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Abstract

BerGsTROM, J., L. HERMANSEN, E. Hurtmax and B. Savrin. Diet, muscle glycogen and
physical performance. Acta physiol. scand. 1967. 77. 140—150.

The muscle glveogen content of the gquadriceps femoris muscle was determined in 9 healihy sub-
jects with the aid of the needle biopsy technique. The glvcogen content could be varied in the
individual subjects by instituting different diets after exhaustion of the glycogen store by hard
exercise. Thus, the glycogen content after a fat - protein (P) and a carbohydrate-rich (C) dict
varied maximally from 0.6 g/100 g muscle to 4.7 g. In all subjects, the glycogen content after the
(! diet was higher than the normal range for muscle glycogen, determined after the mixed {M) dict.
After ecach diet period, the subjects worked on a bicycle ergometer at a work load corresponding
to 75 per cent of their maximal O, uptake, to complete exhaustion. I'he average work time was
59, 126 and 189 min after diets P, M and C, and a good correlation was noted between work tinie
and the initial muscle glycogen content. The total carbohydrate utilization during the work periods
154---798 g} was well correlated to the decrcase in glycogen content. Tt is therefore concluded that
the glycogen content of the working muscle is a determinant for the capacity to perform long-term
heavy cxercise. Morcover, it has been shown that the glvcogen content and, consequently, the
long-term work capacity can be appreciably varied by instituting different diets after glveogen
depletion.

It was shown in previous studies that the muscle glycogen content decrcased
during work (Bergstrém and Hultman 1966 a), and that during exhaustive exercise
the glycogen stores were almost completely emptied (Bergstrom and Hultman 19671,
In a study by Hermansen, Hultman and Saltin (1967), it was found that the rate
of combustion of carbohydrates was extremely high and constant throughout the
whole work period. In this study, as well as in that ol Ahlborg et al. 11967a.. there
were some indications that the inital muscle glycogen concentration was related
to the ability to perform prolonged, heavy exercise {measured as the work time),
provided that the subjects worked with the same relative load.

The muscle glycogen concentration in man can be considerably increased by (irst
emptving the glycogen stores through hard work, and then giving a carbohyvdrate-
rich diet. The enhancement of glycogen synthesis is localized to the muscles that
have svorked, and does not affect other muscle groups (Bergstrom and Hultman
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TasLE 1. Pertinent data in the nine subjects

Subject Age Ht BwW. Max. oxygen uptake
yrs cm kg 1/min
T.P. 22 179 76 4.93
B.T. 22 176 69 4.03
AL 26 173 62 3.37
RS 20 174 75 3.94
S.P. 25 179 67 3.77
S.-0.J. 23 182 72 4.96
C.F. 24 184 71 4.62
R.E. 23 173 62 3.57
K.-G.G. 24 177 73 4.46

1966 b). On the other hand, a fat 4+ protein diet after exercise induces only a slow,
incomplete resynthesis of glycogen, and if carbohydrate is given without previous
exercise, only a moderate increase in muscle glycogen takes place (Hultman and
Bergstrom 1967). Thus, by varying the type of diet after exhaustive exercise, it is
possible to obtain different muscle glycogen levels in the same individual.

As early as 1939, Christensen and Hansen showed that the capacity for prolonged
exercise can ke markedly varied by varying the subject’s diet. After 3—7 days of
predominantly carbohydrate intake, the work time was 210 min on a fixed load,
compared to only 80 min after an equal time on a fat diet.

The aim of the present study was to determine the extent to which the muscle
glycogen content could be altered in individual subjects by varying the dietary
regime after depletion of the glycogen store, and subsequently to ascertain the relation
between the iaitial glycogen content and the capacity for prolonged hard exercise.

Material and methods

Nine physical education students participated in this study; some pertinent data regarding them
are given in Table I.

The methods used are described in the previous article (Hermansen, Hultman and Saltin 1967),
except for the blood glucose determination which, in this study, was made by a glucose oxidase
method (Hjelm and de Verdier 1963). These experiments were performed at the Department of
Physiology, Gymnastik- och Idrottshégskolan. The sequence of the measurements is shown in
Fig. 1. The determination of the glycogen content in needle biopsy specimens from the lateral
portion of the quadriceps femoris was made according to the method described by Hultman (1967).
Muscle biopsy specimens were taken before exercise started, and immediately after the subjects
were exhausted.

The week scaedule for both diet and work is illustrated at the top of Fig. L. The subjects were
given a mixed, uncontrolled diet prior to the first measurements of muscle glycogen and work
time. The work consisted of pedalling a bicycle to exhaustion at a work load corresponding to
an oxygen uptake of 3.15 (2.4—3.7) 1/min, which equals 75 (71-—82) per cent of the subjects’ maxi-
mal oxygen uptake. On the day of the experiment, the subjects had no breakfast before the exercise
test. Six of the 9 subjects were then given a fat + protein (P) diet for 3 days before the next work
period. The work again consisted of pedalling to exhaustion at the 75 per cent work load. On the
next 3 days, the subjects were limited to a predominantly carbohydrate (C) diet before the last
work experiment. The remaining three subjects also followed the aforementioned schedule, except
that they were first given the carbohydrate diet, followed by the fat + protein diet. All the food
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Fig. 1. A. Week schedule for dict and work programme in 6 subjects. In 3 subjects the two last diet
periods were interchanged.
B. Schedule for the measurements in connexion with the exercise test.

The second biopsy for glycogen determination (4) was made immediately after the work period,
which was of different length depending on the type of dict.

caten by the subjects when they were on the controlled diet was prepared and served at the
laboratory. During work, the subjects drank water with some electrolytes, to minimize the cflect of
sweating. For psychological reasons, a 5-min rest period was inserted in the continuous exercise at
fixed intervals (Fig. 1 b).

‘T'anir 11. Prolonged physical exercise after three periods of different diets (mixed = M: far -~ pro-
carbohydrate (CH g); oxygen uptake (O, 1/min)

Subject After M dict After P diet
Muscle glycogen wT Used 0, Muscle glvecogen
min CHg I'min
Before Alter Before Alter
T.p. 2.51 0.07 113.4 413 3.86 1.29 0.08
B.T. 1.19 0.35 148.5 375 2.99 0.60 0.32
R.S. 1.63 0.10 121.5 266 2.94 0.42 0.20
AL 1.91 0.10 130.5 194 2.47 0.58 0.25
S.p 2.20 0.53 117.3 292 2.93 0.31 0.20
S-0.). 2.11 0.06 124.3 423 3.67 0.91 0.10
Mean 1.93 0.20 125.8 327 314 0,69 0.19
C.E 1.32 0.11 94.5 279 3.61 0.48 0.03
R.E.! 1.50 0.16 84,7 210 3.11 0.48 0.00
K-G.G» 1.35 0.04 88.0 306 3.533 0.56 0.02
Total inean 1.75 0.17 113.6 306.4 3.24 0.63 0.13
. S.E. - 0.15 -1 0.03 =53 2:27.4 -.0.15 -0.10 £ 0.05

! In these 3 subjects the diet schedule was M, C, and P; not as in the 6 others (M. P and C:.
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Fig. 2. Relation between initial glycogen content

in quadriceps femcris and work time. Equation 60
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Results

In Table I1 and Fig. 2, the individual values are given for the muscle glycogen
content in relation to the maximal work time on a work load corresponding to 75
per cent of the maximal oxygen uptake. A good correlation is present between the

tein = P; carbohydrate = C). Muscle glycogen (g/100 g muscle); work time (W T min); used

After C diet

WT Used O, Muscle glycogen wWT Used 0O,
min CHg 1/min min CHg 1/min
Before After

68.5 159 3.86 3.18 0.27 150.0 544 3.75
66.6 88 3.12 3.11 0.53 160.6 429 3.02
30.3 54 2.76 2.66 0.60 150.3 329 2.80
75.3 71 2.41 4.68 0.30 285.0 574 2.44
36.1 88 3.00 4.31 0.56 180.0 535 3.06
56.0 67 3.41 4.24 0.43 210.0 798 3.54
58.8 88 3.09 3.70 0.45 189.3 535 3.10
41.6 77 3.70 2.48 0.59 123.8 348 3.61
43.5 71 3.05 3.00 0.53 119.0 360 2.92
75.0 91 3.22 2.10 0.07 120.0 416 3.30
56.9 851 3.17 3.31 0.43 166.5 481.5 3.16

=1.7 +10.1 +0.15 +0.30 +0.06 +17.8 +47.1 4+0.14
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Tasre 111, Statistical treatment: mean values of data (Table IT and Fig. 3) obtained before. during.
differences after the three diets (C, M, P)

(i = carbohydrate diet
M = mixed diet
P = fat + protein diet

n C M
mcan + S.E. mean - S.E,
Muscle glycogen g/100 g before work 9 331 4+ 0.30 1.75 - 0.15
after work 9 0.43 - 0.06 017 - 0.05
Work time min 9 1665 +£17.8 113.6 - 5.3
Utilized carbohydrate g during work 9 4815 +47.1 306.4 --27.4
Oxygen uptake I/min 9 316 - 0.14 3.24 4 0.15
Blood pyruvate mM. 1 at rest 6 0.163 4 0.011 0.120 = 0.003
after 30 min work 6 0.238+ 0.025 0.237-- 0.011
at end of work 6 0.228-+ 0.038 0.178 - 0.017
Blood lactate mM/1 at rest 6 1.73 +4- 0.17 1.02 - 0.16
after 30 min work 6 4.92 -+ 074 5.22 - (.91
at end of work 6 3.61 & 0.74 2.65 i+ 0.533
Respiratory quotient at rest 6 0.943+ 0.024 0.815-- 0.004
after 30 min work 6 0.942 - 0.009 0.9151 0.007
at end of work 6 0.918+ 0.012 0.882 = 0.020
Blood glucose mg/100 ml at rest 6 91.7 -+ 5 76.8 - 45
after 45 min work 3 77.3 - 76.3 . 8.6
at end of work 6 63.3 -+ 2.1 33.8 - 6.2

initial muscle glycogen concentration and the maximal work time over the whole
range of initial glvcogen values, as well as in cach subject. The muscle glycogen
averaged 1.75, 0.63 and 3.31 g/100 g wet muscle after the M, P and C diet, respec-
tively. The mean maximal work times in the corresponding situations were 114,
57 and 167 min, respectively. The mean decrease during exercise in muscle glvcogen
{mg/100 g tissuc/min) was 14.2-4 1.40, 8.78 &= 1.70 and 17.4 - 0.8) after diets
M, P and C.. The differences in decrease M-—-P and C-—-M had p values of <20.05
and < 0.005, respectively (paired ¢ test).

The three subjects (C. F., R. E. and K.-G. G.) given the C diet prior to the P
one had markedly lower values for the muscle glvcogen content after the C diet.
compared to the othersix subjects (¢f: Table IT and Fig. 2). Therefore, only six subjects
following the main procedure are included in Figs. 3 and 6, where a comparison is
madc between the average values for blood pyruvate, blood lactate, RQ , blood
glucose (Tig. 33, heart rate and oxygen uptake (Fig. 6) after the three diets.
These values are also used for calculation of the statistics {¢/. the lower part of
Table TIT;.

The mean blood pyruvate at rest was 0.12, 0.09 and 0.16 mmole/l after the M, P
and the C diet, respectively. During the first 30 min of exercise, the pyruvate level
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and after work following the three diets. Probability calculated on paired ¢ test of intra-individual

P C—M C—P M—P

mean + S.E. P p P

0.63 £ 0.10 <0.001 <20.001 <0.001

0.13 £+ 0.05 < 0.01 <<0.01 >0.1
56.9 4+ 1.7 <0.01 < 0.001 <0.001
85.1 +10.1 < 0.005 <<0.001 << 0.001
3.17 £ 0.15 >0.1 >0.1 >0.1
0.092+ 0.008 < 0.05 <0.01 <0.05
0.1874 0.017 >0.1 <0.05 <0.05
0.1854+ 0.020 >0.1 >0.1 >0.1
0.75 £ 0.17 <0.05 <20.01 >0.1
245 &+ 0.18 >0.1 <0.01 <0.01
2.38 + 0.24 < 0.05 <0.05 >0.1
0.7434 0.029 <0.01 <0.01 < 0.05
0.8134 0.009 <0.01 <20.01 < 0.01
0.7954 0.014 <0.01 <0.01 <0.01
84.3 + 4.0 >0.1 >0.1 >0.1
526 + 2.6 >0.1 <0.05 <0.05
50.7 410.8 >0.1 >0.1 >0.1

was significantly lower after the P diet than after the M and C diets (¢f. Table 111
and Fig. 3).

The blood lactate at rest was 1.0, 0.8 and 1.7 mmole/l (¢f. Fig. 3) after the respective
diets (M. P and C). It increased during the first 30 min of exercise to 5.2, 2.5 and
4.9 mmoles/l. At the end of exercise, immediately before exhaustion, the blood
lactate concentration had fallen to 3.7 mmoles/! after the C diet, and to 2.7 mmoles/]
after the M diet. The last reduction was significant. After the P diet, the blood
lactate was essentially unchanged during exercise. Statistical treatment of intra-
individual differences after the three diets is given in Table III.

The RQ at rest was 0.81, 0.74 and 0.94 after the respective diets (¢f. Fig. 3). It
increased during the first 15 min of exercise to 0.93, 0.84 and 0.97, respectively.
When the exercise proceeded, there was aslight reduction in the mean for the RQ
with all diets, but the decrease was not significant. The probability of differences
in RQ after the three diets is given in Table III.

The mean biood glucose values are given in Table 11T and Fig. 3. During exercise
there was a fall in blood glucose from the beginning of exercise, except after the
M diet, when a transient increase was first noted. At 45 min exercise, the concentra-
tions after the C and the M diets were almost significantly higher than the cor-

2—673003. Acta physiol. scand. Vol. 71: 2—3
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Fig. 5. Relation between used muscle glycogen and tctal utilization of carbohydrates during ex-
haustive exercise. Symbols as in Fig. 2. Equation of regression line: v = 148.52x -+ 43.8, r = 0.92,
p < 0.001.

Fig. 6. Heart rate and oxygen uptake during exercise. Mean values in 6 subjects.

responding values after the P diet (¢f. Table III). A slow recovery in the blood
glucose concer.tration was marked in some subjects after the P diet. In subject A.L.
(¢f. Fig. 4), the blood glucose concentration at exhaustion after the P diet was 32
mg/100 ml, and after 60 min recovery it was still only 34 mg/100 ml.

The total amount of carbohydrate combusted during the work period, calculated
from the oxygen uptake and RQ), is related to the amount of glycogen utilized,
2.e., the difference between the muscle glycogen content before and after exercise
{(¢f. Tables 11 and III, Fig. 5).

The calculated values for utilized carbohydrates during exercise ranged from
54 g to 798 g. In all instances there was a good correlation to the glycogen reduction
in the quadriceps, which ranged from 0.11 to 4.38 g/100 g wet muscle. The mean
decrease in muscle glycogen (mg/100 g tissue/g used carbohydrate) was 5.41 4 0.65,
5.71 4 1.02 and 6.02  0.33 after the respective diets (M, P and C). The differences
between the groups were not significant.

Fig. 6 illustrates the heart rate during exercise after the different diets. The differ-
ences were small and not significant.

The oxygen vptake during exercise was, on the average, 3.15 I/min, regardless of
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the diet preceding the experiment. Nor were any significant changes noted in a
comparison between the beginning and end of exercise.

The three subjects given the carbohydrate diet before the {at — protein diet
showed similar results to those presented for the six subjects in Figs. 3 and 6, except
that the differences between the M and C diet were smaller.

Discussion

The results of the present experiments demonstrate that the muscle glycogen con-
centration can be varied within a wide range, provided that different diets are ad-
ministered after exhaustive exercise causing depletion of the local muscle glvcogen
stores. This is in agreement with previous studies (Bergstrom and Hultman 1966 b,
Hultman and Bergstrém 1967). Thus, three days of fat -! protein diet after exhaustive
work did not resynthetize the muscle glycogen content to more than about 50 per
cent of the initial value, whereas the carbohydrate diet raised the concentration to
far above the normal range (0.95—2.0 g/100 g muscle) (Hultman 1967). Three
subjects reached values above 4 g/100 g muscle, which are the highest ever reported
in healthy males. It should be recalled that the three subjects given a (@ diet after
the M diet did not reach as high muscle glycogen values as the 6 subjects given the
P diet before the C one. Thus, a period of carbohydrate-free diet (i.e., a period with
low muscle glycogen) seems to further stimulate glycogen synthesis when carbohvdrates
are given (Ahlborg et al. 1967 b, Saltin and Hermansen 1967}. It should be pointed
out that the effect of the M diet on the muscle glycogen formation is not com-
parable to that of the P and C diet, as the M diet period was not preceded by
glycogen-depleting exercise.

It is well established that the capacity for exercise is directly dependent on the
individual’s maximal oxygen uptake (Astrand 1956). To minimize the inter-individual
variation in work time during prolonged exercise, the work load for each subject was
selected so that it represented about 75 per cent ol his maximal oxvgen uptake.
All the subjects were somewhat trained (¢/. maximal oxvgen uptake in Table I,
which implies that the exercise performed during the first part of the study should
not have improved their performance in the last experiment. In subject A.L.. who
had the lowest maximal oxygen uptake, measurements of his maximal uptake
before and after the experimental period showed identical values (3.35 and
3.36 I'min;.

‘I'he good correlation between initial glvcogen concentration and work time
iIig. 2; demonstrates that the individual’s ability 1o sustain prolonged exercise is
highly dependent on the glycogen content of the muscles which, in turn, is depend-
ent on the type of diet before exercise. Tt is improbable that the degree of fitness
plays an essential role, either in the variation in muscle glveogen concentration or
in its mmportance for the performance capacity, since the best-trained subject
'S.-0.].) and the least trained one (A.L.) behaved similarly. These two subjects had
the most marked increase in muscle glycogen concentration after the € diet, and
they could also perform the longest on the 75 per cent work load.
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Christensen, and Hansen (1939) have earlier shown that the ability to perform
prolonged exercise on a given work load is dependent on the type of diet before exer-
cise. They concluded that carbohydrates were the most essential fuel during heavy
muscular work. The results of the present study fully confirm this conclusion. It
is of special interest that the performance time on a given load can be increased by
more than 100 per cent by instituting a carbohydrate-rich diet after exhaustive exer-
cise, and that the muscle glycogen concentration seems to be the key factor for the in-
crease in performance capacity for prolonged work. This method of increasing the
performance capacity may have practical applications in such situations as manual
labour, military activities and athletics.

The output of glucose from the liver during prolonged exercise has been found
to amount to 300 mg/min (Rowell, Masoro and Spencer 1965). At the end of
prolonged severe exercise, a marked further increase in the glucose output was ob-
served (Hultman, to be published). The blood glucose concentration during and
after exercise fell to extremely low levels only after the P diet. In this situation the
subjects experienced fatigue, not only localized to the legs but also generally. Some
subjects suffered from headache and dizziness. The low blood sugar values at the
end of exercise and the slow increase in blood sugar after exercise, especially after
the P diet, might indicate a relative depletion of the glycogen stores in the liver in
this situation.

It has been shown earlier that the diet can influence the relative role of fat and
carbohydrate as fuel at rest and during exercise (Christensen and Hansen 1939).
This was also manifested in the present study by a significantly higher RQ , both at
rest and during exercise, after the M and C diets on the one hand, than after the P
diet on the other hand. Furthermore, the calculated consumption of glycogen per
time unit is lower after the P diet than after M and C diets. After the C diet both the
RQ and the glycogen consumption per time unit were highest. This is in accordance
with the observation that the regression line between performance time and initial
muscle glycogen does not pass through zero (Fig. 2).

Blood lactate and pyruvate levels at rest and during the first part of exercise were
also significantly lower after the P diet. These data suggest that the muscle cells
have an ability to adapt to oxidizing more fat also at extremely high work loads,
provided that the carbohydrate supply is low during the days before exercise. In
contrast to this, the constantly high R} throughout the period of prolonged heavy
exercise after the carbohydrate and mixed diets indicates that the carbohydrate
supply must, in fact, be limited for some time before exercise to permit the adaptation
to fat combustion to take place.

As illustrated in Fig. 5, a good correlation is present between the glycogen used
in the working muscles and the amount of carbohydrate utilized, calculated from
the oxygen uptake and RQ . This applies over a wide range of RQ) values and muscle
glycogen concentrations. The glycogen decrease in relation to total carbohydrate
consumption was not significantly different in the three diet groups. This indicates
that the muscle glycogen store is the most important carbohydrate source during
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heavy exercise. After the C diet, some subjects had available carbohydrate stores
up to 700—800 g, i.e., almost twice the figure presented by Hedman (1957) during
cross-country skiing. His values are, however, compatible with those obtained by
us after the M diet. Assuming that 20 kg of muscle are involved in the bicycle
exercise, the exceedingly high figures after the carbohydrate diet noted in the present
study are reasonable, since the reduction in glycogen concentration in the quadriceps
femoris muscle during exercise was up to 4 g/100 g muscle.

The higher muscle glycogen concentration at exhaustion after the C diet may
indicate that other factors ultimately limit the performance in this situation.
Although psychological factors may have been of importance, it cannot be concluded
that this is the only explanation.

This work was supported by the Swedish Medical Research Council, project no. 26X —792--01,
and the City of Stockholm, Sweden.
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