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Abstract

Aim: It is generally believed the calf muscles in humans are relatively

unresponsive to resistance training when compared with other muscles of the

body. The purpose of this investigation was to determine the muscle protein

synthesis response of the soleus muscle following a standard high intensity

bout of resistance exercise.

Methods: Eight recreationally active males (27 � 4 years) completed three

unilateral calf muscle exercises: standing calf press/heel raise, bent-knee calf

press/heel raise, and seated calf press/heel raise. Each exercise consisted of

four sets of 15 repetitions (�15 repetition maximum, RM, or �70% 1RM).

Fractional rate of muscle protein synthesis (FSR) was determined with a

primed constant infusion of [2H5]phenylalanine coupled with muscle biop-

sies immediately and 3 h following the exercise in both the exercise and non-

exercise (resting control) leg.

Results: FSR was elevated (P < 0.05) in the exercise (0.069 � 0.010) vs. the

control (0.051 � 0.012) leg. Muscle glycogen concentration was lower

(P < 0.05) in the exercise compared with the control leg (Decrease from

control; immediate post-exercise: 54 � 5; 3 h post-exercise: 36 �
4 mmol kg)1 wet wt.). This relatively high amount of glycogen use is com-

parable with previous studies of resistance exercise of the thigh (i.e. vastus

lateralis; �41–49 mmol kg)1 wet wt.). However, the exercise-induced in-

crease in FSR that has been consistently reported for the vastus lateralis

(�0.045–0.060% h)1) is on average �200% higher than reported here for

the soleus (0.019 � 0.003% h)1).

Conclusions: These results suggest the relatively poor response of soleus

muscle protein synthesis to an acute bout of resistance exercise may be the

basis for the relative inability of the calf muscles to respond to resistance

training programs.

Keywords amino acid metabolism, glycogen utilization, soleus muscle,

stable isotopes, weight lifting.

Anecdotal evidence from weightlifting men and women

suggests that the calf (i.e. triceps surae) muscles in

humans are relatively difficult to hypertrophy. This

suggestion is supported by the research studies that have

examined muscle size or strength before and after

resistance training of the triceps surae in young and old

individuals (Young et al. 1985, Weiss et al. 1988, Alway

et al. 1989, Porter & Vandervoort 1997, Connelly &

Vandervoort 2000, Krishnathasan & Vandervoort 2002,

Ferri et al. 2003). That is, these studies have reported

muscle strength and size responses that are much less than

are typically seen following resistance training of the

thigh or upper arm. In fact, some of these studies failed to

show an increase in calf muscle size (Weiss et al. 1988) or
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strength (Porter & Vandervoort 1997) following training.

These observations are important since the calf muscles

play a major role in walking, balance, and everyday

ambulatory activities (Ericson et al. 1986, Winter &

Yack 1987) in both young and old women and men.

A large component of the increase in muscle strength

following chronic resistance exercise training is a result

of the increase in muscle size (Moritani & de Vries 1979,

Cooke 1997). In turn, the increase in muscle size is a

result of a net accumulation of muscle protein through-

out the resistance training period. Measurements of

muscle protein synthesis have been used in the last

15 years to better understand the metabolic response of

muscle to resistance training (Chesley et al. 1992,

Yarasheski et al. 1993, Biolo et al. 1995b, Welle et al.

1995, Balagopal et al. 2001). Resistance training studies

of the thigh and upper arm muscles show that muscle

protein synthesis is significantly elevated within the first

hours and remains elevated for up to 48 h following a

single exercise session (Chesley et al. 1992, Biolo et al.

1995b, 1997, 1999, MacDougall et al. 1995, Phillips

et al. 1997, 1999, Gibala et al. 2000, Trappe et al.

2002). However, only one study has examined muscle

protein synthesis of any of the calf muscles (Fowles et al.

2000). These authors showed that passive stretch of the

calf muscles for �30 min was unable to increase soleus

muscle protein synthesis, yet active contraction of the

calf muscles at the same force level (�40% of maximal

voluntary contraction) did result in an increase in soleus

muscle protein synthesis. The absolute increase in

muscle protein synthesis was only slightly above that

induced by the passive stretch protocol and relatively

small when compared with the post-exercise responses

from studies of other muscles (Chesley et al. 1992, Biolo

et al. 1995b, 1997, 1999, MacDougall et al. 1995,

Phillips et al. 1997, 1999, Gibala et al. 2000, Trappe

et al. 2002). The relatively small increase in soleus

muscle protein synthesis might be expected given the

relatively low forces generated during the exercise.

The purpose of the current study was to determine if

the apparent reduced ability to adapt to strength

training might be, at least partially, explained by the

acute protein metabolic response of the calf muscles to

resistance exercise. Specifically, we measured the rate of

soleus muscle protein synthesis following a standard

bout of resistance exercise. Muscle glycogen utilization

and electromyographic activity were also monitored as

indices of muscular activity.

Materials and methods

Subjects

Eight male subjects were recruited from the greater

Stockholm area (27 � 4 years, 182 � 8 cm, and

80.5 � 8.4 kg; mean � SD). All of the subjects were

moderately active and none of them were involved in a

regular aerobic or resistance training regimen. All

procedures, risks and benefits associated with the

experimental testing were explained to the subjects

prior to providing consent according to the guidelines of

the Institutional Review Board of the Karolinska

Institute. The study was conducted in accordance with

the Declaration of Helsinki.

Experimental protocol

Each subject was asked to refrain from any physical

training and to maintain their normal dietary habits for

3 days prior to the experimental exercise bout and

measurement of muscle protein synthesis (see below).

On the third day of the self-monitored diet and activity

control period, each subject reported to the laboratory

to spend the night and to consume his evening meal.

The meal was provided in liquid form and contained

40% of their estimated caloric requirement [estimated

from Harris–Benedict (Harris & Benedict 1919) times

an activity factor of 1.5] and 54% carbohydrate, 29%

fat, and 17% protein (Ensure Plus). The meal was

consumed at a time that would standardize the morning

post-absorptive muscle protein synthesis measurements

(�12 h fast).

Muscle protein synthesis protocol. The following morn-

ing each subject was awaken, allowed to void, and

underwent the measurement of mixed muscle protein

synthesis of the soleus following a bout of resistance

exercise of one leg (Fig. 1) (Chesley et al. 1992, Phillips

et al. 1999, Fowles et al. 2000, Trappe et al. 2002). The

non-exercise leg served as a resting control. Each subject

had an 18-guage catheter placed in an antecubital vein

for the infusion of a stable isotopically labelled amino

acid ([2H5]phenylalanine; Cambridge Isotope Laborat-

ories, Andover, MA, USA). A 20-guage catheter was

placed in retrograde fashion in a dorsal vein of the

hand, which was heated to provide an arterialized blood

Figure 1 Infusion and exercise schematic.
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sample. [2H5]phenylalanine was dissolved in sterile

0.9% saline, filtered through a 0.2 lm filter before

infusion, and infused with a calibrated infusion pump

(Harvard Apparatus, Natick, MA, USA) at a rate of

0.05 lmol kg)1 min)1 following a priming dose of

2.0 lmol kg)1. This protocol has been shown to result

in steady state [2H5]phenylalanine enrichments in the

blood and muscle intracellular free amino acid pool

within 2 h (Phillips et al. 1997, Trappe et al. 2002).

Blood samples were drawn (t ¼ 1, 2 and 3 h post-

exercise) for the measurement of plasma enrichment of

[2H5]phenylalanine. Muscle biopsies were taken from

the soleus of both legs immediately after the exercise

protocol (t ¼ 0 h) and 3 h later (t ¼ 3 h) for the

measurement of muscle intracellular free amino acid

and protein-bound enrichment of [2H5]phenylalanine,

as well as muscle glycogen. Each muscle biopsy was

taken through a new incision, proximal to the previous

biopsy. Tissue was obtained following local anaesthetic

(Carbocaine HCl 1%) using a 5 mm Bergstrom needle

with suction (Bergstrom 1962). The muscle was

cleansed of excess blood, connective tissue, and fat

and immediately frozen in liquid nitrogen. The tissue

was stored at )80 �C or lower until analysis.

Exercise protocol. Each subject completed three separ-

ate unilateral calf exercises: (1) standing calf press/heel

raise, (2) bent-knee calf press/heel raise, and (3) seated

calf press/heel raise. Each exercise consisted of four sets

of 15 repetitions with a load that resulted in volitional

fatigue and loss of form within each set (i.e. �15

repetition maximum, RM or �70% 1RM). Two

minutes of rest were given between sets and 5 min

between exercises. The standing calf press/heel raise was

completed with a hip and knee angle of �180 � on a

platform that allowed for a full range of motion through

plantar and dorsiflexion. The weight lifted was the

subject’s body weight and up to 10 additional kilograms.

The additional load was adjusted between sets, if

needed, to assure good form and a full range of motion.

The bent-knee calf press/heel raise was performed with a

hip angle of �90 � and a knee angle of �150 � and the

seated calf press/heel raise was performed with a hip

and knee angle of �90 �, both completed in a similar

fashion as the standing calf press/heel raise.

Electromyography studies. Separate electromyography

(EMG) studies were completed on eight individuals

(5M, 3F; 27 � 4 years, 177 � 9 cm, and 78 � 8 kg;

mean � SD) to determine the relative activities of

the soleus and gastrocnemius muscles during each of

the three calf exercises. During the first visit to the

laboratory, maximal surface EMG activity was

assessed for the soleus muscle and the medial and

lateral aspects of the gastrocnemius muscle in either

the standing or seated position. During the second

visit, subjects performed the same protocol that was

used for the muscle protein synthesis studies (i.e. four

sets of 15 repetitions at 15RM for each exercise). The

order of the three exercises was random and at least

60 min of recovery was allowed between exercises.

EMG activity was recorded using disposable bi-polar

Ag–Ag/Cl surface EMG electrodes (Multi Bio Sensors,

El Paso, TX, USA) affixed over the soleus and the

lateral and medial gastrocnemius muscles. A reference

electrode was placed over the proximal tibial bone.

Electrode position was retained throughout the series

of experiments. The amplified raw EMG signal was

filtered through a band-pass filter with low and high

cut-off frequencies of 6 and 1500 Hz, respectively. The

filtered signal was converted to a root mean square

(RMS) signal using an AD536 circuit (Analog Devices,

Norwood, MA, USA) with an averaging constant of

100 ms. The converted signal, RMS of the raw signal,

was then sampled at 100 Hz using the MuscleLabTM

system (Ergotest AS, Langesund, Norway) as described

elsewhere (Bosco et al. 1999). Maximal EMG of any

muscle was defined as the RMS of the EMG during a

1-s window that showed the highest activity during

several maximal isometric actions performed at var-

ious joint angles. The EMG activity for each muscle

was averaged across all repetitions and sets of each

exercise and normalized to the maximal EMG activity

of that muscle.

Laboratory analysis

Measurement of isotope enrichment. Blood samples

were analysed for plasma [2H5]phenylalanine enrich-

ment and muscle samples were analysed for free

intracellular and protein-bound [2H5]phenylalanine

enrichment by mass spectrometry as previously des-

cribed (Biolo et al. 1995a, Phillips et al. 1997), using

the tert-butyldimethylsilyl (t-BDMS) derivative of phe-

nylalanine. Briefly, each blood sample was deprotei-

nized with 15% sulfosalicylic acid. Each muscle sample

(�30 mg) was weighed on a precision microbalance

(Cahn 35; Orion Research, Beverly, MA, USA) at

)45 �C. Each sample was then homogenized with

500 lL of ice-cold 14% perchloric acid, centrifuged,

and the supernatant was collected. This process was

completed two more times and the supernatants for

each sample were pooled for the muscle intracellular

sample. The remaining pellet was washed in purified

and deionized H2O, washed three times in ethanol, and

then dried overnight at 50 �C. The dried pellet was

placed in 6 N HCl and hydrolysed for 24 h at 120 �C.

The deproteinized blood samples, the muscle

intracellular samples, and the protein hydrolysates

(i.e. the protein-bound samples) were deionized using
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an acid-washed cation exchange column (Dowex AG

50W-8X, 100–200 mesh, H+ form; Bio-Rad, Hercules,

CA, USA). Amino acids were eluted from the column

with 4 N NH4OH, and the eluate was collected and

dried under vacuum with a Speed–Vac rotary drying

apparatus (Savant Instruments, Farmingdale, NY,

USA). The samples were then processed to produce

the t-BDMS derivative of phenylalanine. Derivatives

were analysed by gas chromatography–mass spectrom-

etry (GC–MS) (GC-6890 and MS-5973N; Agilent

Technologies, Wilmington, DE, USA) using electron

impact ionization and selected ion monitoring of m/z

336 (m + 0), 337 (m + 1), and 341 (m + 5) for the

blood samples and 234 (m + 0), 235 (m + 1), 237

(m + 3), and 239 (m + 5) for the muscle intracellular

and protein-bound samples, with m + 0 representing

the lowest molecular weight of the ion. Plasma and

muscle intracellular [2H5]phenylalanine enrichments

were measured from the m + 5 to m + 0 ratio. Enrich-

ment of the protein-bound samples was determined

using the m + 5 to m + 3 ratio and a linear standard

curve from mixtures of known m + 5 to m + 0 ratios, as

previously described (Calder et al. 1992, Patterson et al.

1997).

Measurement of muscle glycogen. Prior to determin-

ation of muscle glycogen concentrations, a piece of

muscle (�10 mg) was weighed on a precision micro-

balance (Cahn 35; Orion Research) at )45 �C. Each

muscle sample was freeze-dried for 72 h and re-weighed

to determine the dry weight and water content of the

muscle. Total muscle glycogen was determined in

triplicate after hydrolysis of the muscle in hydrochloric

acid (Passonneau & Lauderdale 1974). The resultant

glucose residues from the hydrolysis were measured

fluorometrically with the hexokinase-glucose-6-phos-

phate dehydrogenase reaction (Passonneau & Lowry

1993).

Calculations

Fractional rate of muscle protein synthesis (FSR) was

calculated as the rate of [2H5]phenylalanine tracer

incorporation into muscle protein using the muscle

intracellular free [2H5]phenylalanine enrichment as the

precursor and the following equation:

FSRð% h�1Þ ¼ fðEt3 � Et0Þ=½Epðt3 � t0Þ�g � 60 � 100

where Et0 and Et3 are the protein-bound [2H5]pheny-

lalanine enrichments from the t ¼ 0 h and t ¼ 3 h

biopsies, respectively, (t3 ) t0) is the phenylalanine

tracer incorporation time (in minutes), and Ep is the

mean intracellular free [2H5]phenylalanine enrichment

from both biopsies (t ¼ 0 and 3 h) (Phillips et al. 1997,

Trappe et al. 2002).

Statistics

FSR between the exercise and control leg was compared

with a paired t-test (n ¼ 7). Muscle glycogen concen-

trations and muscle water content were compared with

a two-way anova with repeated measures (leg and

time) (n ¼ 8). Significance was accepted at a level of

P < 0.05. All data are presented as mean � SE, except

were noted.

Results

Plasma [2H5]phenylalanine enrichment (expressed as

the tracer to tracee ratio) was similar over the 3-h

period used to calculate muscle protein synthesis (1 h:

0.078 � 0.005, 2 h 0.079 � 0.005, and 3 h: 0.075 �
0.005). Muscle intracellular [2H5]phenylalanine enrich-

ment was also similar between the first and second

biopsy in the control (0 h: 0.039 � 0.003 and 3 h

0.043 � 0.004) and the exercise (0 h: 0.047 � 0.003

and 3 h 0.043 � 0.003) leg. Soleus mixed muscle

protein synthesis was elevated (�35%, P < 0.05) in

the exercise (0.069 � 0.010) compared with control

(0.051 � 0.012) leg (Fig. 2).

Muscle glycogen concentration was lower (P < 0.05)

in the exercise compared with the control leg immedi-

ately after exercise ()54 � 5 mmol kg)1 wet wt.) and

three hours later ()36 � 4 mmol kg)1 wet wt.) (Fig. 3).

Water content of the muscle was elevated (P < 0.05,

main effect for exercise vs. control leg) in the exercise

leg (0 h: 79.4 � 0.7 and 3 h 78.9 � 0.6; mean:

79.2 � 0.6%) compared with the control leg (0 h:

76.9 � 0.7 and 3 h 78.0 � 0.9; mean: 77.5 � 0.6%).

However, this did not influence the interpretation of the

muscle glycogen results and for the purpose of compar-

ing to previously published values, muscle glycogen

concentrations are presented based on the wet weight of

the muscle.

Figure 2 Soleus muscle protein synthesis in the control and

exercise leg. *P < 0.05 from the control leg.
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The average normalized EMG activity varied across

muscles and exercises (Fig. 4). The lateral and medial

gastrocnemius muscles showed very similar responses to

each of the three exercises (�60–100%) and the soleus

muscle showed very similar magnitude of use across the

three exercises (�70–80%).

Discussion

The practical and available scientific information sug-

gests the calf muscles are relatively resistant to strength

training adaptations when compared with other mus-

cles. This information coincides with the findings from

the present study of a relatively small increase in mixed

muscle protein synthesis of the soleus (0.019 �
0.003% h)1) following an acute bout of resistance

exercise compared with consistently reported values for

the vastus lateralis (�0.045–0.060% h)1) (Fig. 5).

The resistance exercise regimen used in the current

study was designed to provide a resistance exercise

stimulus that when performed chronically would induce

muscle hypertrophy of the calf muscles. The repetitions

performed for the calf muscle exercises for each set (15

reps) was slightly higher than is typically used (6–12

reps) for resistance training of other muscles. However,

we based the design of the exercise regimen on the

recommendation of weight training authorities for

different levels of basic training and what is common

practice among weightlifters. The large amount of

glycogen use (Figs 3 and 6) and EMG activity (Fig. 4)

of the soleus show this muscle was highly active during

the exercise regimen. When compared with studies that

have measured glycogen use during an acute bout of

resistance exercise of the thigh (vastus lateralis), the

amount of glycogen use in the current study was equal

to or greater than has been reported (Fig. 6). Further, it

Figure 3 Soleus muscle glycogen concentration in the control

and exercise leg. *P < 0.05 from the control leg.

Figure 4 Normalized EMG activity of the lateral and medial

gastrocnemius muscles and the soleus muscle for each of the

three exercises used during the soleus muscle protein synthesis

measurements.

Figure 5 Resistance exercise-induced change in soleus (current

study) and vastus lateralis [open circle (Biolo et al. 1995b),

filled circle (Phillips et al. 1997), open square (Hasten et al.

2000), filled square (Biolo et al. 1999), open triangle (Phillips

et al. 1999)] muscle protein synthesis.

Figure 6 Resistance exercise-induced change in soleus (current

study) and vastus lateralis [open circle (Essen-Gustavsson &

Tesch 1990), filled circle (Robergs et al. 1991), open square

(Robergs et al. 1991), filled square (Pascoe et al. 1993), open

triangle (Tesch et al. 1986), filled triangle (Pascoe et al. 1993)]

glycogen content.
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is well known that the resistance exercise paradigms

used in those studies (Tesch et al. 1986, Essen-Gustavs-

son & Tesch 1990, Robergs et al. 1991, Pascoe et al.

1993), when performed chronically, will result in large

increases in muscle mass and strength.

When discussing muscle-specific metabolic responses,

the fibre type composition of the muscle must also be

considered, as muscle fibres of different type (i.e.

different myosin heavy chain profile) have different

metabolic profiles (Saltin & Gollnick 1983). In humans

the soleus is comprised primarily of slow (type I) muscle

fibres (>80–90%), while the vastus lateralis is considered

a ‘mixed’ muscle since it contains proportions of slow

and fast (IIa and IIx) muscle fibres, and usually none of

which alone make up more than 50% of the fibre

population (Gollnick et al. 1974, Saltin & Gollnick

1983, Pette & Staron 2000). The calf or triceps surae, in

addition to the soleus, also contains the medial and

lateral gastrocnemius muscles, which are generally

considered mixed muscles. Thus, the response of the

gastrocnemius muscles may be unlike the soleus and

more like the vastus lateralis. We specifically examined

the soleus in the current study because it is a significant

percentage of the triceps surae muscle mass and because

it is highly involved in normal daily ambulatory

activities. Studies of individuals that undergo chronic

resistance training of the thigh show that within the

vastus lateralis muscle, the type I fibres are less

responsive (i.e. hypertrophy less) than the type II fibres

(Tesch & Karlsson 1985, Hather et al. 1991). Thus,

differences in fibre type between muscles may be an

underlying basis for the muscle specific protein synthesis

responses that are discussed here. However, factors that

may influence or give rise to the fibre type of a muscle,

such as the general daily activity pattern, may also

influence the specific metabolic response of a muscle.

Data from studies that have examined muscle protein

synthesis of the vastus lateralis (Phillips et al. 1999,

2002) and biceps brachii (Chesley et al. 1992, Mac-

Dougall et al. 1995) in chronically resistance trained

individuals show that the muscle protein synthesis

response to a single bout of resistance exercise is

attenuated when compared with moderately trained or

untrained individuals. These findings suggest that

chronically trained muscle has adapted in some way

that reduces the protein synthetic response to an acute

bout of resistance exercise. Further, the results from

these studies show an acute increase in muscle protein

synthesis following resistance exercise (0.02–

0.03% h)1) that is closer to the response of the soleus

in the current study. Given the relatively high level of

soleus muscle activity during normal activities of daily

living (Ericson et al. 1986, Winter & Yack 1987), this

muscle could be considered to be chronically trained,

even in individuals that do not regularly exercise their

calf muscles or possibly even in sedentary men and

women.

The rate of resting soleus muscle protein synthesis in

the current study (0.051 � 0.012% h)1) is comparable

with the only other study that has examined human

soleus muscle protein synthesis (0.049 � 0.018 and

0.067 � 0.025% h)1) (Fowles et al. 2000). These data

are also comparable with rates of muscle protein

synthesis that have been reported for the vastus lateralis

(Yarasheski et al. 1993, Biolo et al. 1995a,b, Phillips

et al. 1997, Balagopal et al. 2001, Trappe et al. 2002),

biceps brachii (Chesley et al. 1992, MacDougall et al.

1995), and posterior deltoid (Tipton et al. 1996). Thus,

it appears that resting muscle protein synthesis is not

different in human muscles with different fibre type

composition or general function. This is in contrast to

the animal literature, which shows a much larger rate of

muscle protein synthesis in muscles comprised primarily

of the slow fibre type compared with muscles that are

primarily of the fast fibre type (Fluckey et al. 1996,

Hernandez et al. 2000).

The results from this study suggest that the relative

inability of the soleus muscle to increase protein

synthesis following an acute bout of resistance exercise

may partially explain the general observation that the

calf muscles are relatively difficult to hypertrophy with

chronic resistance training. Further studies are needed

to examine the time course of the increase in muscle

protein synthesis following an acute bout of resistance

exercise of the soleus and other calf muscles as

compared with other muscles of the body. Studies are

also needed to determine the underlying factors that

regulate the muscle specific protein synthesis response

following acute and chronic resistance exercise training.
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