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Reduced Metabolic Efficiency of Skeletal Muscle Energetics in Hyperthyroid 
Patients Evidenced Quantitatively by In Vivo Phosphorus-31 Magnetic Resonance 

Spectroscopy 

Minna Erkintalo, David Bendahan, Jean-Pierre Matt~i, Claudia Fabreguettes, Philippe Vague, 
and Patrick J. Cozzone 

Skeletal muscle energetics of seven hyperthyroid patients were investigated throughout a rest-exercise-recovery protocol 
using phosphorus-31 magnetic resonance spectroscopy (alp MRS) to quantitatively document in vivo the metabolic bases of 
impaired muscle performance in hyperthyroidism. The contributions of the main pathways of adenosine triphosphate (ATP) 
synthesis to energy production and proton efflux were measured and compared with results from normal muscle, At rest, a 
reduced concentration of phosphocreatine (PCr) was calculated for hyperthyroid patients when compared with controls, 
whereas pH and concentrations of inorganic phosphate (Pi) and phosphomonoesters (PME) were not different from controls. 
During exercise, the analysis of changes in pH and PCr concentration demonstrated that (1) at the onset of exercise, the 
magnitude of glycolysis activation is significantly larger for patients, resulting in a marked pH decrease; (2) the energy cost of 
exercise is higher for patients as compared with controls performing the same amount of work; and (3) both anaerobic and 
aerobic pathways are significantly more activated in the hyperthyroid group throughout the 3 minutes of exercise. During 
recovery, the rates of proton efflux and PCr resynthesis were similar in both groups, excluding any alteration in oxidative 
function and proton handling as a cause of initial glycolytic hyperactivation. The increased energy cost measured for patients 
during exercise evidences an increased need for energy, which is (1) probably linked to the existence of additional 
ATP-consuming mechanism(s), and (2) supported by hyperactivation of both aerobic and anaerobic pathways. These findings 
imply that, all things equal, a hyperthyroid muscle requires more energy to function than normal, and as a result is potentially 
more fatiguable. 
Copyright © 1998 by W.B. Saunders Company 

H YPERTHYROID PATIENTS frequently complain of exer- 
tional fatigue and muscle weakness. Although the mecha- 

nisms of action of thyroid hormones on muscle cells have been 
extensively studied, it is not clear which of the structural and 
biochemical abnormalities are responsible for the impairment of 
muscle performance. It was originally proposed that muscle 
weakness could be accounted for by an impaired energy supply 
for contraction. 1 This impairment contrasts with most of 
biochemical evidence indicating the presence of a hypermeta- 
bolic state in muscle cell in the thyrotoxic state. 2 In vitro studies 
have shown increased enzymatic activities in all main energy- 
producing pathways of skeletal muscle cells, z-7 while increased 
glucose uptake and augmented fluxes of glucose through the 
oxidative and nonoxidative pathways have been measured in 
humans during experimental hyperthyroidism. 8 Abnormalities 
in blood circulation and/or oxygen supply have been eliminated 
as possible causes of intolerance to muscle exercise, since in 
hyperthyroid patients and animals, increased regional blood 
flow and overpeffusion of muscle during exercise have been 
observed, 9,1° as well as increased basal oxygen uptake at rest 
and during recovery.8,11 

A decrease in muscle mass is observed in hyperthyroid- 
ism, 1,12 but this is unlikely to be responsible for all of the 
abnormalities observed in muscle-intrinsic metabolism. Atro- 
phy of type I and type II fibers has been documented histochemi- 
cally in humans, but the relationship to metabolic abnormalities 
remains uncertain. 13 
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In relation to altered membrane  permeabil i ty or to a direct 
effect o f  thyroid hormone,  increased activities o f  ionic pumps 
such as sarcoplasmic Ca2+-adenosine tr iphosphatase (ATPase) 
and Na+/K+-ATPase have been  demonstrated in vitro on animal 
models.  14"17 This increased ionic pump activity and possible 

uncoupling o f  oxidative phosphorylat ion 5,17 could be the mech-  

anism responsible for impaired muscle  performance,  since they 

increase the consumpt ion of  ATP elsewhere  than in myofibrils.  

Therefore,  it could be suspected that in hyperthyroidism, 

skeletal muscle  energy production is less efficient, rather than 
impaired. 

A few in vivo studies of  muscle  per formed on hyperthyroid 
patients and animals using phosphorus-31 magnetic  resonance 
spectroscopy (31p MRS)  have provided only qualitative and 
conflicting results. Taking into account the larger changes for 

pH and phosphocreat ine  (PCr) recorded throughout  exercise in 
humans,  Kaminsky  et al concluded that hyperthyroid muscle  

should have a larger dependence  on glycolytic me tabo l i smY 
Meanwhile ,  Argov et aP 9 did not observe any abnormalit ies 

throughout  the exercise period, whereas they measured a faster 

PCr  recovery for hyperthyroid patients. This provides no 
reasonable explanation for muscular  symptoms.  

The aim of  this study was to clarify which abnormalit ies o f  

muscle  bioenergetics in hyperthyroid patients are detectable by 
31p MRS,  and how they can be related to the available evidence 
of  b iochemical  changes. To address this issue, we have used the 
f ramework  recently reported by K e m p  et al 2° to quantitatively 
analyze the MRS data recorded throughout  a rest-exercise-  

recovery protocol.  

MATERIALS AND METHODS 

Subjects 

Seven patients (six females and one male) with untreated hyperthy- 
roidism were included in the study. The mean age of the patient group 
was 40.7 years (range, 14 to 60) and the mean (+SE) weight, height, 
and body mass index were 60.1 4- 4.5 kg, 166 -+ 4 cm, and 21.6 -+ 1 
kg/m 2, respectively. At the time of hospitalization, symptoms of 
hyperthyroidism had persisted from 2 to 4 months for six patients. For 
one of them, symptoms seemed to have begun 1 year earlier, but were 
ignored by the patient. Determination of the duration of symptoms was 
based on a clinical questionnaire administered by an experienced 
clinician from the Endocrinology Department. Once the hyperthyroid 
status was biologically confirmed, 31p MRS examination of muscle 
metabolism was performed after informed consent was obtained. 
Patients had received symptomatic medication or mild sedatives for a 
maximum of 1 week before MRS was performed. At this time, no 
antithyroid drugs were used. Just after the MRS protocol, all patients 
received specific treatment (carbimazole) and for some of them surgery 
was performed. All patients had clearly elevated blood free levels of 
thyroxine (T4; 55.54 ± 8.12 pmol/L, radioimmunologic assay [FT 4 Kit, 
CisBio Laboratory, Gif-sur-Yvette, France]; normal range, 7 to 17 
pmol/L) and triiodothyronine (T3; 24.0 _+ 4.20 pmol/L, radioimmuno- 
logic assay [Techno Genetics, CisBio Laboratory]; normal range, (3.8 to 
5.8 pmol/L), as well as a low level of thyroid-stimulating hormone 
(TSH; radioimmunologic assay [hTSH Kit, CisBio Laboratory]; normal 
range, 0.1 to 0.001 mU/L). None of the patients exhibited increased 
creatine phosphokinase levels. Hyperthyroidism was induced by Base- 
dow's disease (n = 6) or by a toxic adenoma (n = 1): FoUr patients 
complained of myasthenia (n = 3), muscle cramps (n = 2), or myalgia 
(n = 2), and four patients presented hrisked tendon reflexes. 

Seven healthy volunteers matched for sex (six females and one male), 

mean age (37.9 years; range, 22 to 61), weight (58 -4- 3 kg), height 
(167 4- 3 cm), and body mass index (20.6 - 1 kg/m 2) were included in 
the control group. None of them were engaged in regular physical 
activity. The study was approved by the local ethics committee. 

MRS 

Investigations were performed as previously described 21 using a 
Broker 47/30 Biospec spectrometer (Bruker, Wissembourg, France) 
interfaced with a 30-cm bore, 4.7-T superconducting magnet. Subjects 
remained sitting on a chair by the magnet with their dominant arm 
resting in the magnet bore. To ensure good venous return, the forearm 
was placed approximately at the same height as the shoulder. It was 
restrained with velcro straps to prevent forearm movements. Magnetic 
field homogeneity was optimized by monitoring the signal from the 
water and lipid protons at 200.14 MHz. Pulsing conditions (2-second 
interpulse delay, 55-jas pulse length) were chosen to optimize the 31p 
signal obtained with a 50-ram diameter double-tuned surface coil 
positioned over the belly of the flexor digitorum superficialis muscle. 
Spectra were time-averaged over 1 minute (32 scans) and sequentially 
recorded during 3 minutes of rest, 3 minutes of exercise, and 20 minutes 
of recovery. 

Exercise Protocol 

After three spectra recorded at rest, each subject performed finger 
flexions at 1.5-second intervals for 3 minutes, with women lifting a 4-kg 
and men a 6-kg weight. This exercise was chosen to ensure PCr 
consumption above 50% and a significant pH decrease. 2~ We have 
previously determined that the intersubject variability for those param- 
eters can be explained by the variability of power output. 22 Therefore, to 
normalize the extent of PCr hydrolysis and intracellular acidosis, both 
parameters were scaled to power output for patients and controls. All 
subjects were able to complete the exercise. The sliding amplitude of 
the weight was recorded using a displacement transducer connected to a 
personal computer. The amplitude of each flexion and the frequency of 
exercise were measured using ATS software (SYSMA, Avignon, 
France). Results were expressed as power output (W) for each minute of 
exercise. 

Data Analysis 

Raw MRS signals were transferred to an IBM RISC 6000 worksta- 
tion (IBM, Paris, France) and processed using the NMR1 spectroscopy 
processing software (New Methods Research, Syracuse, NY). After 
deconvolution of flee induction decay (FID; corresponding to a line 
broadening of 15 Hz) and Fourier transformation, baseline correction 
was performed as previously described. 23 Metabolite peak areas were 
measured by curve fitting of the spectrum signals to a Lorentzian shape 
function. 23 After correction for differential magnetic saturation effects, 21 
absolute concentrations were expressed relative to ATP measured at rest 
(8.2 mmol/L of intracellular water). For calculating the concentration of 
metabolites in hyperthyroid muscle, the ATP concentration and total 
creatine content were taken as 75% and 88% of normal muscle. 13 
Intracellular pH was calculated from the chemical shift of inorganic 
phosphate (Pi) relative to PCr, 24 and free cytosolic ADP concentration 
was calculated from pH and PCr using the creatine kinase (CK) 
equilibrium constant (K = 1.66 10 9 mol/L). 2° Values at rest were 
averaged over the three rest spectra. The PCr recovery profile was fitted 
to a single exponential curve described by the equation PCr(t) = PCr~e~t + 
PCroons * e -kt, where PCrrest refers to the PCr calculated at rest and 
PCrcons indicates the amount of PCr consumed at end of the exercise 
period. The initial rate of PCr recovery (Virec) was calculated from k 
and PCroons: Vi = k * PCrco~s (mmol/L/min). 25 

For each minute of exercise, rates of ATP production from PCr 
hydrolysis, glycogenolysis, and oxidative processes were calculated 
according to the method developed in the Appendix. 
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Statistics 

Results are expressed as the mean -4- SEM. Differences between 
hyperthyroid patients and control subjects were examined using a 
nonparametric Mann-Whitney U test. Statistical differences were 
considered as significant at P < .05. 

RESULTS 

Figure 1 illustrates a typical stacked plot of serial 31p MR 
spectra recorded throughout the rest-exercise-recovery proto- 
col. 

Resting Muscle 

Analysis of 31p MR spectra recorded at rest did demonstrate a 
reduced PCr for hyperthyroid patients as compared with 
controls (Table 1). Phosphomonoesters (PME) and Pi values 
were similar for both groups. The mean pH value of resting 
skeletal muscle was 6.99 ± .01 for the hyperthyroid group and 
6.97 -+ .01 for controls. 

Exercising Muscle 

Throughout the exercise period, power output remained 
constant, with no sign of fatigue, and no significant differences 
were observed between the groups (Table 1 and Fig 2A). The 
rates of consumption of energy stores (PCr) were similar for 
both groups, indicating that the alkalinizing effect of PCr 
breakdown was the same (Fig 2B). At end of exercise, the 
amounts of PCr consumed were similar for both groups (Table 1). 

At the onset of exercise, control subjects did not display 
marked intracellular acidosis (0.08 -+ .02 pH unit) as a sign of 
equilibrium between proton production and proton efflux (Fig 
2C). Conversely, a significantly larger pH decrease (0.25 --- 0.07) 
was recorded for the hyperthyroid group, indicating a faster 
initial rate of acidosis (Table 1 and Fig 2C). During the second 
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Fig1. Typical series of 31P MR spectra recorded from normal flexor 
muscles throughout the rest-exercise-recovery protocol. Y axis repre- 
sents the signal intensity and X axis represents the frequency of the 
signals recorded on the phosphorus nuclei with respect to the PCr 
signal (-2.45 ppm) expressed in parts per million (PPM). Reference, 
reference compound (phenyl phosphonie acid) contained in a glass 
capillary and positioned at the center of the surface coil; PME, 
phosphomonoesters; Pi, inorganic phosphate; PCr, phoephocreatine; 
ATP (e, 6, ~), ~, I~, and 3' phosphate groups of ATR The acquisition 
time of each spectrum (time resolution) is I minute. 
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Table 1. Metabolic and Mechanical Parameters Recorded and 
Calculated Throughout the Rest-Exercise-Recovery Protocol 

Patients Controls 

Rest 

PCr (mmol/L) 31.00 ± .57* 38.01 -+ .96 

pH 6.99 _+ 0.01 6.97 ± 0.01 

PME (mmol/L) 1,79 +_ .23 1.22 -2_ .23 

ADP (umol/L) 7.36 ± .93 5.71 ± 1.37 

First minute of exercise 

pH 6.74 ± .06* 6.89 ± .02 

PCrcons (mmol/L) 15.3 ± 1.5 15.3 ± .92 
Mean power (W) 0.89 ± 0.05 0.99 -+ 0.09 

ADP (pmol/L) 20.4 ± 7.8 23.9 ± 3.3 

Vi PCr .. . .  (mmol/L/min) 19.5 _+ 3.3 20.93 +_ 6.0 

End of exercise 

pH 6.47 ± 0.09 6.47 ± 0.07 

PCrcons (mmol/L) 20.63 ± 2.4 21.39 ± 2.6 

Mean power (W) 0.92 - 0.07 0.99 ± 0.10 

ADP(pmol/L) 18.13 ± 5.25 16.62 ± 4.50 

Rate of ATP production 

(mmol/L/minAN) 

From PCr hydolysis 2.7 ~- 1.4 3,9 ± 2.5 

From glycogenolysis 16.2 ± 4.1 13.3 ± 3.7 

From oxidative phosphorylation 31.24 ± 6.3* 17,5 ± 3.71 
Recovery 

kre c 0.9 ± 0.2 0.4 ± 0.1 
Vi PCrresynth (mmol/L/min) 16.70 ± 3.2 11.25 ± 2.4 
Rate of proton efflux (mmol/L/min) 2.99 ± 0.56 3.32 ± 0.5 

NOTE. Results are presented as means ± SEM. 

Abbreviations: PCrcons, magnitude of PCr hydrolyzed; ADP, free 

adenosine diphosphate concentration; Vi PCrcons, initial rate of PCr 

consumption calculated at the onset of exercise; krec, kinetics constant 

of the exponential recovery profile of PCr; Vi PCrresynth, initial rate of 

PCr resynthesis calculated at the onset of recovery, which is equal to 

krec PCrcons. 
*Significant difference (P < .05). 

minute of exercise, a larger acidosis was measured for controls 
(0.31 ± 0.05 v 0.12 --_ 0.03 pH units; P < .05), resulting in an 
equal end-of-exercise acidosis (Table 1). The mean buffering 
power of the muscle cytosol calculated from Pi and pH values 
did not vary between groups (31.6 ± 1.2 and 31.4 --_ .7 slykes 
for patients and controls, respectively) and was similar to the 
value usually reported, ie, 30 slykes. The quantitative analysis 
of ATP production during exercise was performed according to 
the method reported by Kemp et al20 taking into account PCr 
and pH time-dependent changes throughout the rest-exercise- 
recovery period. The contribution of different metabolic path- 
ways to ATP synthesis scaled to power output is illustrated in 
Figs 3 and 4. The energy cost, calculated at the beginning of 
exercise considering that oxidative participation to ATP synthe- 
sis is negligible, was significantly larger for the hyperthyroid 
group (47-+ 6 mmol/L/min/W) as compared with controls 
(37 + 4 mmol/L/min/W). This means that with identical power 
output, the ATP cost of exercise was higher for hyperthyroid 
subjects than for controls. At the end of the first minute of 
exercise, the amount of ATP produced from PCr hydrolysis was 
similar for both groups (Fig 3A), whereas a significantly faster 
ATP production from glycogenolysis was calculated for patients 
(29 ± 5 mmol/L/min/W) compared with controls (14 ± 2 retool/ 
L/rain/W) (Fig 3B). During the remaining period of exercise, 
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Fig 2. 11me-dependent changes of power output throughout the ~ ~'~ 
exercise period (A), and PCr (B) and pH (C) throughout the experimen- ~ o->~ 
tal protocol. R, Ex, and Rec refer respectively to the resting, exercise, ,< "~ E 
and recovery periods. (O) Hyperthyroid patients; (©) controls. Re- ~, ~ 
suits are presented as means -+ SEM. 

rates of  anaerobic ATP synthesis were similar for both groups 

(Fig 3B). The indirectly est imated aerobic ATP production was 
significantly higher for patients during the second and third 
minute  of  exercise than for controls (Table 1 and Fig 4B). The 
average final value was approximately twice as h igh in patients 
as compared  with controls.  

Recovery From Exercise 

As shown in Table 1 and in Fig 2, at the onset  o f  recovery, the 

initial rate of  PCr  resynthesis  tended to be faster in the 
hyperthyroid group, but the difference was not statistically 

significant. The return kinetics of  pH to the resting value were 
similar in the two groups, as evidenced by similar rates of  
proton effiux (Table 1). At  the end of  recovery, all o f  the 
metabolic  parameters  reached their respective preexercise  val- 

ues. 

DISCUSSION 

Validity of the Study 

We have hypothes ized that both ATP and total creatine are 

reduced in patients according to the biochemical  assays re- 
ported previously.13 Values of  PCr/ATP measured in patients are 

identical to control  values, suggesting that PCr and ATP might  
both be reduced in the same proport ion in patients. The major  
consequence  o f  this assumption is an underest imation o f  both 
energy cost  and extent  o f  PCr  consumpt ion for patients. 
Ignoring this hypothesis  would  have led to increased values o f  
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Fig 3. lime-dependent changes of the rate of ATP production 
(mmol/L/min/W) from PCr hydrolysis (A) and glycogenolysis (B). (0) 
Hyperthyroid patients; (O) controls. Results are presented as means - 
SEM. *Significant differences (P < .05). 
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this whole set of parameters, thereby enhancing differences for 
these parameters between patients and controls. So, the initial 
hypothesis cannot flaw the final result. 

All patients exhibited clinically and biologically clear hyper- 
thyroidism and received symptomatic medication, including 
beta-adrenergic blocking agents. These agents are known to 
impair the metabolic response of skeletal muscle for maximal 
exercise by inhibiting the increase in blood flow and decreasing 
the rate of glycogen breakdown. 26 Considering these effects, the 
medication could have lowered the magnitude of glycogenoly- 
sis and oxidative pathway activation. If such were the case, our 
results would be underestimated. Moreover, there exists evi- 
dence that beta-adrenergic blockers do not prevent the effects of 
thyroid hormone on changes in fiber types and mitochondrial 
enzyme activities in muscle cellY ,28 Finally, the duration of 
treatment was at most 1 week at the time of the examination by 
MRS, eliminating the possible chronic effects of long-term 
treatment. 26 

Metabolic Changes Associated With Hyperthyroidism 

At rest. The marked reduction of PCr observed for hyperthy- 
roid subjects at rest agrees with previous results obtained from 
needle biopsy specimens.13 This reduction could not be ascribed 

to changes in T 1 relaxation times or to an abnormal ratio of 
muscle to fat. Indeed, saturation factors, which directly reflect 
relaxation times, were unchanged in hyperthyroid patients. 
Also, water to fat ratios were not different between hyperthyroid 
patients (2.45 + 0.14) and controls (2.26 _+ 0.27). The underly- 
ing cause of reduction of PCr is unknown. It could be related to 
alteration in the rates of creatine uptake and breakdown and/or 
synthesis of adenine nucleotides and/or exchange of Pi. Nor- 
mally, a lower PCr content exists in slow-twitch muscles, 
mainly composed of type I fibers, and could be associated, for 
the hyperthyroid group, with a modification of fiber type 
composition. However, previous histochemical analyses have 
shown that atrophy of both fiber types is associated with altered 
thyroid hormone level. 13 In addition, therapy-induced normaliza- 
tion of contractility and energy turnover rates has been reported 
for a hyperthyroid patient in spite of persisting atrophy of both 
fiber types. 13 

The mean pH values measured at rest were normal for both 
groups, in agreement with the few in vivo studies performed on 
patients} 8,19 Recently, Thompson et a129 observed rat muscle 
cells to be more alkaline in the experimental hyperthyroid state. 
However, the time of exposure to excessive T3 doses was short 
(5 days) and could explain this discrepancy. 5,3° 

During exercise. During exercise, alterations in proton 
concentration are governed by creatine kinase activity, glycogen- 
olysis, proton effiux, and buffering capacity. Taking into ac- 
count that the amount of PCr breakdown, rate of proton effiux, 
and buffering capacity were identical in both groups, the larger 
pH decrease measured in patients during the first minute of 
exercise could have been associated with a dysregulation of 
glycolysis, as previously suggested. 18 However, it seems un- 
likely, since it should have been effective during the whole 
exercise and not only at the beginning. Finally, oxidative 
deficiency could have enhanced glycolysis activity. The analy- 
sis of the kinetics of PCr recovery, which are directly dependent 
on aerobic metabolism, clearly eliminates oxidative deficiency 
as a cause of the marked acidosis recorded at the onset of 
exercise. 

The twofold increase in the rate of aerobic ATP production 
measured at end of exercise agrees with the results of Kimura et 
al. 31 They showed that hyperthyroid patients exercising on 
bicycle ergometer displayed a twofold increase in oxygen 
consumption scaled to power output. The quantitative analysis 
demonstrates that the energy cost of exercise, illustrated by the 
amount of ATP produced for a given power output, is signifi- 
cantly higher for hyperthyroid subjects. In other words, hyper- 
thyroid muscles function less economically than normal and 
require more energy to perform a given exercise. Several 
mechanisms, including reduced ATP synthesis or increased ATP 
consumption, can account for this lower efficiency. 

In the case of reduced synthesis, the reduction could originate 
from enzymatic deficiency affecting glycolytic or oxidative 
metabolism. Several animal studies have reported an increase in 
enzymatic activities, rather than a decrease, 2-7 although opposite 
results in experimental hyperthyroidism in humans have also 
been published. 12 

Hence, increased ATP consumption during exercise, rather 
than reduced synthesis, is more likely to be responsible for the 
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augmented energy cost. This is consistent with previous results 
of increased rate of ATP turnover during ischemic muscle 
contraction of a single hyperthyroid patient la and throughout 
force development in rats. 11 Even the clinically observed 
catabolic state, including an increase in basal metabolic rate, 
hyperthermia, and weight loss, matches this frame of hyperactiv- 
ity. 1,2,32 Increased consumption could be supported by muscle 
atrophy, 1,32,33 alteration in fiber type composition, 34 increased 
activity of ATP-consuming ionic pumps, or uncoupling of 
oxidative phosphorylation. 

Muscle Atrophy and Increased Energy Cost 

Faced with a given external load, muscle that is atrophied 
would develop reduced capacity of ATP synthesis due to smaller 
fibers. In this case, the atrophied muscle would develop larger 
ATP consumption, illustrated by larger PCr consumption, 
considering that all muscle fibers are recruited during exercise. 
In our opinion, the current results cannot be explained solely by 
atrophy. The muscle we have investigated is, according to other 
evidence, not considerably involved in hyperthyroidism. 1 We 
have no independent measure of muscle mass, but since the 
average body mass index of patients was not significantly lower 
than in controls, and since signs of muscle atrophy were not 
visible in the arms, it seems unlikely that muscle atrophy 
(decrease in muscle mass) could account for the observed 
reduction of metabolic efficiency (increase of energy cost). An 
important point to consider is whether the surface coil examined 
the same muscle mass in patients and controls. Failure to 
observe any significant difference for the water to fat ratio 
between patients (2.45-+ 0.14) and controls (2.26 +-0.27) 
suggests that this was indeed the case. 

Changes in Fiber Types and Increased Energy Cost 

Changes in fiber types, which are well documented in 
hyperthyroidism, could also account for reduced metabolic 
efficiency, a4 Hyperthyroidism causes changes in fiber types in 
skeletal muscle towards increased proportions of type IIA fibers 
(fast glycolytic/oxidative). 2,4,35"38 Knowing that flexor muscles 
are composed of equivalent amounts of type I and type II fibers, 
the alteration of flexor muscle energetics exposed to high levels 
of thyroid hormone should have been minor if fiber type 
composition were the only mechanism responsible for changes 
observable by MRS. 

Possible Causes of lncreased Energy Cost 

It has long been known that thyroid hormones control 
mitochondrial metabolism and the active transport of Na + and 
K ÷ through the sarcolemma. An excess of thyroid hormones 
could dysregulate these mechanisms, thereby leading to an 
increased energy cost, with ATP consumption increasing else- 

where than in myofibrils. Mitochondria isolated from animals 
treated with sufficient doses of thyroid hormone display an 
increased rate of substrate oxidation, 39 while the activity of the 
electron transport chain and the membrane-bound tx-glycero- 
phosphate dehydrogenase are both augmented. 4°,41 Treatment 
with T3 also increased carrier-mediated adenosine diphosphate 
(ADP) uptake and rate of oxygen consumption by rat mitochon- 
dda, whereas respiratory control did not change. 42 These 
observations suggest this hypermetabolic status should be 
accompanied by the production of an equivalent amount of ATE 
in agreement with our results. The overproduction of ATP must 
then be regulated by an increase in ATP-consuming processes as 
previously suggested. 43 An excess in thyroid hormone has been 
proposed to induce uncoupling of oxidative phosphorylation in 
muscle cells. 5,17,44 This phenomenon is known as a prevention 
of ADP phosphorylation to ATP, with the free energy released 
through electron transport appearing as heat, rather than as 
newly made ATE According to a recent review, 5 the uncoupling 
process could result from a binding of thyroid hormone to 
adenine nucleotide translocase, thereby producing an imbalance 
between PCr synthesis and an increased rate of ATP production. 
The amount of ATP produced that cannot be used in myofibrils 
would be hydrolyzed throughout futile cycles both in the 
intramembrane space and outside the mitochondria. 5,44 Also, the 
regulation of this ATP overproduction could be ensured by 
increased activity of Na+/K+-ATPase, although this alteration 
might represent an independent action of thyroid hormones. 
Increased activities of ionic pumps, such as sarcoplasmic 
CaZ+-ATPase and Na+/K+-ATPase, have been demonstrated in 
vitro on animal models. 14-17 Thyroid status stimulates active 
Na+/K + transport, 45,46 alters the number of ouabain sites, 47 and 
increases the maximum Na+/K+-ATPase activity. 48 Evidences 
has been reported that increased energy expenditure for trans- 
membrane active Na+/K + transport mediates a significant 
fraction of the thermogenic response to thyroid hormones. 49 
These results support the inference that altered thyroid status 
enhanced energy utilization linked to active Na + transport by 
hyperactivation of the Na+/K + pump. 

In conclusion, the present study shows that, using in vivo 
MRS, hyperthyroid subjects display a higher ATP cost during 
muscle exercise, which is compensated by activation of both 
aerobic and anaerobic energy-producing pathways. This ob- 
servation could best be explained by increased activity of 
ATP-consuming mechanisms, such as ATPase pumps and/or 
increased mitochondrial oxidation and/or uncoupling of oxida- 
tive phosphorylation. Accordingly, the hyperthyroid muscle 
requires more energy to function, which is a possible explana- 
tion for exercise intolerance as a clinical manifestation of 
hyperthyroidism. 

APPENDIX 

For each minute of exercise, rates of ATP production from PCr hydrolysis (PATP), glycogenolysis (GATP), and oxidative processes (OATP) were 
calculated according to the method recently proposed by Kemp et al. 2° 

Rate of ATP Production From PCr Hydrolysis: PAre 

The rate of ATP production from PCr hydrolysis was calculated from the time-dependent changes of PCr for each minute of exercise. This rate was 
scaled to the power output for each minute of exercise. 
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Rate of ATP Production From Glycogenolysis: GAte 

Throughout the exercise period, glycogen breakdown to pymvic and lactic acid leads to a pH decrease, which is limited by proton effiux and the 
buffering power of cytosol. Considering that the glycogenolytic production of 1 mol of ATE when coupled to ATP hydrolysis, yields 1.5 mol of 
protons, GATP can be simply deduced from the total amount of protons produced throughout exercise. 5° This metabolic proton generation can be 
calculated from pH changes (measured from 31p MR spectra), the amount of protons passively buffered in the cytosol ([H + ] [3, equation 1 ), the amount 
of protons consumed by net PCr hydrolysis ([H +]Per, equation 2), and the amount of protons leaving the cell (proton effiux, equation 3). 

equation (1): [H+]~ = [3ApH, where 

[2.3 Pi] 
[3 = [3nonbicarb,non-Pi + [3Pi = ( - 2 2  [pH] + 170) [1 + 10 (pH-65)] [1 + 10 (6.75 pH)] 

where 13nonbicarb,non-Pi refers to the buffering power associated with nonbicarbonate, non-Pi systems, and bPi indicates the buffering power associated 
with Pi as previously described. 2° ApH refers to the extent of intracellular acidosis measured for each minute of exercise 

d(PCr)/dt 
Equation (2): [H+]pcr 

1 + 10 (pH-6"75) 

where d(PCr)/dt refers to the rate of PCr hydrolysis measured for each minute of exercise and pH is the pH value at the end of the corresponding 
minute of exercise. 

Throughout the recovery period, despite the intraceUular proton load associated with PCr resynthesis ([H + ]vcr), pH recovers back to its basal value 
as a result of proton effiux (Pe). Hence, as recently reported, 51 proton effiux can be calculated considering together proton production from PCr 
resynthesis and pH changes as follows: 

Equation (3): Pe (mmol/L/min) = d(pH)/dt[3 + [I-I+]vCr 

where 13 represents the buffer capacity of muscle cytosol, d(pH)/dt refers to the rate of pH changes upon the initial period of recovery, and [H+]vcr 
represents the rate of proton production associated with PCr resynthesis. Taking into account pH and PCr changes throughout the initial period of 
recovery, we have previously determined a linear relationship between Pe and the extent of intracelhilar acidosis measured at end of exercise. 52 

Equation (4): Pe = 0.52 + 4.1 ApH. 

Considering, in agreement with others, 2° that this pH dependence of proton effiux remains valid during exercise, proton effiux has been calculated for 
each minute of exercise based on the DpH calculated at the corresponding time of exercise. After GAze has been calculated, it was scaled to the power 
output for each minute of exercise. 

Rate of Anaerobic ATP Production (AnArp) and Energy Cost (EC) 

The rate of anaerobic ATP production scaled to power output corresponds to the sum of PA~ + GATe. It represents the amount of anaerobically 
produced ATP for a given unit of power. At the onset of exercise, it has been shown, from a comparative analysis of ischemic and aerobic exercise, that 
contribution of oxidative metabolism is minor as compared with anaerobic metabolism. 53 Under this condition, the rate of anaerobic ATP production 
scaled to power output calculated at the onset of exercise can be considered as a reliable estimation of the total rate of ATP production necessary for a 
given unit of power: the energy cost. 

Rate of Oxidative ATP Production: OAre 

Considering that the energy cost retains a constant proportionality to power output throughout the entire exercise period, any decrease of anaerobic 
ATP production must be compensated by an increase of oxidative ATP production (OATv). Therefore, OATV can be calculated at any time of exercise as 
the difference between EC and anaerobic ATP production scaled to power output. 
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