA in 
the plasma, (b) the concentration of unbound 
FFA in the plasma is restrained by solubility, and 
(c) the contribution by plasma and intramuscular 
triglycerides to energy output is acknowledged as 
insignificant (Newsholme and Leech 1983; Goll- 
nick 1982) 2. Therefore, the maximal rate of ATP 
production from [3-oxidation in muscle cannot 
produce 100% of the ATP which is required each 
minute by the marathon runner. Marathon run- 
ners must therefore mix their fuels and use a com- 
bination of carbohydrate arid fat in order to pro- 
vide ATP at the required rate. 

According to this scheme, the contribution 
from fat is always the maximum possible, and is 
determined by the concentration of FFA in the 
plasma. The contribution from carbohydrate var- 
ies according to speed and[ length into the run. 
The higher the speed, the greater the discrepancy 
between the required rate of ATP production and 
that which can be provided by [~-oxidation; carbo- 
hydrate oxidation must make up the discrepan- 
cy. The greater the length into the run, the higher 
are the levels of total and thus unbound plasma 
FFA and thus the greater is the contribution from 
[~-oxidation. The possibilities of exhausting the 
carbohydrate supplies are therefore significant, 
especially if a runner sets the pace too high early 
in the run when free fatty acid levels are still low. 
We have tested the hypothesis that carbohydrate 
depletion can cause fatigue by running marathon 
runners at a speed slightly above their 'normal' 
marathon speed. These runners fatigue, and the 
data on running speed, lipid and carbohydrate 
utilization, and plasma gluc, ose, lactate and FFA 
concentrations are entirely consistent with carbo- 
hydrate depletion being the cause of fatigue. 

Methods 

Run conditions 

Four male human volunteers, whose ages varied from 25--52 
years, were used as subjects. None of these subjects was on a 
carbohydrate-loading diet. Each subject ran at least one mara- 
thon on a treadmill, in a temperature- and humidity-controlled 
room. The speed of the treadmill was adjusted at intervals 
throughout the run in either a predetermined sequence and /o r  
in response to fatigue. Speeds ranged between 13.0 and 15.5 
km �9 h - ~ and the shortest interval at any one speed (unless in- 
terrupted by fatigue) was 20 min. ]-'he point of fatigue was de- 
fined as the time when the runner was forced to request a de- 
crease in treadmill speed. The decreases in speed at the point 
of fatigue ranged from 0.5--2 km �9 h-~, although one (CH) did 
have to walk at one stage, in which case his speed dropped by 

6.5 km.  h -~. Six runs were studied, four resulted in fatigue 
and two did not. The subjects were not top competitors, there- 
fore a 'normal'  marathon time was difficult to pinpoint with 
an accuracy greater than 5 min. The runners who fatigued 
were run at the slowest pace (average pace) that the particular 
runner predicted they would not be able to maintain. This was 
in all cases about 5 rain faster than their 'normal'  marathon 
time. In these cases, if the marathon distance was completed, 
the actual time of the run was about 5 rain longer than the 
'planned'  time, i.e. within the range of 'normal'  time. CH-2 
was run at the 'normal'  marathon pace and CH-3 was an ac- 
tual competitive marathon in which the second half was run 
faster than the first (Table 1). 

Blood sampling 

Blood samples (3 nal) were taken from the antecubital vein be- 
fore and after the run and at hourly intervals throughout the 
run. To take samples during the run the treadmill was stopped 
for 3--4 rain and the runner sat while the sample was taken. 
The blood was taken within one minute of the treadmill being 
stopped, the rest of the time being used to replace the sweat 
pad and to take the temperature of the runner. 

Gas analysis 

Oxygen (S-3A oxygen analyzer, Applied Electrochemistry 
Inc.) and carbon dioxide (CD-101 carbon dioxide analyzer, 
Datex) were measured for 5 min at 15--20 min intervals. The 
Vo2 and Vco2 calculated for the 5 rain sampling time was used 
to calculate the fuel utilization rates at those specific times. In 
order to determine the total amount of each fuel used, the Vo2 
and Vco2 values were assumed to represent the time interval 
(run at a constant speed) since the last gas analysis. The gas 
analysis machine was faulty during CH-2 and gas sampling 
was not possible during CH-3. 

Nitrogen output 

Urea and N H  3 w e r e  measured in blood, sweat and urine, using 
the Berthelot reaction (Varley et al. 1980). These concentra- 
tions were converted into g nitrogen �9 ml-L. 

(a) Sweat. Sweat samples were taken using a sweat pad 
technique adapted from a method by Verde et al. (1982). Cot- 
ton wool pads (5 cm x 5 cm) surrounded by gauze, were cov- 
ered by a piece of heavy gauge plastic (8 cm x 8 cm) which was 

Table 1. Distance and time of each run and the time at which 
the runner became fatigued. The 'planned'  time is in brackets 
in Time colum 

Runner Distance Time Time of 
(km) (h: rain) fatigue 

CH 42.2 3:t6(3:12) 3:02 
TF 42.2 3:00(2:55) 2:30 
PS 42.2 2:58(2:53) 2:30 
BR 32.3 2:23 1:50 
CH-2 42.2 3:29 --  
CH-3 42.2 3:00 - -  

2 See Note added in proof CH-2 and CH-3 did not result in fatigue 
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then taped firmly to the back of the runner. The sweat pads, 
which were preweighed in an airtight tube, were replaced each 
hour (during blood sampling). The pads which were removed 
were replaced in the tube. To remove the sweat from the pad, 
distilled water was added to the pad to obtain approximately a 
1 in 5 dilution. After agitating the pad for several minutes to 
mix the sweat and the solvent, the solution was filtered (What- 
man # 4) to remove any cotton wool. The solution was imme- 
diately frozen in airtight tubes for later analysis. 
- -  Sweat loss=weight  before 

- weight after 
+ fluid consumption 
- [CO2(g)-O2(g)] (gas exchange weight loss) 
- respiratory water loss. 

The subject was weighed with just a towel before and after 
the run, using an electronic balance. All sweat was wiped from 
the body before weighing. The weight loss due to gas exchange 
is measured using the following equation: 

gas exchange weight loss = Vco2 x M W C Q  Vo2 X MWO2 
N N 

MW = molecular weight. 
N = volume of 1 mole of gas at STP. 

The respiratory water loss (RWL) was calculated using the 
equation used by Mitchell et al. (1972): 

RWL=0.019 x Vo~ (44-Pa) 

Pa = ambient  water vapour pressure. 

Although calculation of protein oxidation using nitrogen 
output is a standard technique (Lemon et al. 1983), there is a 
degree of uncertainty in the calculations because (a) the 
amount  of nitrogen per g of protein is estimated from an 'av- 
erage' protein, and (b) nitrogen production may not accurately 
reflect protein oxidation (Wolfe et al. 1982). However, the data 
of Wolfe et al. (1982) does not necessarily reflect the oxidation 
of protein as a whole, and the cycling of nitrogen, which could 
cause a discrepancy between nitrogen production and protein 
oxidation, appears to be inhibited during exercise (Eller and 
Viru 1983). In any case, the values for protein oxidation (Table 
2) are so low that they could be doubled or halved without 
significantly affecting the implications of the data. 

Glucose, lactate and FFA 

Glucose and lactate concentrations in plasma were measured 
in perchloric acid extracts using standard enzymatic tech- 
niques. FFA were extracted from plasma using hexane:isopro- 
panol  (3:2), methylated in CH2C12 using 0.2 M H2SO4 in me- 
thanol  and measured by gas chromatography in a 2 m x 2 mm 
column of 5% EGSS-X on Chromosorb G (100--120 mesh) at 
170 ~ C. Fatty acids were quantified using a methyl heptadeca- 
noate internal standard. 

Results 

Total fuel utilization 

The sweat loss per hour  was calculated from the total sweat 
loss during the run, assuming the sweating rate was constant. 
Once nitrogen concentration in sweat was measured, the total 
hourly nitrogen output in sweat could be calculated. 

(b) Blood. Plasma samples were collected each hour  and 
the nitrogen concentration measured in each. Plasma volume 
and thus total plasma nitrogen was determined assuming that 
(a) the body contains 45 ml plasma (kg body weight)-1, and 
(b) that weight loss was constant between the start and the end 
of the run. 

(c) Urine. The bladder was voided before and after the 
run. The nitrogen output in urine during the run was deter- 
mined from the amount  of nitrogen in the urine voided at the 
end of the run. 

On the basis of urine, sweat and plasma levels, the urea 
output for each hour  was calculated. 

Total nitrogen = urine nitrogen + sweat nitrogen + A plasma ni- 
trogen. 

Table 2 shows the amount of each fuel used in 
each run. The average proportion of the total en- 
ergy output accounted for by carbohydrate, lipid 
and protein was 59%, 40%, and 1% respectively. 
The contribution by protein was assumed to be 
constant (see MeChods) at 1--2% throughout the 
run. The contributions by carbohydrate and lipid 
followed a consistent pattern throughout the runs. 
Carbohydrate contribution at the start of the run 
was always between 70% and 80% and dropped to 
50%--55% at the point of fatigue. Lipid contribu- 
tion started at 20%--30% and rose to 45%--50% at 
the point of fatigue. 

Table 2. Grams of fuel used during the run and the percentage 
contribution of each fuel to energy output 

Calculation of fuel utilization 

The quantity of protein utilized was calculated by assuming 
that 6.25 g of protein contain 1 g of nitrogen (McGilvery and 
Goldstein 1983). 

The Vo~ and Vco2 due to protein utilization (prVo2 and 
prVco2) were calculated for each time interval, assuming that  
for each gram of nitrogen excreted, 5.9 1 of oxygen are taken 
up and 4.9 1 of carbon dioxide are released (McGilvery and 
Goldstein 1983). The prVo2 and prVco2 values were subtracted 
from the total Vo2 and Vco2 to yield the non-protein (np) Vo2 
and Vco2, and thus a np R value. The np R value was con- 
verted into g of fat and carbohydrate using a standard table. 

g fuel used (% contribution) 

Carbohydrate Lipid Protein 

CH 298(49) 129(48) 15(2) 
TF 414(59) 121(39) 8(1) 
PS 554(68) 111(31) 6(1) 
BR 373(58) 118(41) 8(1) 

There were no gas samples for CH-2 and CH-3 (see Methods) 
so these runs are not included. Percentage contributions calcu- 
lated using the following caloric values: carbohydra te= 17.6 
kJ .  g - l ;  l i p id=40  kJ �9 g - t ;  p ro te in=  17.6 kJ .  g-1 
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Fig. 1. Utilization rate of carbohydrate ( Z~ ) and l ipid (O), and 
concentration of total plasma FFA ( [ ] )  throughout the run. 
The dashed lines represent the point of fatigue, a: CH; b: 
TF 

Plasma FFA levels 

Levels of FFA in plasma rose in all the fatigued 
runners (Figs. 1 and 2) and in CH-2 and CH-3 
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Fig. 2. Utilization rate of carbohydrate (z~) and lipid (�9 and 
concentration of total plasma FFA (O)  throughout the run. 
The dashed lines represent the point of fatigue, a: PS; b: BR 

(not shown). There was variation in the zero time 
concentration and in the maximal levels, but in 
general the concentration increased from about 
0.7 mM to 1.5 mM over the duration of the run. 
The lowest maximal level was that of subject BR 
(Fig. 2b) who fatigued very early, at 1 h 50 min 
(Table 1). 

Short-term fuel utilization 

Figures 1 and 2 show the grams of carbohydrate 
and lipid oxidized.min -1, or oxidation rate 
(OR). The data contain three important trends. 
Firstly, the OR of carbohydrate and lipid are mir- 
ror images of each other. The regular fluctuations 
in carbohydrate OR in the case of subjects PS and 
BR (Fig. 2) are due to the regular treadmill speed 
changes which were voluntarily requested by 
these two runners. Both subjects CH and TF had 
only one speed change before fatigue. The fluc- 
tuations in the carbohydrate OR are larger than 
those in the lipid OR due to the lower caloric con- 
tent of the former. The large fluctuations in car- 
bohydrate OR of PS and BR around the point of 
fatigue (Figs. 2a and b) are probably artifactual, 
due to a short gas sampling period caused by the 
unexpected onset of fatigue. Secondly, in all 
cases, the OR of lipid rises as the levels of plasma 
FFA rise. There is a delay in the relation in the 
case of subject PS (Fig. 2a), but it appears after 
2 h. The apparent large decrease in fat OR in sub- 
ject PS (Fig. 2a) at 2.5 h is probably artifactual, 
again due to the unexpected onset of fatigue 
which truncated the gas analysis period. Thirdly, 
the carbohydrate OR always drops over the im- 
mediate pre- and post-fatigue period. The lipid 
OR, in contrast, continues to rise as plasma FFA 
levels rise, and thus in all cases except subject BR 
(Fig. 2b), actually rises over the fatigue period. Al- 
though lipid OR drops at the point of fatigue in 
BR, the general trend in this case is still one of 
increasing lipid OR as is demonstrated by the 
maximal lipid OR just prior to the end of the 
run .  

Glucose and lactate levels in plasma 

The post-fatigue blood sample showed a marked 
decrease in glucose concentration in all of the fa- 
tigued runners (Fig. 3). In three cases the post- 
fatigue blood glucose level was the lowest re- 
corded. In the case of subject BR (Fig. 3d) the 
post-fatigue sample was taken immediately after 
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Fig. 3. Concentrations of plasma glucose (A) and lactate ([]) 
throughout the run. The dashed lines represent the point of 
fatigue, a: CH; b: TF; c: PS; d: BR; e: CH-2; f: CH-3 

fatigue which was unusual, and blood glucose lev- 
els did not reach their lowest value until about 
20 min later. The blood glucose levels in both 
non-fatigued runs (Fig. 3e and f) continued to rise 
throughout the run. The concentration of lactate 
in the plasma of the fatigued runners peaked at 
1 .5--4 .0mM in the pre-fatigue blood sample. 
This was followed by a drop after fatigue. Plasma 
lactate levels in CH-2 and CH-3 (Fig. 3 e and f), 
runs which did not result in fatigue, rose contin- 
uously throughout the run. 

Discussion 

Protein is obviously a minor fuel source for this 
type of exercise and cannot be associated with fa- 
tigue. Gluconeogenesis can occur during exercise 
(Constable et al. 1984; Dohm et al. 1985) and am- 
ino acids could be the source of  the carbon skele- 
tons. But even if this were the case, the role of 
amino acids as gluconeogenic precursors would 
still be reflected in nitrogen output. Therefore the 
contribution by protein, whether as a fuel source, 
or as a source of  gluconeogenic substrate, is 
small. 

Both lipid and carbohydrate contribute signif- 
icantly, and in some cases equally, to the total en- 
ergy supply, and their contributions are initially 
low and high, respectively. These data are similar 
to those of  Hall et al. (1983) and raise three ques- 
tions. 

1. Given the total amount of carbohydrate and 
lipid used during the run, is there a basis for sug- 
gesting that depletion of  either store could ac- 
count for fatigue? Estimates of total body carbo- 
hydrate stores vary from 400--600 g (Essen 1977; 
Newsholme 1983; Newsholme and Leech 1983). 
If  one takes a middle view and assumes a total 
store of  500 g, 100 g in the liver and 400 g in mus- 
cle, one can calculate how much is available to 
the marathon runner (under conditions of no gly- 
cogen loading). If only 60% of the muscle mass is 
used in a marathon, then the carbohydrate availa- 
ble to the runner is (60/100 • 400) + 100 = 340 g. 
Runners TF, PS, and BR would have definitely 
depleted their carbohydrate stores if this were the 
case, and those of CH would have been 88% de- 
pleted. Thus carbohydrate stores could be limiting 
in the runners who fatigued. Lipid stores on the 
other hand could not possibly be limiting. Assum- 
ing that a marathon runner consists of 5% fat, and 
that 10% of this is in muscle, then a 70 kg mara- 
thon runner has at least 3150 g of available lipid 
in adipose stores. The fatigued runners used only 
4% of this amount. 

2. Why are the initial contributions of carbo- 
hydrate and lipid, high and low respectively? The 
characteristics of  lipid solubility and inter-organ 
and transmembrane transport provide the answer 
to this question. Fatty acids are the preferred fuel 
of  muscle and this is amply demonstrated in Fig. 
2a. In this case the treadmill speed was changed 
between 14.5 and 15.5 km �9 h -1, every 20 min, be- 
tween the 40 min mark and the 2 hr 20 min mark. 
These speed changes are reflected by fluctuations 
in the carbohydrate OR (Fig. 2a). The FFA OR in 
contrast, remains relatively constant, suggesting 
that a maximal OR of the preferred fuel is main- 
tained despite the speed changes. The factor 
which limits the FFA OR, as mentioned in the in- 
troduction, is their concentration in the plasma. 
The results of  this study clearly show that FFA 
concentration in the plasma is relatively low at 
the start of  the run, and this infers that the contri- 
bution of FFA to energy output must also be rela- 
tively low. The deficit is made up by glucose, con- 
centrations of which are 10-fold higher in blood 
at this time. Hence the 70% contribution by carbo- 
hydrate and 30% contribution by lipid at the start 
of  the run. The above interpretation is also sup- 
ported by the data of  Hall et al. (1983) which 
shows that carbohydrate loading causes a de- 
crease in FFA levels in blood which in turn results 
in a lower turnover of FFA during exercise. 

3. Why do the contributions even out to about 
50% for both carbohydrate and lipid over the 
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course of  the run? The answer is again related to 
plasma FFA levels and the fact that FFA are the 
preferred fuel for aerobic metabolism in muscle. 
The results of  this study show that FFA levels rise 
during the run, and this is a previously well docu- 
mented observation (Gollnick 1977; Newsholme 
1977). As the total plasma FFA levels rise, the 
level of  unbound (to albumin) plasma FFA also 
rises and thus the FFA gradient across the muscle 
cell membrane becomes steeper. This essentially 
'activates' the step which iLs rate limiting in the 
FFA oxidation process under these conditions; 
and so FFA OR increases. FFA are the preferred 
fuel, so as FFA OR increases, the carbohydrate 
OR decreases proportionately and the contribu- 
tion by carbohydrate and lipid to total energy out- 
put falls and rises respectively. The delay in the 
correlation between total FFA concentration and 
FFA OR in runners TF and PS suggests two pos- 
sibilites. Firstly, that total FFA concentration may 
have to reach a certain level to overcome a thresh- 
old response for FFA oxidation by muscle. Such a 
threshold has been observed in heart (Opie 1968) 
and if it exists in skeletal muscle, may vary be- 
tween individuals. Secondly, that total FFA con- 
centration may have to reach a certain level be- 
fore unbound FFA levels begin to increase. This 
could be due to albumin having binding sites 
which vary in their affinity for FFA. The high af- 
finity sites would be filled first and the lower ones 
last. Thus the equilibrium bound FFA ,~ -~ 
unbound FFA would favour FFA early in the run 
and unbound FFA later in the run, and would 
cause the delay in the rise of  FFA OR. The delay 
was not observed in CH or BR. The FFA levels 
were initially unusually high in CH, which could 
be the explanation, but this was not the case in 
BR. 

The decrease in plasma glucose concentra- 
tions in the fatigued runners; during the final hour 
reflects the exhaustion of  a carbohydrate store. 
Evidence from Lavoie et al. (1983) suggests that 
this store is muscle glycogen, as a decrease in liver 
glycogen does not result in hypoglycemia during a 
period of prolonged exercise. Muscle glycogen 
depletion could cause an increased uptake of  
plasma glucose by the muscle and hence a resul- 
tant drop in blood glucose concentration. The 
plasma glucose concentration for BR followed an 
irregular path and it could be argued that it is not 
a real drop in that it does not fall considerably 
below pre-run levels. But the important point is 
that a blood glucose level of  2.7 mM may have 
been sufficient to meet the demands of  a resting 
body, but may not have been sufficient to meet 

the demands of  the glycogen-depleted working 
muscles and the glucose-requiring central nervous 
system. In addition to this the two non-fatigued 
runs of CH-2 and 3 did not result in a lowered 
blood glucose level. Instead it continued to rise 
throughout the run. The assumption here is that 
as muscle glycogen was not depleted, no demand 
was placed upon blood glucose. 

Lactate is often associated with fatigue in 
short and middle distance runners. Although 
there were variations in the pattern of increase in 
lactate levels, plasma concentrations did not rise 
above 4.0 mM. If lactic acid was to be considered 
as a cause of  fatigue in any of  these runners, con- 
centrations of  1 0 - - 1 5 m M  would be expected 
(Hogan and Welch 1984). Runners CH, TF, PS 
and BR all experienced an increase in lactate con- 
centration during the initial two thirds of  the run, 
an observation which is common in exercise of  
this type (Tanaka and Matsuura 1984). But, dur- 
ing the final stages of  the run, lactate levels drop- 
ped in these four runners. This may reflect an in- 
creased clearance of  lactate from the blood during 
this period. If  blood glucose levels were dropping, 
the liver may increase the rate of gluconeogenesis 
(perhaps through increased glucagon levels) from 
lactate. In the non-fatiguing runs, CH-2 and 3, 
there was no drop in blood glucose and similarly 
lactate levels did not decrease. 

On the basis of these findings, it seems reason- 
able to suggest that the fatigued runners in this 
study experienced a depletion of  muscle glycog- 
en. The contracting muscle reacted by extracting 
more glucose from the blood which resulted in a 
lowering of  the blood glucose concentration. This 
was followed by a stage when the muscle could 
no longer continue to use blood glucose at that 
rate, because of  some inhibitory factor, or per- 
haps because the glucose supply in the local envi- 
ronment of the muscle became severely depleted. 
The only way the runner can accommodate the re- 
duced availability of glucose is to increase the 
FFA OR, or to reduce the speed of  running, and 
thus the carbohydrate OR. The FFA OR cannot 
be increased unless total plasma FFA levels in- 
crease, and thus the only available course is a re- 
duction in running speed. The reduction in run- 
ning speed is the point of fatigue and is character- 
ized by a decrease in carbohydrate OR and an un- 
changed FFA OR. 

As mentioned previously, the concept of  fati- 
gue due to carbohydrate depletion is not a new 
one, and there is no shortage of  evidence linking 
decreases in glycogen stores with fatigue. The na- 
ture of  depletion however, which is a continual, 
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gradual process, makes it difficult to prove a con- 
crete correlation, especially when some studies 
even show otherwise (Costill et al. 1971). The ad- 
vantage of the approach used in this study is that, 
for the first time, data are available which show 
conclusively that the onset of fatigue is associated 
with a decrease in carbohydrate utilization. A sim- 
ilar correlation, between speed and carbohydrate 
utilization, is apparent many times throughout 
each run as the treadmill speed is changed (Fig. 
2a), the difference at the point of fatigue is that 
the speed drop is forced, not voluntary. 

The implications of this study concern both 
whole body metabolic regulation, and the strategy 
involved in running a marathon. The data support 
the view that lipids are the preferred fuel for aero- 
bically exercising muscle. The data also reempha- 
sise the limitations lipids have as a fuel, due to 
their potential toxicity and their low solubility in 
plasma. There is an urgent need for more data on 
the concentration of  unbound FFA in plasma and 
on the relation between the plasma concentra- 
tions of  total and unbound FFA. 

As far as a marathon strategy is concerned, the 
implications of  the data are unexpected. Although 
the fatigued runners failed to run the distance in 
the 'planned' time, their actual time was no more 
than 5 min longer (Table 1). Therefore, these run- 
ners actually ran the marathon in their 'normal' 
time despite depleting their carbohydrate re- 
serves. Obviously if there is muscle glycogen 
available at the end of the run, the runner could 
have run faster. Thus it is crucial, if one is to run 
an optimal marathon, to exhaust the muscle gly- 
cogen reserves. As it is virtually impossible for a 
runner to judge the pace so that glycogen reserves 
are depleted as the finishing line is crossed, the 
implication is that the safest way to ensure that all 
reserves are utilized is to deplete the reserves dur- 
ing the run. Fatigue due to carbohydrate deple- 
tion may therefore be a desirable, rather than an 
undesirable situation. The pace is lower after fati- 
gue, but this is countered by the faster initial pace. 
There are two dangers inherent in this carbohy- 
drate depletion strategy. Firstly, if the initial pace 
is at a speed which requires some anaerobic com- 
ponent, the efficiency of ATP generation could 
drop by up to an order of magnitude due to the 
nature of  anaerobic glycolysis. Secondly, even 
after fatigue, the exercising muscles are still con- 
suming carbohydrate as carbohydrate utilization 
is still about 10-fold higher than resting turnover 
rates (Figs. 1 and 2; Hall et al. 1983). Therefore, if 
carbohydrate depletion occurs too early, blood 
glucose levels could fall to dangerously low levels 

later in the race, as in the Gabriela Anderson- 
Schiess situation. A successful marathon strategy 
should therefore include carbohydrate depletion 
with the provisos that (a) there is never any anae- 
robic metabolic component, and (b) carbohydrate 
depletion occurs no earlier than 30 min before the 
end of the race. 
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Note added in proof 

Recent data show that muscle triglyceride is not an insignifi- 
cant fuel source; in fact, the ability to use it may make the 
difference between fast and slow marathon times (Hurley et aL 
1986). Nevertheless, plasma FFA are still the major source of 
lipid for the exercising muscle and the implications of the data 
discussed above remain unchanged. 


