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ABSTRACT: The calf muscle energy metabolism of 8 stable chronic obstruc
tive pulmonary disease {COPD) patients with chronic respiratory failure (arte· 
rial oxygen tension (Pao

1
) 7.7±0.4 kPa or 58:t3 mmHg) was studied, using 

31-phosphorus magnetic resonance spectroscopy (11P MRS). MRS spectra were 
acquired at rest and during the course of 360 pedal movements at 20, 35 and 
SO% of the maximal voluntary contraction (MVC) and during recovery. Eight 
healthy age-matched subjects served as the control group. 

No significant differences between groups were observed In resting muscle, 
as regards intracellular pH, Pl/PCr ratio (Pi: lnorganlc phosphate; PCr: phos· 
phocreatine) and the relative ATP expressed as the ratio PATP/PCr+Pi+PME 
(PME: phosphomonoester). Altltough effective power outputs were slmJiar for 
both groups at each work level, COPO patients exhibited a hlgher Pi/PCr ra
tio than healthy controls (3.34:&:0.89 vs 0.49:t:O.OS at SO% MVC; p<O.Ol) and a 
lower pH

1 
(6.6S:t:O.U vs 7.06:t0.02 at 50% MVC; p<O.Ol). PCr resynthesis dur· 

lng recovery was slower In patients than In control subjects (t 113 PCr 1.27:t0.26 
min vs 0.47:t:O.OS min; p<O.OS). 

These results suggest impairment of aerobic capacity in a non-ventilatory 
working muscle, which may be due to hypoxaemia In patients with chronic res· 
plratory failure. 
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Advanced chronic obstructive pulmonary disease 
(COPD) can lead to chronic hypoxaemic respiratory 
failure with or without hypercapnia. Long-term oxy
gen therapy has been shown to be of benefit to some 
patients with this condition [1, 2). Adaptation to 
long-term hypoxaemia may lead to structural and 
functional changes in tissues such as skeletal muscle 
[3]. Relatively little is known, however, about the 
intracellular consequences of chronic hypoxaemia. 
Some studies have investigated changes in muscle 
metabolism in severe COPD and found low tissue 
concentrations of phosphocreatine (PCr) and adenos
ine triphosphate (ATP) [ 4-8] . These studies, however, 
were only performed on resting patients and, in addi
tion, in some of these, acidaemia associated with acute 
respiratory failure may have contributed to the 
metabolic changes found. 

adenosine triphosphate (A TP), and provides a measure
ment of intracellular pH (pH

1
) [9]. This technique has 

been used to study metabolic myopathies [10, 11] ;md 
peripheral consequences of chronic heart failure (12]. 

Phosphorus magnetic resonance spectroscopy 
(l1P MRS) is a safe and non-invasive method for 
studying intracellular phosphate metabolites: namely, 
phosphocreatine (PCr), phosphomonoesters (PME), and 

We have examined the alterations in high energy 
phosphate compounds in advanced COPD with chronic 
respiratory failure, us'ing 31P MRS. Calf muscle 
metabolism was studied at rest, and during graded 
standardized exercise consisting of active plantar 
flexion of the foot. 

Material and methods 

Subjects 

Eight patients gave their written informed consent to 
participate in the study, which had been approved by 
the local ethics committee. All patients had severe 
COPD, defined as: a history of productive cough and 
dyspnoea, chronic irreversible airflow limitation, and 
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gas exchange alterations leading to chronic hypoxae
mia. Six of the patients were currently receiving long 
term oxygen therapy at home. 

As distal limb exercise impairment caused by other 
conditions could also alter muscle metabolism, we 
excluded patients with any likely generalized or local 
neuromuscular impairment. Moreover, we excluded 
patients with clinical criteria of left ventricular 
dysfunction or radiological evidence of cardiomegaly 
and/ or interstitial oedema, and those with decreased 
left ventricular ejection fraction when such data was 
available. Similarly, distal arteriopathy and diabetes 
mellitus were exclusion criteria. The absence of any 
neuromuscular disease especially polyneuropathy was 
assessed by clinical examination and electromyo
graphy, when available. A recent weight loss (>5% 
of body weight) or a body weight <85% of "ideal" 
body weight (using the formula: ideal weight = 
(height-lOO + age/10) x 0.9) [13] were also exclusion 
criteria, as were treatment by calcium-blockers, 
corticosteroid therapy or almitrine-bismesylate. 

Subjects were in "steady-state" at the time of the 
study as defined by absence of bronchial infection, 
right ventricular failure, or recent deterioration of 
blood gases. 

Eight nonsmoker voluntary controls, matched for 
age and sex, without any history of cardio-respiratory 
symptoms, who were not in regular physical training, 
but were normal on clinical examination, were chosen 
as a control group. 

Pulmonary function tests 

Each patient had lung volumes and flow rates 
measured by spirometry and functional residual 
cap-acity (FRC) by helium dilution technique (Trans
fer-screen, Jaeger, Wuizburg, Germany). Arterial blood 
gases were measured in a semi-sitting posture (ABL 
3, Radiometer, Copenhagen, Denmark) on room air. 

We measured maximal strength of respiratory 
muscles (Pimax and PEmax) using a Validyne pressure 
sensor (:tlOO cmH20), as described by BLAcK and 
HYATI (14). 

Exercise design 

Subjects were in a semi-sitting posture with the legs 
extended inside a Bruker 2.35 Tesla 35 cm horizontal 
bore spectrometer. The gastrocnemius muscle was 
placed in close contact to the coil of the magnet (6 
cm diameter). Exercise movement consisted of an ac
tive plantar flexion of the foot (calf contraction) 
against three levels of graded resistance. The maximal 
isometric voluntary contraction of the calf muscle 
(MVC) was measured before the exercise was per
formed. The load was then adjusted to 20%, 35%, 
50% of MVC. The exercise schedule consisted of 360 
movements of plantar flexion (120 movements at each 

level of load). A loud signal was heard half a second 
after the end of each movement, thereby helping the 
patient to perform the exercise at a constant frequency 
(0.5 Hz) with a brief pause period after each move
ment. Radial pulse frequency was measured at rest, 
and when exercise was completed, in order to assess 
cardiorespiratory stability during the whole exercise. 

An ergometer was used to record the mechanical 
characteristics of calf muscle contraction [15]. Briefly, 
the pedal movement around a 30° angle was linked to 
a measuring table with a strain gauge and a displace
ment transducer. Force, displacement and pedal 
frequency were transmitted to a graphic recorder and 
sampled with an analogue-to-digital converter to be 
stored in a computer. Thus, mean pedal velocity 
(cm·s·1) and mean power output (Watt) were measured 
from 20 randomly chosen movements at each exercise 
load. 

31 P NMR metabolic parameter 

Phosphorus-31 NMR spectra have been determined 
at rest, during exercise and recovery. Each spectrum 
was acquired after completion of 20 simple 
radiofrequency pulses. During exercise, these pulses 
were synchronized with the termination of the pedal 
movement. Spectral analysis was based on the inte
grated measurement of PME (phosphomonoesters), 
Pi (inorganic phosphate), PCr (phosphocreatine) and 
~ATP peaks, without baseline correction. The ratios 
of Pi/PCr, ~ATP/PCr+Pi+PME and PCr/PCr+Pi+PME 
were determined for data analysis. The sum 
PCr+Pi+PME served as internal standard. The intra
cellular pH was calculated from the chemical shift of 
Pi relative to that of PCr, as described by TAYLOR et 
al. [16]. Ten spectra were obtained over a 5 min pe
riod during recovery. PCr resynthesis was then fitted 
by a monoexponential model using a least-square 
mathematical method, allowing the calculation of t

112 
PCr (min). 

Cross sectional area measurements 

Power outputs were expressed by unit of cross
sectional calf muscular area (Watt·cm2) determined by 
a morphometric method, as previously described (17]. 
We have evaluated this method by magnetic resonance 
imaging (MRI). Sixteen calf muscles were examined 
with a 0.5 Tesla imaging system (MR Max, General 
Electric); the images were obtained from 10 mm thick 
slices at the same location of morphometric measure
ment. A close correlation was observed between both 
methods (r=0.95) which allowed us to use the 
morphometric method for the present study. 

Statistical analysis 

Comparisons between both groups were by Mann
Whitney U test. Changes in each variable within 
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group were evaluated by Wilcoxon signed-rank test. 
Correlations used Spearrnan rank correlation coefficient 
(r'). P-values less than 0.05 were considered as 
significant. Data were expressed as mean:t:SEM. 

Results 

Anthropometric data 

Table 1 shows the anthropometric features of our 
patient population. The body weight as percentage of 
predicted ranged from 87-122%, with no obese or 
malnourished patient. 

Table 1. - Anthropometric data and diagnoses 

Patients Age Height Weight Weight Diagnoses 
yrs m kg %pred 

1 66 1.55 66 118 COPD 
2 74 1.66 65 100 COPD 
3 74 1.72 80 112 COPD 
4 60 1.50 48 95 COPD 

+kyphoscoliosis 
5 74 1.77 67 94 COPD 
6 67 1.68 55 91 COPD 
7 59 1.82 98 122 COPD 
8 72 1.72 62 87 COPD 

COPD: chronic obstructive pulmonary disease. 

Pulmonary function data 

The pulmonary functional characteristics are shown 
in table 2. The patients exhibited severe airflow 
obstruction forced expiratory volume in one second/ 
vital capacity (FEV1NC 45:t5%, FEV1 l.Ol:t:O.ll ). 
None of the patients had significant hyperinflation as 
reflected by total lung capacity (TLC) (table 2). Three 
of them had ne values less than 70% of predicted 
[18]. This was related in one case to kyphoscoliosis 
associated with obstructive chronic bronchitis. The two 
other patients exhibited some degree of kyphosis which 
may explain their restrictive component. 

Table 2. - Functional data 

Patients IVC 

The patients had a moderate to severe hypoxemia 
(arterial oxygen tension (PaoJ 7.7:t0.4 kPa or 58:t3 
mmHg, ranging from 44-65) and a moderate hyper
capnia (arterial carbon dioxide tension (Paco~ 6.3:t0.27 
kPa or 47:t2 mmHg, ranging from 34-54, with 7 out 
of 8 patients above 44 mmHg). The stable state was 
reflected by pH values (7.40±0.01). 

The maximum static inspiratory (MIP) and expira
tory (MEP) pressures were available for only 7 
patients. Both MIP and MEP were low (62±6 cmHp, 
61% of predicted and 101±8 cmH20, 52% of pre
dicted, respectively). 

Resting values 

The cross-sectional muscle areas were smaller in 
COPD patients than in control group (60.3±3.8 cm2 vs 
73.6±3.8 cm2; p<0.05). However, the maximal 
voluntary contraction (MVC) normalized for the 
cross-section of the calf muscle (MVC/surface), shown 
in table 3, was not statistically different between the 
two groups. 

There was no significant difference in Pi/PCr, 
pH

1 
and relative ATP between the two groups at rest, 

as mdicated in table 3. However there were individual 
differences in pH1 values. Three out of the eight 
patients had high resting pH

1 
values (7.14, 7.36, and 

7.21 for patients 1, 3 and 5, respectively). 

Exercise data 

The cardiac frequency measured at rest and at the 
end of exercise remained constant both in patients 
(78±3 min·1 at rest vs 80±4 min·1 at the end of 
exercise; Ns) and normals (67:t3 min·• vs 71±4 min·1; 

NS). 
The results are indicated in table 4 for each level 

of exercise (20%, 35% and 50% MVC) both for 
patients and controls. The intra-cellular pH (pH1) 

decreased at 35 and 50% MVC in patients which 
was not the case in normals. Similarly, the Pi/PCr 
ratio increased much more in patients than in controls 

Pao
2 

Paco
2 

pH MIP MEP FEV
1 

I(% pred) I(% pred) 
FEY/VC TLC 

% I(% pred) kPa kPa cm Hp cm Hp 
(% pred) (% pred) 

1 0.60 (27) 1.63 (55) 37 3.40 (65) 6.8 6.9 7.43 58 (57) 105 (53) 
2 0.99 (36) 2.40 (69) 38 5.60 (90) 8.7 6.7 7.41 72 (70) 73 (38) 
3 0.93 (33) 2.85 (76) 33 6.15 (92) 5.7 7.2 7.38 38 (37) 136 (73) 
4 0.93 (42) 1.29 (46) 72 2.60 (53) 7.7 6.7 7.38 88 (85) 81 (44) 
5 1.20 (38) 3.19 (76) 38 6.30 (93) 8.3 5.5 7.40 72 (70) 114 (58) 
6 0.77 (20) 1.90 (53) 40 4.72 (76) 8.5 4.5 7.41 50 (49) 105 (53) 
7 1.46 (40) 2.76 (58) 53 7.74 (104) 7.1 6.4 7.39 58 (56) 90 (41) 
8 1.17 (41) 2.33 (61) 50 5.43 (68) 8.5 6.0 7.41 

FEV
1
: forced expir-atory volume in one second; IVC: inspiratory vital capacity; VC: vital capacity; TLC: total lung 

capacity; Pao1, Paco2: arterial oxygen and carbon dioxide tensions, respectively; MIP, MEP: maximum inspiratory and 
expiratory pressures, respectively. 
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(p<O.Ol) for comparable power outputs (fig. 1 and 
table 4). No significant variations of relative ATP 
were observed from resting values to the end of ex
ercise in both groups. There was no correlation be
tween Pao1 and any metabolic parameter in the COPD 
group. There was no other correlation between meta
bolic parameters and functional data in this group. 

Table 3. - NMR values at rest for COPD and age
matched control subjects 

pH, 
Pi/PCr 
ATP/{PCr+Pi+PME) 
MVC/Surface 

Respiratory failure 
patients 

7.07±0.07 
0.16±0.01 
0.13±0.01 
0.46±0.04 

Control 
subjects 

7.04±0.02 
0.15±0.01 
0.12±0.01 
0.36±0.02 

NS 
NS 
NS 
NS 

pH
1
: intracellular pH, Pi/PCr: ratio of inorganic phosphate to 

phosphocreatine; PME: phosphomonoesters, MVC/Surface: 
maximal voluntary contraction per calf muscle cross section 
area unit; COPD: chronic obstructive pulmonary disease; Ns: 
not significant. 

Pi/PCr 

4~-------------------------r--~ 

• • 

3 

2 

o+---~~--~--~~---r--~~ 

0.0 0.1 0.2 0.3 0.4 

Mean power output W·cm2 

Fig. 1. - Relationship between mean output power and Pi/PCr at 
rest, 20%,35% and 50% MVC in COPD patients (open squares) and 
control subjects (circles).(" •: p<O.Ol). Pi: inorganic phosphate; PCr: 
phosphocreatine; MVC: maximum isometric voluntary contraction; 
COPD: chronic obstructive pulmonary disease. 

Although the exercise had been achieved by all the 
subjects, without any subjective muscular fatigue or 
exhaustion, it was noted that movement velocity 
decreased at 35 and 50% compared to 20% MVC only 
in COPD patients (table 4). 

During the recovery period, the resynthesis rate of 
phosphocreatine was slower in COPD patients, as re
flected by a significantly higher t

112 
PCr value 

(p<0.05). 

Table 4. - NMR values during exercise and recovery 
for COPD and age-matched control subject 

Respiratory failure Control 
patients (n=8) subjects (n=8) 

20% MVC 

pH 6.99±0.07 7.05±0.02 NS 
Pi/i>Cr 0.73±0.12 0.28±0.02 NS 
P W·cm2 0.19±0.02 0.16±0.02 NS 
Velocity cm·s·1 21.30.±1.59 21.76±0.60 NS 

35% MVC 

pH 6.68±0.12 7.07±0.02 p<0.05 
PiJi>Cr 1.68±0.46 0.38±0.03 p<O.Ol 
P W·cm2 0.27±0.01 0.29±0.03 NS 
Velocity cm·s·1 17.22±1.00 21.17 ±0.63 p<0.05 

SO% MVC 

pH 6.65±0.10 7.05±0.01 p<O.Ol 
Pi/i>Cr 3.34±0.89 0.49±0.05 p<0.01 
P W·cm2 0.34±0.02 0.37±0.03 NS 
Velocity cm·s·1 16.01±1.08 19.40±1.07 p<0.05 
ATP/(Pi+PCr+PME) 0.10±0.01 0.12±0.01 NS 

Recovery 
t112 PCr min 1.27±0.26 0.47±0.05 p<0.05 

pH
1
: intracellular pH; Pi/PCr: ratio of inorganic phosphate to 

phosphocreatine; P: mean output power normalized for calf 
muscle cross sectional area; velocity: mean pedal velocity for 
each exercise level; PME: phosphomonoesters; I~ PCr: half 
recovery time of phosphocreatine; COPD: chrome obstruc
tive pulmonary disease; NS: not significant. 

Discussion 

The major finding of this study is the impairment 
of peripheral muscular metabolism in 8 patients with 
chronic hypoxaemia. During a standardized graded 
steady-state exercise, the patients exhibited marked 
changes in pH and Pi/PCr ratio. 

This kind of exercise was chosen in order to study 
the muscular aerobic capacity characterized as follows: 
an absence of progressive acidosis, a normal ATP 
level and a Pi!PCr ratio that varies linearly with work 
rate [19]. The results found in the control group were 
in accordance with these criteria. It should be empha
sized that any comparison of metabolic parameters 
should be related to the effective power output. The 
latter was calculated from force and displacement 
measured by our e.rgometer [15). This enabled us to 
ensure that the effective power outputs were similar 
for both groups. In fact, the increase in power output 
was slightly lower in the COPD group than in the con
trol group, because of the reduction of the movement 
velocity in patients at 50% MVC compared with 20% 
MVC. COPD patients merely exhibited lower cross
sectional muscular areas, in spite of an absence of re
cent weight loss, which may reflect some moderate 
malnutrition. The power output was thus corrected for 
cross-sectional muscular area, as it has been shown to 
correlate well with muscular strength [20]. 
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We did not measure blood gases during exercise, 
because it was technically impossible to do so whilst 
the patient was inside a high magnetic field. The 
stability of the heart rate during the whole exercise re
flected the absence of any cardiac or systemic 
vascular effect of this kind of local exercise. The lack 
of change in heart rate suggests that blood gases were 
not altered during this type of exercise. 

Phosphorus magnetic resonance spectroscopy is a 
non-invasive method useful for studying human meta
bolic myopathies and peripheral consequences of 
heart failure [10-12}. A preliminary 31P MRS study 
on muscular metabolism in hypoxic COPD has been 
recently reported [21]. The aim of the present work 
was to examine the metabolic effects of chronic 
hypoxaemia on a non-ventilatory working muscle in 
relation to increasing effective power outputs. Bio
chemical assays were previously performed in resting 
muscles; ATP and PCr contents at rest were decreased 
in COPD patients with acute respiratory failure (4, 
7]. Effects of chronic hypoxaemia have also been 
evaluated in "stable" patients [8]. In that study ATP 
was low, although not different from COPD patients 
without chronic respiratory failure. In contrast, no 
evidence of A TP depletion was found in the present 
study. This is in accordance with the results reported 
in a recent study on isolated blood-perfused muscle 
during hypoxaemia, using the 31P NMR technique (22]. 
The differences found with biochemical assays may be 
related to the various ATP fractions actually measured 
[5, 6]. 

Although mean pH1 value was normal at rest, 3 out 
of the eight patients had higher pH1 values than 
controls as reported in muscle denervation (23 ]. It 
should, however, be emphasized that Pi/PCr ratio val
ues at rest were strictly normal for these three sub
jects as for the whole COPD population. Although no 
EMG data are available for these three patients, the 
normal Pi/PCr ratio suggests that no severe neuro
muscular impairment was present since a strong cor
relation had been described between clinical status, 
EMG findings and Pi/PCr ratio at rest in muscle 
denervation [23]. The high pH1 values, however, may 
reflect some muscular impairment at rest, in spite of 
the strict exclusion criteria applied. 

In this study, during moderate steady-state exercise, 
Pi/PCr ratio was markedly increased in the COPD 
group with a drop in pHr The energy used for mus
cular contraction was comparable in both groups since 
the power outputs were similar. The increased Pi!PCr 
ratio in COPD patients was therefore the result of im
paired ATP resynthesis from oxidative phosphorylation 
since in vitro studies have shown that the Pi/PCr 
ratio is proportional to the mitochondrial respiration 
rate (24}; another energy source such as glycolysis is 
then required for supplementary ATP production. This 
was reflected by a decrease of pH

1
, probably due to 

lactate accumulation while A TP level was maintained 
constant. Moreover the resynthesis rate of PCr which 
reflects mitochondrial oxidative metabolism [25] 
was lower in the COPD patients, as reported in 

mitochondrial myopathies and ischemic vascular limb 
diseases (26-28]. The reduction of the movement ve
locity in COPD patients may be an index of periph
eral fatigue even if no clinical symptom of exhaustion 
was present. 

No correlation was found between pulmonary 
function data and metabolic muscular parameters. It 
should be particularly noted that there was no corre
lation between Pao2 and metabolic parameters. This 
may be explained in part by variable tissue oxygena
tion related to different oxygen transport or extraction 
ratio (oxygen consumption/oxygen transport). 

Most of our patients exhibited a moderate hypercap
nia without any respiratory acidosis. There is experi
mental evidence of hypercapnia and acidosis having 
effects on muscle metabolism, with both leading to 
decrease in oxygen supply [29]. It seems also that hy
percapnia associated with acidosis may affect both 
aerobic and anaerobic metabolisms (30]. In COPD pa
tients acute hypercapnia and respiratory acidosis may 
contribute to the decrease in ATP and phosphocreat
ine content (4, 7]. The situation may thereby be dif
ferent when dealing with chronic hypercapnia, 
associated with normal extra-cellular pH and with no 
resting intra-cellular acidosis as was the case in our 
experiment. To our knowledge, the effects of chronic 
hypercapnia on muscular metabolism remain 
unknown. Thus, some contribution of chronic hyper
capnia to our results cannot be excluded. One way 
to separate hypoxaemia and hypercapnia effects may 
be to examine the effects of oxygen administration 
on exercising muscle. This situation which may 
restore normoxaemia and maintain or slightly increase 
hypercapnia is currently being investigated by our 
group. 

Several mechanisms could account for this metabo
lism dysfunction such as changes in oxygen 
availability and/or alteration in cellular respiration. 
Microangiopathy has been reported in COPD patients 
and essentially attributed to hypoxia [31 ]. This kind 
of tissue injury may compromise oxygen delivery 
to the working muscle. Some other factors such as 
tobacco consumption and physical training could also 
be of importance. It should be pointed out the 
difficulties in determining precisely the natural course 
of the disease, especially the effective time spent in 
hypoxemia. The effects of physical training previously 
reported as increasing muscular oxidative capacity in 
normals [32] should be fu~ther investigated in these 
patients. 

Conclusion 

These results suggest that the impairment of 
muscular oxidative capacity in COPD patients is due 
to inadequate oxygen delivery to the peripheral mus
cle. A moderate exercise similar to that of sedentary 
aged-matched subjects induced limited ATP production 
from oxidative metabolism and an activation of 
glycolysis. Several mechanisms could account for 
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this such as reduction of blood flow, density of cap
illaries, mitochondrial population, mitochondrial 
dysfunction, or a direct effect of reduced oxygen 
delivery. 
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