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Abstract

Lower Jimb skeletal muscle becomes abrormal in chronic heart failure. There is reduced blood
flow 10 the legs during exercise, and function is reduced in tesms of balh isometric lorce
production and increased fatiguabtlity. There is loss of muscle bulk, and a shift towards carly
anaerobic metabolism associated with histological and enzymatic changes. These changes are
associaled with both an increased ventitalory response 1o exercise and a reduction in exercise
tolerance, with fatigue and breathlessness as prominent limiting symptoms.

To tie these phenomena together, it 18 altractive to postulate a central role for muscle
ergoreceptors that become abnormally active in response 1o the abnormal skeletal muscle. The
receplors may be excessively stimulated by a variety of stimudi, so that leg blood flow, muscle
bulk or intracellular pH or potassium may nol of themselves be the unigue stimubus. An
enhanced ergorefiex has the merit of helping to explain the excessive sympathetic activity of
CHFE which is poorly explained by invoking reduced perfusion pressure of the baroreceplors:
the baroreflex gain is greatly reduced in CHF |21, 67, 83].

In therapeutic terms, this hiypothesis emplasises the importance of leg skeletal muscle changes
in CHF. Therapies aimed at interrupting the vicious circle of declining muscle function, such
as exercise training, anabolic steroids or B, adrenoceptor agonists {34] may improve the
functional status of patients where the traditional approaches aimed al squeezing the failing
myocardium harder {23, 69, 92] or reducing vasoconstriction have [ailed to improve outcome.
Key words: chronic heart failure, exercise, skeletal muscle, fatigue. magnetic resonance
Speclroscopy.
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Chronic heart failure (CHF) is characierised as a clinical
disorder by exercise intolerance. The symplom causing a
subicct Lo stop exercising is usually given as shortness of
breath or fatigue. During exercise, there is an early and
prolonged release of lactate from exercising muscle in
patients with CHF, even during light exercise |76). The
concept of a laclate threshold corresponding with a
measurable ventifatory anaerobic threshold has become
widespread, and has consistently been {found 1o occur at a
lower fevel of exercise in CHEF {34, 95]. At first sight,
fatigue may be thought simply 1o be due 1o fatlure of
nerfusion of the exercising musculature and the conse-
guent early onset of intramuscular acidosis; however, evi-
dence increasingly points to there being intrinsic
abnormalilies of muscle metabolism and structure in pa-
dents with CHE. In this article, we will review these
changes, and discuss the genesis of limiting symptoms.

Peripheral haemodynamics in CHF

Exercise tolerance in chrbnic heart failure bas tradition-
atly been lested by incremental exercise protocols with
measurement of melabolic gas exchange to determine peak
oxygen consumption (peak VO,). Peak VO, correlates
poorly with indices of central haemodynamic function (22,
24, 96}, and attention has turned to the periphery as an
explanation for exercise limitation. The observation that
increasing (he exercising muscle bulk by the addition of
arm exercise at peak leg exercise results in increased peak
VO, in CHF patients, but not in controls, strongly suggests
that some aspect of skeletal muscle behaviour is an import-
ant determinant of exercise tolerance in CHF rather than a
limitation of cardiac output.

Wilson et al. found a reduction in blood flow using
thermodilution lo exercising leg muscle compared with
controis {102]. The delayed improvement in exercise ca-
pacily seen aller treatment with angiotensin converling
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enzyme inhibitors is correlated closely with the increase in
leg blood flow {16]. There is near-maximal oxygen extrac-
tion by exercising muscle {44], and the widened arterio-
venous oxygen difference |16, 32] suggesting that the
exercising muscles” activity is being iimited by the capac-
iy of the circulation to deliver oxygen,

A decrease in blood flow o the periphery might be
explained by abnormalities of vasomotor Lone | 105], with
a reduced response to endogenous vasodilatory stimuli
[41. 43]. and to infused hyperosmolar solutions [3]. Alter-
natively an increase in civeulating levels of the vasocon-
strictor endothelin may contribute [61]. An increase in the
arterial wall sodium has been reported in an experimental
model [164], which could resuitin smooth muscle contrac-
tion within arterial walls. LeJemtel showed that the periph-
cral resistance is greatly elevated in CHF [45].

The relationship between leg blood flow and exercise
capacily is, however, more complex than these findings
suggesl. Wilson ef al. used dobutamine Lo increase cardiac
output, thereby causing an acute improvement inleg blood
flow [101]. At any given work load, the lactate response
to exercise was unchanged, drawing allention 1o the
possible distinction between blood flow and “‘nutritive
flow™. Inn a further study, Wilson reported a subset of heart
faiture patients with normal femeoral blood fTow on exer-
cise, but who had abnormal leg muscle as Jactate produc-
ton was increased compared with normals [981 There
therelfore appear to be abmormalities of leg muscle that are
independent of changes in bloed flow. These abnormalities
may be at the level of histological changes or ultrastructu-
rally, and if skeletal muscle abnormalities are important
determinants ol exercise capacity should result in disor-
dered muscle performance.

Muscle performance and bulk

Lowertimb skeletal muscle performance is disordered in
CHF. Data from our institution initially suggested that
guadriceps muscle strength is reduced [47], and in a small
study we showed a relationship between guadriceps
strength and exercise performance assessed by peak
oxygen consumption during an incremental exercise (esl
17} Minotti and colleagues have reported that there was no
reduction in skeletal muscle strength in CHF [62, 65]. This
apparent contradiction may be resolved by the observation
that in our original study, mean force per unit area was
within the normal range, implying that myolibril force
production was normal, but that loss of skeletal muscle
bulk was an important determinant of guadriceps strength
[47].

From a functional point of view, the ahility to perform
repeated submaximal exercise is more important than peak
force generation, and early guadriceps Tatiguability has
been reported by both sets of investigators [47, 65]. The
reduction in endurance correlates with exercise perform-
ance, and has been found by others investigators [100]. In
that there is no change with acute circulatory occlusion to
the exercising b, fatigue appears independent of acule

changes in blood flow [62, 65] and of central factors {100].
Buller found fatiguability in a very small muscle group in
which biood lNow is unlikely te be limited by cardiac
reserve [ 7], This suggests intrinsic muscle factors mediate
fatiguability of muscle. Minotti [65] also emphasised the
importance of intrinsic muscle changes 1o the sensation of
fatigue, finding no evidence of abnormal central motor
drive or neuromuscular transmission in his patients.

Muscle wasting in chronic heart failure has been recog-
nised since ancient umes {40]. Decreased muscle bulk
could potentially explain many of the observed lower limb
abnormaiities seen in CHF: an increase in fatigue and
decrease in exercise tolerance as a result of increase load
per unit myofibril; and a proportionate reduction in leg
blood flow. The increased peripheral vascular resistance
might result from ihe decreased vascular conductance.
Using anthropometric methods and 24 hour urinary crea-
tnine excretion, Mancini showed that muscle wasling
occurred In even mild heart faiture {33]. Further, she
showed (hal peak exercisc capacity correlaled with calf
muscle volume., We studied the influence of leg blood
flow, teg muscle bulk and guadriceps strength on exercise
capacity in CHE. Although we vsed a relatively crude
measure of muscle mass, a single computed tomography
scan slice at the level of mid femur, we have shown that
exercise capacity correlates well with both strength and
mass, and that reduced leg blood flow may be a conse-
quence of muscle wasting [93]. There was no relationship
belween exercise capacity and blood flow, measured cither
at rest or following exercise and ischaemia as a measure of
peak blood flow. We used venous ccclusion plethysmo-
graphy to determine flow which measures flew per unit
muscle volume; the implication being thal flow per unit
nunscle bulk is not a determinant of exercise capacity.

Minottl et al. have extended these findings using mag-
netic resonance imaging to determine maximal thigh cross
secticnal area [66]. In 21 patients muscle size was reduced,
as were muscle strength (although not significantly) and
endurance. Maximal force per unit of muscle remained
unchanged. These observalions lend further support o the
idea that muscie wasting may be the key event, so that
strength may be reduced whilst maximal force per unil
muscle is nol impaired. Nevertheless, there appears in
addition {o be a qualitative difference belween nermal and
heart failure lower limb muscle as fatigue was not fully
explained by the reduction 1n muscle size, This may be
related to muscle quality, or may be refated (o atterations
in gross structure, such as intramuscular fat content.

Lower limb histology in chronic heart failure

A variety of histological skeletal muscle changes have
been reported in chronic heart {ailure from a variely of
biopsy sites, and a consistent patiern has been slow 1o
emerge. Lipkin eraf. reported results of guacdriceps muscle
needle biopsies in 9 paltients with severe chronic heart
failure [47]. A range of histological abnormalities was
found with an increase in muscle fibre size variance, and
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a shift towards type I fibres. Awophic fibres were found,
as well as intracellular lipid droplets. There was no change
in capillary density, nor change in cytochrome oxidase or
succinate cytochrome ¢ reductase activity.

In a study of 22 patients with 8 controls, Mancini ¢f af.
studied the histology of gastrocneming biopsies quantila-
lively [49], reporting a shill towards type Ilb fibres and
atrophy of type Ila fibres, and the presence of type Ile
fibres. In this study. type I fibres were not found o be
significantly reduced. Capillary density per fibre was un-
changed compared with controls, but was increased in
heart failure when expressed per mm?, Citrate synthase,
lactale dehydrogenase and phospholructokinase activities

were normal, An enzyme mediating (he B-oxidation of

fatty acids, B-hydroxyacyl CoA dehydrogenase activily
was reduced. Changes were similar regardiess of actiology
of heart failure. There was no correlation between the
biopsy resufts and a measure of muscle acrobic metabo-
lism*. A preliminary study alse reported a reduction in
capiliary density i vastus lateralis biopsies bul decreased
capillary to muscle fibre ratio [103). Type 1I fibres ap-
peared to be increased in number but decreased in size, and
succinate dehydrogenase activity was reduced.

A fourth study examined needle biopsies from vastis
lateralis in 11 palients and 9 controls (85}, Type 1 fibres
were found (o be reduced, and type 11b to be increased.
Type e were seen in | control subject only. The type 1lb
fibres were smaller than incontrols. The ratio of capillaries
io fibre cross-sectional arca was unchanged; as the {ibres
were smaller than normal, the number of capiilaries per
fibre was reduced, Sullivan also reported a range of enzy-
malic analyses. The measured glycolytic enzymes (pho-
phorylase, phosphofruciokinase, pyruvate kinase and
iaclate dehydrogenase) were all present on normal concen-
trations. Suecinate dehydrogenase and citrate synthetase,
enzymes of the Krebs® cycele, were reduced, as was the
concentration of hydroxyacyl CoA dehydrogenase. Ex-
tending the study with this type of patient, Sullivan ef af.
reporied the resulls of biopsies taken during submaximal
and maximal exercise {841, Glycolysis and glycogenolysis
were accelerated compared with controls, but lactate aceu-
mulation and phosphocreatine (PCry depletion were de-
creased al peak excrcise. The reasons for this wher NMR

spectroscopy studies suggest early acidosis, depletion of

ATP and laclate generation in CHF [49, 50, 52] are not
clear (see helow).

Drexlerand cofleagues have examined the possibie con-
tribution of mitechondrial abrnormalities o the myopathy
of chronic heart failure. Needle biopsies fram vastus lat-
eralls were obtained from: 57 patients and 18 controls [ 171,
Type I fibres were reduced and type 1 relatively increased

(subtypes of type I1 fibres were not measured). The volume
density of mitochondria and surface density of cristac were
reduced, a finding more marked in the more severely
exercise limited subjects, In addition, there was a reduction
in cylochrome oxidase activity in the patients, more
marked with increasing severity. In a subset of patients,
capillary length density (a measure of the length of btood
capillaries per unit volume of muscle tissue) was reduced.
Other workers have confirmed the reduction in citrale
synthase, succinate dehydrogenase and cytochrome oxi-
dase in vagrus lateralis | 75). Brogvist [6] reported a serics
of 22 patients with clinically severe CHF who had needie
biopsies from the lateral aspeet of quadriceps femoris. In
these patients, there were significant reductions in high
energy metabolic substrates (ATP, PCr and glycogen).
These findings were in contrast 1o Sullivan’s eariier report
[853] that ATP and creatine phosphate were unchanged.
Dict had been carefulty controlied prior 1o the biopsies in
Brogvist's study, which also reported on paticnts with
chinically severe heart failure: Sullivan included only 1
patient with New York Heart Association class IV symp-
Loms,

A summary of the findings of the histological and bio-
chemical findings 1s presented intable 1. The findings are
nol definitive, Although it may appear that glveolysis is
unaffected, other investigators have found a reduction on
phosphofructokinase activity in CHF patients {91}, Other
potential biochemical changes as determinants of exercise
tolerance have as yel only been lightly touched upon. The
sodium-potassium ATP-ase appears (o be reduced in
vasius lateralis muscie biopsies [68]. Some other abnor-
mality of membrane channel, receptor {79] or of the con-
tractite apparatus could prove more important.

Phosphocreatine metabolism in exercising muscle

The net result of the abrormalities of lower limb skeletal
muscte and blood flow appears 1o be the early onsel of
intramuscular acidosis and excessive lactate production,
This can be measured as an increase in arterial and venous
lactates at a given workload in heart failure patients [88,
89,94} However, Katz et al. found that during 30 minutes
of submaximal exercise (at two thirds of the previousty
determined peak VO,), femoral venous and arterial lactate
levels were unchanged although lactate turnover was twice
that atrest {42]. The implication is that simple measures of
arterial or venous lactate are only poorly related to the
metabolic state of the exercising muscle.

Using *'P nuclear magnetic resonance speclroscopy
allows the internal state of the exercising muscle itsell 1o
be explored. The analysis of phosphorus spectra altows the
relative concentrations of inorganic phosphate (P,), phos-

Since the refationship between oxygen consumption (VO,) and ADP production is linear, the slope of the relationship
of VO, (o the inorganic phosphate/phosphocreatine ratio derived from magnelic resonance speclroscopy gives an index
of acrobic metabolisn. It is typically steeper in patien(s with heart failure.
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Table 1. Stmmary of skeletal mnscle changes. There is a generalised shift covay from iype T(slow twiteh, aerobic) fibres towards txpe
I ffast iwitch, anacrobic) fibres. Wiilst the glyeolviic paihway appears unaffecied, there is a reduction in oxidative capaciry,
including thet jor B-oxidation of faity acids. Therve is a generalised veduction in capillary density, although wheiher there is a

recluction per miescle fibre remains unclear,
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Under fibre types, an arrow in brackets (1) means that fibre sublypes were not reported. Lipid oxidn refers to hydroxyacyl CoA
dehydrogenase activity, CrP is ereatine phosphate. Cap dens is capillary density expressed either per fibre or per unit area of muscie.

phocreatine and A'TP to be determined. In addition, pH can
be calculated. Initial work examining the response of arm

muscie {0 exercise demonstrated more rapid depletion of

PCrin CHF patients (56, 57, 97). Whilst these observations
in themselves are interesting, they needed to be extended
10 weight-bearing musculature of the lower limb. Mancini
eral. {50] used circulatory occlusion to “freeze” the meta-
bolic state of the muscle after exercise (o allow the patient
(o be translerred to the magnet [31]. She showed that the
stope of the increase in P/PCr relative 10 VO, was in-
creased incalf muscle in CHE patients, that is, al any given
workload (corresponding to VO,), there was greater deple-
tion of PCr. The study also showed that the intramuscular
pH fell unlike in normals. In addition. the recovery rate
{the rate at which PCr was resynthesised) was stower in
patients.

Using alarger coll allowing exercise (o take place inside
the magnet, Arolda er ¢l showed a 7 times greater fall in
the PCHAPCr+P,) ratio in heart failure patients during the

carly stages of plantar flexion exercise {2]. At peak exer-
cise, PCr/(PCr+P}) ratio and pH were lower than in con-
trols. In this small study (7 patients}, recovery of PCralter
exercise was not significantly slower in CHFE patients, By
simultaneously measuring leg blood flow by plethysmo-
graphy, Arnolda was able 1o show that blood flows at a
given level of exercise were thie same in both patients and
controls, a further indication that blood flow per se is not
a determinant of muscle metabolism, at least in the acute
situation, when expressed per unit leg volume.

Extending this work, Mancini showed no relationship
between histological and biochemical abnormalitics and
magnetic resonance spectrescopic variables 149] This
later finding suggests that the observed histological and
hiochemical changes do not closely predict the abnormal
metabolic response. Marie ef af. [52] found that the Toad
taken o achieve a given level of PCr depletion during calf
exercise was about one-third of that in normals. A further
study by Mancing: and co-workers {31] analysed the time
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constant of recovery for PCr. This variable is said to be
independent of work load and muscle mass used, The time
constant of recovery correlated better with work slope than
did measures of muscle mass, which has been interpreted
as suggesing that intrinsic alterations of muscle {ibres
rather than atrophy {at least as far as external muscle size
is concerned) are the deminant mechanisms for reduced
exercise tolerance [181.

Some of these Nndings apparently contradict Sullivan's
findings ol less factate generation and less PCr decline at
peak exercise on muscle biopsy studies [841. This may be
because in Sutlivan’s study maximal exercise using a cycle
protocol was used, whereas in the magnetic resonance
speetroscopy studies, smaller muscle groups were used,
which would not chalienge the capacity of the cardiovas-
cular system to deliver oxygen to the exercising tissue,
With a small muscle group, exercise may be determined
by the metabolic capacity of the muscie alone, whereas
with cycle exercise to exhaustion, other limiting Tactors
such as cardiac oulput, muscle blood {low and the ventila-
tory response may become more important determinants
ol exercise capacity.

Potassium handling and refease from skeletal muscle

In normal subjects, polagsimn is released from exercising
muascle, and rises in arterial potassium closely paraliel rises
in venttlation {71, 72} It has been suggested that the
behaviour of pelassiuny at the fevel of the myocyte cell
membrane may be responsible [or the sensation of fatigue;
intracellular calcium rises during exercise, causing an in-
crease in polassivm conductlance, leading in turn (o an
inactivated membrance. This potential protective mechan-
s, preventing an excessive rise in intracelutar calcium
during excessive work, may equate with fatigue [82],
Handling of potassium may be abnormal in chronic heart
failure, and has been reported to be higher at matched
worklcads in CHF [4]. We have shown that polassium is
unhikely to be important as a circulating determinant of the
ventilatory response 1o exercise [12]; nevertheless, as a
local intramuscular medialor, potassium may be impori-
ant.

The origins of muscle change

The lower limb skeletal muscle of patients with chronic
nearl failure thus has a combination of abnormalities that
appear, at least in some studies, to be partially independent
of cach other. There are hicchemical and histological
changes suggesting a move {from aerobic towards an-
acrobic metabolism. These are accompanied by changesin
metabolism during exercise of rapid early decline in PCr
and a fall in intracellular pH. coupled with excess laclate
ternover. The muscle function is reduced; there is at least
atendency towards decreased isometric power, and an
increase in fatiguability. Muscle bulk iself appears to be
reduced, and there is a reduction in femoral blood flow.
How do these changes arise?

The origins of skeletal muscle wasting and biochemical
change may be related to inactivity. The changes seen are
similar 1o those seen in normal subjects undergoing “de-
training”, with skeletal muscle wasting and depletion of
oxidalive enzymes [36, 771, and activation of the sympath-
clic [15] and renin-angiolensin [33] systems. Some authors
have suggesied thal malnutrition may contribule signifi-
cantly te muscle wasting [5, 8] In the case of patients with
ischaemic hearl discase, skeletal muscle ischacmia may be
an additional factor [741. Although some studies of abnor-
mal skeletal muscle have been careful to include only those
patients with intact peripheral pulses [47, 49], intramuscu-
lar small vessel arterial disease may contibule, Chronic
ypoxia causes a reduction in {ibre size and a decrease in
acrobic enzymes 128]. However, studies of detraining have
shown generalised {ibre wasling and not a change in the
distribution of muscle {ibre types [29, 701, although rrein-
ing can result in a shift towards type [ and Ila fibres {35].
However, as Arnolda has pointed oul [2], the lact that
changes are seen in smadl arm muscles (the
[56, 571) suggests that simple disuse is unli
only contribitor to the muscie changes.

The generalised activation of the sympathetic: system
seen in CHE could act as a further mediator of skeletal
muscie change, together with a possible contribution from
catabelic factors. Tumour necrosis [actor has been lound
o be elevated [46, 60]. Insulin resistance is also present in
patients with CHF [907, and the insulin resistance Tound
may centribute to muscle catabolism. The existence of
ergo- [38] or metabolo- [78] receplors, sensitive (o muscle
work and transmitfting to the central nervous syslem via
small unmyelinated nerve fibres [597 suggests the possi-
hility of a “vicious cyele”™: chemically sensitive alferents
from muscle drive blood pressure responses and increase
sympathetic activily in normat subjects |25, 37, 53], and
the presence of increased ergoreceptor activity in CHEF | 74]
might maifain the increased sympathetic outflow, in-
creasing peripheral resistance and decreasing skeletal
muscle perfusion [3, 41, 43, 45, 61, 104, 103]. In lurn, the
skeletal muscle may deteriorate further.

finger flexors
kely to be the

The evidence from exercise training

Acute corrective changes in haemodynamics in CHE.
such as inotropic support [55], vasodilation [16, 38}, or
cardiac (ransplantation [80. 811, may result in improved
leg perfusion, but are not accompanicd by acute increases
i exercise capacity. Exercise training regimes have, how-
ever, been shown to have beneficial effects on exercise
capacily {13, 14, 87]. There appears (o be an improvement
in cardiac performance with training [19], Minolli has
shown improvements in forearm metabolic capacity (647,
Suttivan demonstraled increased leg blood flow secondary
to areduction in leg vascular resistance following training
[87], together with a decrease in the lactlate rise during
exercise associated with an increase in the ventilatory
anaerobic threshold [86]. Adamopoulos [1] has shown
improvements in the leg metabolic abnormalities
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measured by p magnelic resonance speciroscopy with
training. The improvements in exercise capacity appear to
occur largely in the absence of improvements in central
hacmodynamic function [39, 63].

These findings tegether argue strongly for the import-
ance of skeletal muscle in delermining exercise capacity
in CHIF. The abnormal muscie, however it arises, takes
{ime to recover as a result of training, and the improve-
ments in muscle rather than changes in haemodynamics
and blood flow determine the improvements in exercise
capacity.

Origin of fatigue and the termination of exercise

Ultimately, incremental exercise stops with a voluntary
decision made by the exerciser in response to unwelcome
symploms, usually fatigue or breathlessness. Most studies
ol exercise capacity have used cycle exercise. particularly
in the USA. and cycle exercise is usually lenminated by
fatigue [22]. Treadmill exercise, more commeoen in the UK,
is mare frequentiy terminated by shortness of breath [11].
The same patient may complain of different symploms
depending upon the type of exercise undertaken [48] We
have shown [11] that there 1s no difference in cardiac
function and ventilatory response between (hose patients
stopping due 1o breathlessness and those stopping due to
{fatigue. Itis not clear that fatigue 18 adiscrete phenemenon.

IEmight be thought that fatigue should be related to the
metabolic state of the muscles and particularly to lactate
accumulation. However, 1n normal subjects, reducing the
blood {low o the exercising leg results in early anacrobic
metabolism, but a fower than usual lactate at peak exercise
[20]. Lactate accumulation cannot be responsible for the
fatigue that terminates exercise. In CHFF, lactate reduction
using an infusion ol dichloroacetale results in no change
in leg blood flow or exercise capacily |99}, again sugges-
ting that lactate is not an important mediator of fatigaue. The
sensation appears not 1o be related to PCr usage - chronic

hypoxia leads o fess PCr reduction at the same level of
fatigue [27]. Other possible sites for the generation of

fatigue have been identified, including intramuscular po-
tssium [82]. The possibility (hat the sensation of fatigue
is generated as a central mechanism (o protect against
hypoxic damage 1o essential organs [26, 307 is attractive.

Nevertheless. leg muscle factors do appear important as
determinants of exercise. In coatrast (o haemodynamic
variables, Mancini [51], Minoui [66] and curselves have
found muscle bulk o be a good predictor of peak VO,. This
again raises the possibility that the ergoreceptors may be
important. There is some evidence that increased ergore-
ceplor activity is related o an increased ventilatory re-
sponse [9, 10}, and it may be that these receplors are also
responsible for medialing the sensation of fatigue, and
perhaps even of dyspnocea.
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