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Introduction

Chronic obstructive pulmonary disease (COPD) is almost al-
ways caused by cigarette smoking. Although medical science
has developed no cures (1), several forms of treatment are of
symptomatic benefit. Smoking cessation can slow the rate of de-
terioration of lung function. Bronchodilator and anti-inflam-
matory agents are of appreciable help to many patients, but
the reduction in airway obstruction is generally modest. Oxy-
gen supplementation prolongs survival and improves quality
of life in severely hypoxemic patients (2, 3). Lung transplan-
tation (4) and lung volume reduction surgery (5) may have
a role in a highly selected minority of patients.

COPD frequently leads to significant debilitation. Patients
often come to medical attention only after severe damage to
the lung’s function has been induced. The most frequent com-
plaint of these unfortunate patients is exercise intolerance (6).
Patients often become homebound, isolated, and depressed as
they seek to avoid the dyspnea that everyday activities pro-
duce.

Pulmonary rehabilitation has been touted by some as the
standard of care for patients chronically disabled by their lung
disease (7), and it is commonly prescribed. However, a skeptic
might view it as a therapy without a clearly established ratio-
nale in the context of improving exercise tolerance. Current
concepts involving the pathophysiologic mechanisms of exer-
cise intolerance focus on the lung, where abnormal lung me-
chanics (leading to mechanical disadvantage of the respiratory
musculature), impaired gas exchange, and destruction of the
pulmonary vascular bed directly impact the ability to sustain
exercise. Clearly, pulmonary rehabilitation does nothing to
improve lung function. Nevertheless, there are many reports
of improvements in exercise tolerance after a program of re-
habilitation (6, 8). This has been ascribed to psychological fac-
tors, including improved motivation and decreased sensitivity
to dyspnea (9); these factors are undoubtedly important.

There is a growing realization that COPD is a multi-organ-
system disease. In particular, there is accumulating evidence
that the skeletal muscles do not function normally and that
this contributes to exercise intolerance. This is important be-
cause skeletal muscle dysfunction may well be a remediable
source of exercise intolerance. Moreover, programs of pulmo-
nary rehabilitation are a natural setting to attempt to apply

D}

B AL

Am | Resplr Crit Care Med Vol 159. PP §1-540, 1999
Internel address: www.atsjournals.org

remediation. It may, therefore, be appropriate to reorient
pulmonary rehabilitation to focus on strategies to improve
skeletal muscle function. Pulmonary rehabilitation might be
established as a modality that treats (and perhaps cures) skel-
etal muscle dysfunction.

To further this end a workshop group was established un-
der the auspices of the Respiratory Structure and Function
Assembly of the American Thoracic Society. Sponsorship of
both the American Thoracic Society and the European Respi-
ratory Society was obtained. An international group of 16 sci-
entists was recruited. Included in this group were experts in
the basic science of muscle biology, exercise physiologists, and
rehabilitation specialists. This group met twice in Miami, Flor-
ida, in December 1997 and in Chicago, Illinois, in Apnl 1998,
Each participant composed a section of the manuscript; all
members reviewed and commented on the resulting docu-
ment. Among the group’s eatliest decisions was to restrict  this
document to discussion of the limb musculature. Respiratory
muscle abnormalities are undoubtedly present; this topic has
been thoroughly reviewed (e.g., 10). However, the group felt
that fundamenta] differences between these two types of skel-
etal muscles were present (among them that, in most patients
with COPD, the respiratory muscles are chronically over-
worked and the limb muscles are chronically underworked)
and justified the division. Another decision was to compare
and contrast the role of strength versus endurance characteris-
tics of the limb muscles. To date, the COPD literature has al-
most exclusively focused on endurance activities; recent litera-
ture has stressed the importance of muscle strength in elderly
subjects (11).

This position paper is divided into three sections. The first
is a primer on muscle biology in which the characteristics of
skeletal muscle that dictate the ability to perform both
strength and endurance activities are discussed. The second
section summarizes the state of current knowledge concerning
the mechanisms of skeletal muscle dysfunction in COPD. The
third section describes strategies for treating skeletal muscle
sbnormalities.  Finally, a short section concemns possible  dirce-
tions for future research.

The writers are grateful to Glaxo Wellcome Pharmaceuti-
cals for supporting the publication of this report as a supple-
ment to the Americax Journal of Respiratory and Critical Care
Medicine.
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I. Normal Muscle Function

A. OVERVIEW OF MOTOR CONTROL

Early in this century, Sherrington (12} recognized that moto-
neurons constitute the final common pathway for the central
nervous system control of muscles. The motor unit, compris-
ing a motoneuron and the muscle fibers it innervates, was
wdentified as the basic functional element (or quantum) of
neural control of muscles (13). Sherrington also introduced
the concept of an orderly recruitment of motor units to ac-
complish different motor behaviors (13, 14). Accordingly, in
this model, the total force generated by a muscle depends on
the numbers of motor units activated and the quantal amount

of force contributed by each motor unit. Because the force

generated by each motor unit depends on the rate of neural

activation (i.e., the force/frequency relationship), the central
nervous system has two levels of control of the force gener-
ated by the muscle: (7) the number of activated motor units
(i.e., recruitrnent), and (2) the action potential discharge fre-
quency of motoncurons (frequency modulation). This simple

model assumes that all muscle fibers within a motor unit are

activated by the motoneuron in an all-or-none fashion, and
that each muscle fiber belongs to only one motor unit. These
assumptions have been shown to be essentially correct in nor-

mal healthy adults.

Within a muscle, motor units can vary considerably in their
mechanical, histochemical, and biochemical properties (15—
24), and it is this variety that provides the basis for a range of
motor control via the selective recruitment of different motor
unit types. In the early 1970s, Burke and colleagues (15, 16)
introduced standardized criteria for the classification of differ-
ent motor unit types based on mechanical and fatigue proper-
ties. Accordingly, motor units were classified as ([} slow-twitch,
fatigue resistant (S), (2) fast-twitch, fatigue resistant (FR), (3)
fast-twitch, fatigue intermediate (FInt), and (4) fast-twitch,
fatigable (FF). With few exceptions, it has been shown that
each motor unit type comprises muscle fibers ef a single his-
tochemical type, regardless of the classification scheme used
(Table 1} (15, 16, 24-26).

In one histochemical technique, muscle fibers were classi-
fied as slow-twitch oxidative (SO), fast-twitch oxidative, gly-
colytic (FOG), or fast-twitch glycolytic (FG) based on differ-
ences in staining for myofibrillar ATPase and subjective
differences in staining for glycolytic and oxidative enzymes
(27). In another histochemical classification scheme, differ-
ences in the pH lability of staining for myofibrillar ATPase
were used to classify fibers as type I, [Ia, Hb, or 11x (28, 29).
Finally, in most recent studies, fiber types have been classified
based on differences in immunoreactivity for antibodies spe-

TABLE 1
MUSCLE FIBER TYPE COMPOSITION OF MOTOR UNITS

=
CHit

Motor Unit Typs

Fiber Type

Classification Scheme 5 FR Fit .. F
Matabolic  enzyme

staining 50 FOG ? FG
pH Labiity of myofib-

dllar  ATPase  staining 1 lla Ix b

MHC,, MHCyy

MHC  immunoreactivity MHC g MHC gy

Definition  of abbreviations: FF = fastiwitch, fatigable; Fint = fastwitch, fatigue infer
nndt;FR=hﬂMideaﬁ3nmsimMm=myosinhqawdnhisofums;s=
slow-twitch, fatigue-resistant.
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cific to different myosin heavy chain (MHC) isoforms (30-34).
Several studies have confirmed a general correspondence be-
tween the histochemical classification of fibers as type I, Ila,
IIb, and 11x and immunoreactivity for MHCg o, MHC;4,
MHC,p, and MHCyy isoforms, respectively (31-34). Indeed,
this relationship formed the basis for the identification of
these MHC isoforms in skeletal muscle. In contrast, it has
been shown that there is only a very poor correspondence be-

tween the classification of SO, FOG, and FG fiber types and
the classification of type I, Ila, 1Ib, and 11x fibers (35-37).

Thus, there is general agreement that the classification of 8,
FR, Fint, and FF motor unit types corresponds with the ex-
pression of MHCgq,,, MHC2,4, MHC;x, and MHC;j isoforms
in muscle fibers and the histochemical classification of type I,
IIa, 1Ix, and IIb fibers {24-26).

Four decades ago, Henneman (38) suggested- that moto-
neuron size was the major determinant of motoneuron excit-
ability and susceptibility to discharge. He demonstrated that
motoneurons with slower conduction velocities, a correlate of
motoneuron size, were recruited first during most motor be-
haviors. This *“size principle” predicted that the orderly re-
cruitment of motor units was related to the intrinsic mem-
brane properties of motoneurons (38,39). Smaller motoneurons,
with smaller axonal diameters and conduction velocities, have
high input resistance, providing them with a more negative
threshold for discharge. In contrast, larger motongurons, with
larger axons and faster conduction velocities, have lower input
resistance and, thus, a less negative recruitment threshold.
Based on a comparison of axonal conduction velocities and
motor unit recruitment thresholds, the size principle has been
confirmed in a number of mammalian motor systems (17,394).

Models have also been proposed based on an orderly re-
cruitment of different motor unit types, with S units recruited
first followed by FR, Flnt, and FF units (e.g., 23, 45). Based on
the average force contributed by each motor unit type and the
proportion of each type within a muscle, the recruitment re-
quirements to accomplish different motor behaviors can be
predicted. For example, in the cat medial gastrocnemius mus-
cle, it has been estimated that only type S motor units need to
be recruited during standing, that additional recruitment of
type FR motor units is required during walking and running,
and that FInt and FF motor units are recruited only during be-
haviors such as jumping, which require maximal efforts for
short durations (45). Similarly in the cat diaphragm muscle,
eupneic breathing can be achieved by the recruitment of only
type S motor units, whereas more forceful ventilatory behav-
iors (e.g., during hypoxta and hypercapnia) would require the
recruitment of FR and some FInt units (23). Recruitment of
the more fatigable FInt and FF motor units in the diaphragm
muscle would be required only during more forceful nonventi-
latory behaviors (23). These motor unit recruitment predic-
tions hold even assuming submaximal motoneuron discharge
rates in the range of 10 to 30 Hz (e.g., 46). It should be noted
that motor unit activation rates represent the steepest portion
of motor unit force/frequency curves, and thus allow for opti-
mal frequency coding of motor units for rapid adjustments in
force generation (46).

B. MUSCLE STRENGTH

1. Determinants of Muscle Strength

As mentioned above, the force gencrated by a muscle is deter-
mined by the number and type of motor units recruited (17,
23). In most muscles, it has been generally reported that Fint
and FF motor units generate greater forces than do S and FR
units (17, 19, 23, 47, 48). The force generated by a motor unit
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depends on three interrelated factors: (I) the innervation ratio
of the unit, i.e., the number of muscle fibers innervated by a
motoneuron; (2) total functional cross-sectional area of all
muscle fibers within the unit; and (3) specific force of the mus-
cle fibers, i.e., the force per cross-sectional area (17). In 1968,
Edstrom and Kugelberg (49) introduced the method of glyco-
gen depletion by which muscle fibers making up a single mo-
tor unit can be identified. Subsequently, a number of studies
have characterized the importance of these three factors in the
forces generated by different motor unit types. Generally, the
greater force generated by FInt and FF motor units has been
attributed to a combination of all three factors (17, 19, 47, 48).

The force generated by single skeletal muscle fibers is de-
termined primarily by the level of activation (e.g., intracellular
Ca®* concentration, [Caz"]i) and the force per cross-sectional
area of muscle (specific force). As the frequency of neural ac-
tivation increases, the force generated by muscle fibers in-
creases in a sigmoidal fashion. In motor unit studies, it has
been shown that the force/frequency relationship of slow-
twitch motor units is shifted leftward compared with fast-
twitch motor units (23). Thus, at a given frequency of submax-
imal neural activation, slow-twitch motor units generate a
greater percentage of their maximal force. This difference in
the force/frequency relationship of motor units could relate ei-
ther to the amount of Ca®* released from the sarcoplasmic
reticulum at a given frequency of activation (differences in ex-
citation-contraction coupling) (50-53), differences in sarco-
plasmic reticulum Ca®* reuptake (54), or differences in the
Ca®* sensitivity of myofibrillar proteins (55-59).

A number of studies have examined the force/Ca’* rela-
tionship in single permeabilized skeletal muscle fibers, where
[Ca®*); can be clamped at different levels. Generally, it has
been reported that muscle fibers expressing the MHC,,, iso-
form have greater Ca?* sensitivity than do fibers expressing
fast MHC isoforms, so that slow fibers generate a greater frac-
tion of their maximal force for a given [Ca2+]i. Accordingly,
the force/Ca®* relationship of slow muscle fibers is shifted left-
ward compared with fast fibers (57-61).

Fiber type differences in specific force have been reported
(60-64), but such differences remain controversial (65). Dif-
ferences in mitochondrial volume densities may contribute, at
least in part, to fiber type differences in specific force. Gener-
ally, fibers expressing the MHC,,,, and MHC,, isoforms have
significantly higher mitochondrial volume densities and oxida-
tive capacities than do fibers expressing the MHC,y and
MHC,y isoforms (33). Indeed, it is likely that the higher oxi-
dative capacities of fibers expressing the MHCg,, ad MHC,,
isoforms may at least partially account for the greater fatigue
resistance of these fibers as compared with fibers expressing
the MHC;x and MHC)g isoforms (18, 66). The higher mito-
chondrial volume densities of fibers expressing the MHCy,,,,
and MHC,, isoforms would presumably be at the expense of
a corresponding lower myofibrillar volume density, lower
MHC content, and, thus, fewer cross-bridges in parallel for a
given fiber cross-sectional area.

2. Protein Tumover

Protein turnover refers to a continuous and dynamic flux in
protein metabolism whereby all proteins are constantly being
synthesized and degraded (Figure 1) (67). Although this pro-
cess incurs a significant metabolic cost, it permits the ability to
finely regulate specific protein pools (68, 69). Thus, turnover
rates for specific proteins may differ considerably depending
on function and need (69). Amino acids, the building blocks of
proteins, are derived from an active metabolic pool, 40%_of
which originates from endogenous protein breakdown, with
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the remainder being derived from dietary protein sources
(69). The regulation of protein turnover in skeletal muscle is
of considerable importance in view of the fact that skeletal
muscie mass makes up about 40 to 45% of body weight and
about 60 to 80% of body cell mass. As such, skeletal muscle
serves as an important reserve system that, in conditions of
need, maintains supplies of essential amino acids for protein
synthesis and energy metabolism (70).

a. Muscle Protesn Degradatior. Although numerous cellu-
lar proteolytic systems have been described, degradation of
muscle contractile proteins, particularly in catabolic states, is
likely mediated via the ubiquitin-protecasome pathway (Figure
1) (71, 72). This involves activation of small peptide cofactors
(ubiquitin} and their transfer and covalent linkage to the spe-
cific target proteins to be degraded. The ubiquitin-protein
conjugate binds to an activating protein complex, which re-
leases the ubiquitin chain, catalyzes conformational change in
the protein, and promotes entry into the 26§ proteasome (a
barrel-shaped protein structure composed of several rings and
subunits  surrounding a central cavity), where the protein is de-
graded by multiple proteolytic sites within the inner rings of
the proteosome. The degraded products (i.e., peptides) are
subsequently released into the cytoplasm, where they can be
rapidly metabolized to amino acids (71, 72). The ubiquitin
pathway has been implicated in mediating enhanced proteoly-
sis in a number of different catabolic states, in both animal
models and in humans. For example, varying increments in
messenger RNA (mRNA) for ubiquitin, proteasome subunits,
and/or key pathway enzymes have been reported in a variety
of models. These include fasting (73), acidosis (74), denerva-
tion (75), sepsis/endotoxemia (76, 77), tumor necrosis factor
(TNF) administration (78), diabetes mellitus (79), and neopla-
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sia (80). There is also evidence for activation of the ubiquitin
pathway in rat limb moscles with the use of high dese corticos-
teroids (81). By contrast, insulin and insulinlke growth factor-l
(IGF-1) have been shown to suppress E2 (a ubiquitin conju-
gating enzyme) in muscle cell cultures, and thus could in part
suppress proteolysis via influences on the ubiquitin pathways
(82, 83).

b. }Iamml and Mediator Influences on Muscle Protein
Turnover.

(1} Anabolic influences. The growth-promoting and ana-
bolic actions of growth hormone (GH) are thought to be
mediated via polypeptide growth factors {(somatomedins) pro-
duced in the liver and in other tissues, including skeletal mus-
cle (84). IGF-1 is the principal somatomedin, and it can exert
both hormonal and local effects via the IGF-1 receptor (85).
The actions of IGF-1 in either the bloodstream or within spe-
cific tissues can be modulated by various binding proteins (1G-
FBP). In animal and #£r edfre studies, IGF-1 produces incre-
ments in protein synthesis and usually diminishes protein
degradation (86). In humans, both GH and IGF-{ enhance lo-
cal skeletal muscle protein synthesis when administered di-
rectly (87, 88). GH administered systematically or locally has
no impact on protein degradation, whereas IGF-1 at high dos-
ages suppresses protein breakdown, possibly via effects on the
ubiquitin pathways (82, 87, 88). In skeletal muscle, the ana-
bolic effects of IGF-1 on muscle fibers may be mediated in
part by stimulatory effects on satellite cells (89). The latter are
myogenic cells that retain mitotic activity and serve as a
source of myonuclei to growing, enlarging, and regenerating
fibers (90). Testosterone, an anabolic/androgenic steroid, has
distinct influences on skeletal muscle protein turnover in ani-
mais as well as in humans (91-93). In humans, testosterone ad-
ministered in replacement or pharmacologic doses increases
muscle protein synthesis (93-95). It is likely that the anabolic
effects of testosterone may be mediated at least in part by in-
creased intracellular production of IGF-1. For example, after
administration of testosterone to elderly men, several changes
were found in vastus lateralis muscle biopsy specimens (95).
IGF-1 mRNA was increased and IGFBP4 was decreased,
presumably leading to decreased IGF-1 binding. In cell cul-
tures, ## pdfre muscle preparations and in animals, insulin
promotes anabolism by promoting amino acid uptake with in-
crement in protein synthesis and inhibition of protein degra-
dation (96). Studies in humans, however, indicate that the pre-
dominant anabolic action of insulin is mediated primarily by a
reduction in protein breakdown (97-100). It is postulated that
the reduction in serum levels of amino acids induced by insu-
lin may limit enhanced protein synthesis.

(2) Catabolic influences. In animal studies, corticosteroids
have demonstrated catabolic influences mediated predomi-
nantly by inhibition of protein synthesis, with or without en-
hanced protein degradation (96). The latter effect may in part
be due to activation of ubiquitin-mediated proteolysis (81). In-
sufficient data on protein turnover in skeletal muscle are
available in human studies to draw parallel conclusions to
those in animal models (101). Studies in patients with rheuma-
toid arthritis treated with corticosteroids, however, suggest
reduced skeletal muscle protein synthesis (102). Although
release of stress hormones (corticosteroids, catecholamines,
glucagon) may result in protein catabolism, glucagon has not
been shown to effect protein metabolism in human skeletal
muscle (103). In addition, variable results have been reported
for the influences of epinephrine on skeletal muscle in humans
(104). Excess thyroid hormone may produce a negative pro-
tein balance by influences on both protein degradation (en-
hanced) and protein synthesis (suppressed) in skeletal muscle
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(103). A variety of cytokines, including tumor necrosis factor
(TNF) and interleukins {e.g., IL-1) have been reported to pro-
duce muscle wasting, mediated in part by activation of ubig-
uitin pathways with enhanced proteolysis (78). Furthermore,
various prostaglandins (PG) may also exert positive {e.g., PG
F2a, Eil) or negative (e.g., PG E2) influences on protein tum-
over in skeletal muscle (106,107).

¢. Nutrient Influences on Muscle Profein Turnover. Malno-
trition is an important clinical state exerting a negative influ-
ence on profein  balance, particularly withn muscle.  Significant
degrees of malnutrition may complicate clinical illness in un-
stressed or stressed conditions. The main difference between
unstressed and stressed states of malnutrition {(e.g., associated
with sepsis, major trauma, etc.) is the inability to suppress
amino acid release from muscle with stress despite nutritional
supplementation (70). Furthermore, much greater urinary
losses of nitrogen are observed with states of stressed starva-
tion (e.g., 15 to 50 g/d) compared with the unstressed state (3
to 12 g/d). Most of the nitrogen lost during acute stress derives
from skeletal muscle sources and, in particular, contractile
proteins (108, 109). Among the amino acids mobilized during
stress are substrates for synthesis of essential proteins, those
involved in gluconeogenesis, and fuel substrates such as
branched chain amino acids (70). Malnutrition with or without
associated stress is associated with a biochemical milieu that
favors a negative protein balance. This includes reduced se-
rum levels of IGF-1 and insulin, coupled with elevated levels
of stress hormones and other mediators (e.g., TNF).

d. Influence of Agiy on Muscle Protein Twmover With ad-
vancing age, reductions in skeletal muscle mass parallel loss of
total muscle force (11, 110). In both elderly animals and hu-
mans, reductions in muscle protein synthesis have been docu-
mented. For example, Welle and colleagues (111) reported a
significant (~ 28%) reduction in the rate of myofibrillar pro-
tein synthesis in elderly subjects compared with that in  young
subjects. Hormonal changes noted with aging may be partly
responsible. For example, in the elderly, GH is less responsive
to GHRH while'levels of the inhibitory somatostatin increase
(112). The above events result in a decrease in circulatory and
possibly tissue levels of IGF-1. In addition, in elderly male
subjects, significant reductions in total and free testosterone
are noted {113, 114). It is currently unclear to what extent re-
duced estrogen levels in postmenopausal women contribute to
reduced muscle bulk and protein turnover. Finally, age-related
changes in cytokine production may also produce altered pro-
tein turnover in the elderly (e.g., enhanced IL-1J production
#n pifro in blood cells from elderly subjects compared with
those from young subjects) (115).

& Measurement of Muscle Protein Tumover. A variety of
indirect and direct measures may be employed in humans to
evaluate aspects of protein turnover. These include urinary
creatinine excretion (116), urinary 3-methylhistidine measure-
ment (derived from actin and myosin proteolysis) (117), mus-
cle protein analysis, amino acid balance studies (e.g., across
forearm) {99), and estimates of protein turnover using amino
acid incorporation techniques (118, 119) or arteriovenous
amino acid balance techniques. As myofibrillar proteins com-
prise  several different constituent proteins (e.g, myosin, actin,
mitochrodrial proteins, and sarcoplasmic reticulum proteins),
new techniques have been developed to determine myosin
heavy chain synthesis rates in skeletal muscle samples using
incremental enrichment of both radiolabeled (120, 121} and
stable isotope labeled (122) leucine into myosin heavy chains.
Using these techniques, it has been shown that the synthesis
rate of slow myosin isoenzyme is faster than that of the fast
myosin isoenzyme (121). Recently, techniques have been de-
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veloped aimed at determining the fractional synthesis rate of
individual myosin heavy chain isoforms extracted from single
skeletal muscle fibers (G. C. Sieck, K. S. Nair, P. Balagopal,
unpublished data).

3. Measurements of Muscle Strength

a. Morphologic. The overall mass of functioning muscle tissuc

and the size and type of its constituent muscle fibers provide

an index of predicted muscle force. A number of direct and in-

direct approaches have been used to assess muscle mass (123).

These include measurements of total body potassium and ni-
trogen (124-126), estimates of fat-frec mass, e.g., anthropome-
try such as four-site skinfold thickness (127, 128), deuterium
dilution (129), underwater weighing (130), bioelectrical im-
pedance (129, 130), biochemical estimates of total skeletal
muscle mass, e.g., creatinine height index (116), measures of
regional limb skeletal muscle mass, ¢.g., dual energy X-ray ab-

sorptometry (DEXA) scanning (131) and ultrasonography
(132), and anatomic delineation of the mass of specific mus-

cles, e.g., magnetic resonance imaging (MRI) (133}, computed

tomography (CT) (134).

Although these methods offer noninvasive approaches to
the estimation of muscle mass, a number of important limita-
tions should be highlighted. First, most of these methodolo-
gies provide only gross whole-body or regional estimates and
are not specific for individual muscles or muscle groups. An-
thropometric indices may be more prone to error in the eld-
erfly because of alterations in the disrbution of bedy fat (135).
In addition, an increase in the extravascular fluid compart-
ment can be mistaken for an increase in muscle mass. More
recently, comparisons between anthropometric estimates of
limb muscle mass in the elderly with either CT or MRI have
revealed significant inconsistencies (133, 136). Similarly, total
body potassium and nitrogen assays were reported to underes-
timate skeletal muscle mass using CT as the “gold standard”
(137). Bioelectrical impedance has not been fully validated in
the elderly and its interpretation may be limited by the pres-
ence of edema and skin changes that affect impedance (138).
Although total body skeletal muscle mass determined by
DEXA scanning has correlated well with estimates obtained
by CT, the former tended to overestimate muscle mass (137).
Lastly, although CT and MRI appear to be emerging as refer-
ence measurements, they are expensive tests. Furthermore, lo-
gistic and cost considerations may preclude the performance
of multiple serial studies.

Muscle biopsy is an extremely valuable tool as it affords a
detailed assessment of morphologic and biochemical indices
at molecular, cellular, or tissue levels (e.g., 139). Among the
main indices that pertain to the determination of muscle
strength, the most important include: (T) determination of fi-
ber type proportions using myofibrillar ATPase histochemical
staining techniques (28) or antibodies against myosin heavy
chain (MHC) isoforms (32), (2) quantitative assessment of in-
dividual fiber cross-sectional areas, and (3} gel electrophoresis
of muscle homogenates from whole biopsy specimens or sin-
gle muscle fibers dissected from the biopsy to determihe MHC
proportions and/or their mRNA transcripts (55).

Despite the useful information obtained from muscle bi-
opsy analyses, several limitations of the method should be
highlighted. Although the needle biopsy technique is gener-
ally regarded as a minor procedure, potential complications
include pain and discomfort, bleeding, infection, and scarring.
A major limitation 1s the presence of sampling error as the bi-
opsy represents only a tiny fraction of the whole muscle. The
coefficient of variation for duplicate biopsies is in the region
of 10 to 20% for fiber-type proportions and 15 to 20% for
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cross-sectional areas (140, 141). Errors relating to cross-sec-
tional areas may also originate from fiber contraction, with
sectioning or delays in freezing (142) and nonperpendicular
orientation of the muscle fibers. In humans, considerable ge-
netic variation in fiber types exists among subjects, thus man-
dating a larger number of subjects to account for this. Al-
though the vastus lateralis represents the most commonly
studied limb muscle, the choice of muscle for biopsy should
take into account the intervention administered to the study
group. In addition, recent molecular studies have demon-
strated that human skeletal muscle fibers traditionally classi-
fied as type IIb fibers express MHC mRNA transcripts for the
2X isoform (143). Because there is no evidence that true type
IIb fibers exist in human skeletal muscle, this may have impli-
cations for both accurate fiber typing and physiologic corre-
lates of specific force.

b. Functional Four different devices/methods have been
employed in the measurement of limb muscle strength: cable
tensiometer, dynamometer, motorized dynamometer, and
repetition maximum (RM) tests. All these tests may be limited
by volitional factors, learning effect, and non-muscle factors
(e.g., arthritis in the elderly). The cable tensiometer can reli-
ably measure isometric force only (144). Hand grip dynamom-
etry evaluates a limited muscle group and there are few refer-
ence data applicable to the elderly (145). In addition, upper
limb strength is better preserved than lower limb strength in
the elderly (146). The Cybex II isokinetic motorized dyna-
mometer is commonly used to assess limb muscle strength
(e.g., quadriceps/knee extension). Artifacts caused by excess
acceleration of the lever arm of the machine and problems in-
cumed by gravitational effects with flexion testing can result in
significant errors (147, 148). RM tests with free weights or ex-
ercise machines assess the maximum resistance that can be
moved across a range of motion and correlate better with nor-
mal dynamic functional tasks (149), but they may require a
greater learning period than other tests.

C. MUSCLE ENDURANCE
1. Oxygen Transport to Mitochondria

In contrast to strength performance, endurance exercise de-
pends on O transport from the air to the muscle mitochon-
dria. The O, transport pathway (150) begins with ventilation
delivering air to the alveolar surface, principally by convec-
tion. Without adequate ventilation, in relation to metabolic
rate, arterial Po, will fall and arterial Pcoy will rise. Oz crosses
into pulmonary capillary blood by diffusion. Whether diffu-
sion equilibration (equalization of alveolar and end-capillary
Po,) occurs or not depends on three factors: (I} the diffusing
capacity of the lungs (pL}, (2) blood flow (Q), and (3} the ca-
pacitance of blood for O (B, which is defined by the slope of
the O,Hb dissociation curve between arterial and venous Poy
values and is thus equivalent to effective solubility of O). In
fact, it is the ratio DL/(BQ) that determines degree of equili-
bration (151) and to the extent that Du is reduced and/or BQ
increased, arterial Po; may be less than alveolar Po,.

In addition to potential diffusion limitation, nonuniform
distribution of inspired air and of pulmonary capillary blood
occurs even in normal lungs, for a number of reasons. In pul-
monary disease, such ventilation/perfusion inequality is usu-
ally exaggerated and may further lead to significant reduction
in arterial Po, (152). The fourth factor that can reduce arterial
Po, is the presence of right-to-left shunts. In health, these are
negligible (on the order of 4%), but shunts can cause severe
hypoxemia in certain diseases. Abnormalities in pulmonary
gas exchange from inadequate ventilation, diffusion limita-
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tion, ventilation/perfusion inequality, or shunt may limit en-
durance performance by impairing O, transport to the muscles
and by impairing CO; transport from the muscles to the lungs.
Reduced O; and CO, transport in turn may contribute to un-
comfortable leg and/or respiratory symptoms during exercise.

Blood containing O; combined with Hb as a result of the
pulmonary gas exchange process is pumped to the muscles,
and this requires adequate cardiovascular function. Cardiac
output during exercise is very tightly coupled to O; consump-
tion, even in COPD, both rising linearly with heart rate along
approximately the same relationship as in healthy subjects
(153). Although the mechanisms responsible for this coup-
ling remain incompletely understood, the autonomic nervous
system is centrally involved. Parasympathetic withdrawal and
sympathetic activation are seen with exercise, increasing both
heart rate and stroke volume (154). Venous return is enhanced
by skeletal muscle contractions and by increased venous tome,
and these appear to contribute to increasing cardiac output via
the Starling effect (154).

Preferentia! distribution of blood flow to the contracting
muscles is an important adjustment to exercise and requires
vasodilatation in the active muscles (and vasoconstriction in
other vascular beds). This occurs through a numnber of parallel
mechanisms involving the autonomic nervous system as well
as a host of local metabolic and neurologic factors. The end re-
sult is (at least in health and during submaximal exercise), ap-
propriate delivery of O; for the metabolic needs of the muscle.
0O, delivery (Qo,) to the muscie microcirculation is defined as:

Qo = (139 x [Hb] x Sa, +0003 x Pag) x Qum (1)

where [Hb] is hemoglobin concentration, Sag, is fractional ar-
terial O, saturation, Pag, is arterial Po, and Qy is muscle
blood flow. Except in extraordinary circumstances such as se-
vere anemia and hyperbaric environments, the amount con-
tributed by physically dissolved O, (0.003 X Pag,) can be ne-
glected for simplicity since it accounts for less than 2% of the
O, present in blood. Therefore, the implications of this equa-
tion are paramount to understanding the basis for endurance
exercise: Oy supply to the muscles depends on the blood
([Hb]), the lungs (Sag,), and the cardiovascular system (Qw)-
The latter factor encompasses not only adequate cardiac func-
tion but also peripheral vascular structure and function to as-
sure proper distribution of cardiac output to active muscle.
Reduction in any one of these three variables ([Hb], Sag,, or
Qu) will reduce convective muscle oxygen transport and, con-
sequently, endurance performance.

It is important to note that this discussion focuses on mus-
cle blood flow, Qy, and not on cardiac output. This is for two
practical reasons. First, attempting to infer muscle blood flow
from cardiac cutput is likely to produce significant errors in
assessment of muscle O, delivery. Second, using cardiac out-
put and Vo, at the mouth to calculate arteriovenous [O5} dif-
ference and from this to estimate muscle Oy extraction is
equally uncertain when a significant proportion of cardiac out-
put and Vo, is distributed to tissues other than actively con-
tracting muscle. Thus, experimental methods should focus di-
rectly on the active muscle groups.

O, delivery to muscle {Equation T) is by no means the end
of the O, transport story. O, must be unloaded from Hb in the
muscle microcirculation and diffuse through the red cell wall,
plasma, and the capillary wall. It then must diffuse into the
myocyte where it binds to myoglobin, which is believed to
greatly facilitate its transport to the mitochondria for use in
ATP generation (155). The intramuscular diffusion pathway 1s
unique because of myoglobin. Although the distance 0_2 must

diffuse between Hb and the sarcolemma is just a few microns,
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and the distance O, must travel to the mitochondria may be
some 50 microns, almost all of the impedance to O, diffusion
is in the initial short distance from Hb to sarcolemma. This is
shown by the large difference between mean capillary Po,
{(generally ~ 40 mm Hg) and average intracellular Po, (about
3 mm Hg) during exercise in humans (156). Several lines of ev-
idence point to the critical importance of muscle capillary sur-
face area in determining the impedance to O, unleading in
muscle; diffusion distance may well be relatively unimportant
{156158). Thus, from a morphometric standpoint, the ability
to move O, from Hb to the mitochondria is a function of how
many capillaries surround each muscle fiber. Fiber cross-sec-
tional area on the other hand appears unimportant (159). If in
a given disease state there is a reduction in the number of cap-
illaries around each fiber, one would expect impaired O, un-
loading; fiber size changes without alterations in capillary
number would not be expected to reduce (), availability.

Just as described above for the lungs, the diffusive process
of Oy unloading depends on the muscle diffusing capacity for
O, (Dy), the capacity of blood to hold O, (B), and muscle
blood flow (Qu)- Again, completeness of unloading depends
on the ratio Dy/(BQy) (153). Intuitively, the greater the Dy,
the higher the rate of transport of O, between Hb and mito-
chondria. However, completeness of unloading will be re-
duced if there is a large amount of O, to be unloaded from the
blood (large value for B) or if perfusion (Qum) is high. When
is high, it simply takes longer to unload O, because there are
more O; molecules in the blood; when Qy is high relative to
the muscle capillary volume, transit time is reduced and there
is less time available for Oy unloading.

Extraction is thus dependent on Dp/(BQy)- If one assumes
that the relevant portion of the O;Hb dissociation curve is lin-
ear, then muscle venous Po; (Pv,) is a simple exponential

function of Dy/(BQy):
Pv, = Pag, - exp [-Dy/(BQum)] (2}

where Pag, is arterial Po,. Assuming a linear O,Hb dissocia-
tion curve (approximately correct at low Po,), fractional O,
extraction, E (which is the ratio of arteriovenous [Oy] to arte-
rial {O,]) becomes:

E = 1- exp [-Dp/(BQM)1. {3)

The critical message of Eguation 3 is the following: whereas
Dy, is reasonably considered as a “peripheral” factor in that it
is mostly determined by muscle structure, both f# and Qy are
largely determined by factors unrelated to muscle. They are
functions of the heart and blood. Extraction of O, is thus not
simply an index of peripheral (muscle) function but a complex
end-product of the interaction between the peripheral factor
Dy, and the “central” factors B and Q. These concepts re-
main valid even if the (, dissociation curve is not linear.
Quantitative but not qualitative differences in predictions
from Equations 2 and 3 will be seen for the case of the real O,
dissociation curve (160,161).

Equally important is another concept: just as in the lungs,
where Q, diffusing capacity increases with pulmonary blood
flow, so too will muscle diffusing capacity increase with in-
creasing muscle blood flow: as exercise intensity increases,
more muscle fibers and capillaries are recruited. Consequently,
if overall exercise intensity in COPD is governed mostly by a
low ceiling on ventilation, which in turn results in a limited in-
crease in cardiac output and hence in Qu, so too will muscle
0, diffusing capacity not reach its potential maximal value
during exercise.

An inference may be drawn: attempting to study the skele-
tal muscles during exercise using large enough muscle groups
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to force the patient to have reached his low ventilation ceiling
will not provide the answer to a basic question: are the skeletal
muscles normal or not in COPD? To answer this question, it

can be predicted that a helpful strategy will be to activate a
relatively small muscle mass. Ideally, the amount of muscle

involved should be small enough to permit it to reach this

muscle’s maximal O, utilization without the patient having
reached his ventilatory limit. However, the muscle would need
to ideally be large enough to allow measurement of muscle O,
delivery (Qo,) (Equation 1). O, delivery to the contracting
muscle is a key measurement. If (), delivery is reduced, the
immediate biochemical consequences might be interpreted as
evidence of intrinsic muscle dysfunction instead of actually re-

flecting inadequate (), supply to otherwise normal muscle.
The increase in arterial lactate concentration ([La]) with in-
creasing Vo, is a case in point. Patients with COPD or conges-
tive heart failure often exhibit an early rise in [La] that may be

due to inadequate O, delivery. Enhancing O, delivery (and
thereby normalizing [La] response) would indicate that the
problem lay with O, delivery rather than with skeletal muscle
dysfunction. The same holds for indices of bivenergic state
measured by magnetic resonance spectroscopy such as phos-
phocreatine/inorganic phosphate ratios and intracellular pH.
Unless O, delivery to the active muscle can be measured and
matched to that of appropriate control subjects, differences in
such indices of muscle function may well be incorrectly attrib-
uted to an intrinsic myopathy when all that they reflect is re-
duced O, delivery.

2. Mitochondrial Function and Callular Energetics

a. Cellular Energetics. Skeletal muscle is capable of large
changes in metabolic activity (162); relative to the basal rate,
metabolism can be increased 20- to 500-fold (163). Several
strategies are available to the muscle fiber for generating ade-
nosine triphosphate (ATP), which is the common energetic
currency of the cell. ATP provides the energy for cross-bridge
cycling and for active transport. At the onset of contractile ac-
tivity, muscle fibers initially draw on a small pool of existing
high-energy phosphates (164). However, ATP levels do not
change significantly because phosphocreatine provides the
substrate for rapid resynthesis catalyzed by creatine kinase.
Inorganic phosphate and creatine are the net products of this
overall reaction; both metabolites accumulate within the tis-
sue during the early phase of exercise and can contribute to
fatigue (see below). Skeletal muscle contains high levels of
phosphocreatine relative to other tissues (165), but these
stores can supply cellular needs for only a few seconds of
strenuous contractions, During this time, glycogenolysis accel-
erates and the rate of glycolysis increases to provide a more
sustainable emergy source. Cytosolic pathways metabolize glu-
cose to pyruvate. Pyruvate is either reduced to lactic acid via
lactate dehydrogenase, an anaerobic mechanism, or is trans-
ported into the mitochondrion. Within the inner mitochon-
drial matrix, pyruvate is converted to acetyl CoA and metabo-
lized aerobically via the tricarboxylic acid cycle to yield CO,
and water.

Compared to anaerobic glycolysis, aerobic metabolism re-
quires longer to activate. Energy utilization during the first 2
to 3 min of exercise requires more ATP than can be synthe-
sized from oxygen stores in the muscle; the time required for
blood flow and oxygen delivery to increase to steady-state lev-
els causes an “oxygen debt” to develop within the muscle
(166) that must be repaid after exercise. Nevertheless, acrobic
metabolism has two important advantages to working muscle
fibers. It produces more energy, 38 ATP per mole of glucose
versus 2 ATP from anaerobic glycolysis, and it enables the cell
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to utilize stored lipid as a fuel via fatty acid metabolism (167).
These properties are critical for muscle endurance, and mito-
chondrial content is a major determinant of muscle perfor-
mance during prolonged exercise.

b. Mitochondrial Metabolism. Mitochondria are syncytial
organelles that are located in interfibrillar or subsarcolemmal
regions of the muscle fiber (168). Muscle fibers differ pro-
foundly in their mitochondrial content both within and among
muscles. Within a given individual, mitochondrial content of
muscle fibers is not tightly linked to myosin ATPase activity
(i.e., fiber type) but is strongly influenced by the pattern of
muscle use. Muscles that undergo chronic endurance activity
have the highest mitochondrial content; these include the hean,
diaphragm, and soleus muscles (169).

Mitochondrial respiration requires dehydrogenases within
the mitochondrial matrix that metabolize pyruvate or free
fatty acids to produce reducing equivalents, i.c., reduced nico-
tinamide adenine dinucleotide (NADH). In the presence of
molecular oxygen, NADH functions as a substrate for oxida-
tive phosphorylation with the following overall reaction:

NADH +H" + %02 +3ADP + 3P
3ATP + NAD+ + H,0. @

Three factors determine the maximum rate of this reaction
at the cellular level (170). First is the capacity of respiratory
chain enzymes to process oxygen and NADH via oxidative
phosphorylation. In the absence of pathelogy, this capacity is
determined by the quantity of respiratory chain enzymes that
is proportional to mitochondrial volume: more mitochondria
equals a higher oxidative capacity. Second is the amount of
NADH available to the respiratory chain. This is influenced
by the activity of mitochondrial dehydrogenases and by en-
zymes of the metabolic pathways that supply substrate for
these dehydrogenases. These are primarily located within the
mitochondrial matrix and, like the respiratory enzymes, are
increased in proportion to mitochondrial volume density.
Third is delivery of oxygen to the mitochondria. As noted in
the previous section, oxygen delivery depends on a complex
array of factors, including arterial oxygenation, hemoglobin
conent, muscle blood flow, vascular regulation, capillary num-
ber, fiber size, and myoglobin content.

¢. Metabolic Adaptation. The metabolic properties of skele-
tal muscle are highly adaptive (171). Endurance training stim-
ulates an integrated response within the tissue that increases
the overall capacity for oxidative metabolism. Each of the
three factors listed above—oxidative capacity, availability of
reducing equivalents, and oxygen delivery-is affected by
training. Proliferation of mitochondria in endurance-trained
muscle simultaneously increase the capacity of the respiratory
chain, the dehydrogenases that generate reducing equivalents,
and the activities of metabolic pathways that supply the dehy-

drogenases. Oxygen delivery is increased by a pleiotropic re-
sponse at the local and systemic levels: muscle adapts by in-
creasing capillary number and myoglobin content. This is
complemented by an increase in cardiac function that im-
proves the peak capacity for blood flow and oxygen delivery
to the muscle. The opposite changes are produced by chronic
reductions in muscle activity, eg. by denervation or inactivity,
and aerobic capacity falls accordingly.

3. Determinants of Fatigue
Muscle fatigue can been defined as a loss in contractile func-

tion-force, velocity, power, or work-that is caused by pro-
longed exercise and is reversible by rest {10). Studies of iso-
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lated muscle preparations have shown that fatigue directly
compromises intracellular processes. Prolonged contraction at
near-maximal activation frequencies causes fatigue because of
electrical failure of the sarcolemma, so-called “high-frequency
fatigwe.” Repetitive contraction using lower, quasi-physiologic
activation frequencies causes loss of calcium homeostasis in
muscle fibers, diminishes the calcium sensitivity of myofila-
ments, and can cause cross-bridge dysfunction. In contrast to
isolated muscle preparations, human subjects may experience
fatigue during volitional exercise because of cardiovascular
limitations or central neural mechanisms. Thus, a variety of
factors can limit endurance performance, and the actual cause(s)
of fatigue depends on exercise conditions. This section pro-
vides an overview of the mechanisms that are most likely to

contribute to fatigue in intact humans under physiologic con-

ditions. Readers desiring more detail are referred to reviews
by Westerblad and colleagues (167) and by Fitts (165).

a. Events Within the Muscle Fiber. Fatigue is generally asso-
ciated with a metabolic imbalance in which metabolite con-
centrations change in order to maintain energetic supply. Such
imbalance leads to- depletion of intracellular energy stores
such as glycogen, glucose, and phosphocreatine and accumula-
tion of metabolic by-products within the cell. Under most con-
ditions, muscle function declines prior to depletion of high-
energy phosphate stores; ATP availability generally is not
rate-limiting (172). In contrast, metabolic by-products directly
inhibit contractile function and are thought to be primary me-
diators of fatigue. First among these are the hydrogen ions
generated by glycolytic metabolism. Lactate production by
muscle sharply increases when energetic demand exceeds 50
to 60% of maximal aerobic capacity (165). Lactate release
from muscle has long been correlated with muscle fatigue
(173), but lactate itself is unlikely to cause dysfunction (174).
Lactate-derived hydrogen ions have been implicated; acidosis
directly compromises myofilament function, decreasing both
force and the velocity of shortening (175); however, the mag-
nitude of this effect is small at physiologic temperatures (176).
A second factor contributing to fatigue is the inorganic phos-
phate produced by ATP hydrolysis. When phosphorylation
potential falls, as occurs in heavy exercise, inorganic phos-
phate accumulates in the muscle and decreases calcium sensi-
tivity of the myofilaments. Force production falls as a resuit
(177). A third factor is the magnesium produced by MgATP
hydrolysis. During periods of heavy MgATP utilization, intra-
cellular magnesium concentration rises {178). Elevated mag-
nesium levels may contribute to fatigue by inhibiting calcium
release from the sarcoplasmic reticulum and thereby depress-
ing myofilament activation (179). Fourth, reactive oxygen spe-
cies are produced at accelerated rates by heavily exercising
muscle. Accumulation of reactive oxygen species causes oxi-
dative stress, inhibiting the function of both myofilaments and
the sarcoplasmic reticulum (180, 181) and contributing to loss
of muscle function in fatigue (182),

Electrolyte shifts may disrupt sarcolemmal function during
fatiguing exercise. Muscle activation causes potassium release
and sodium influx with each action potential. During periods
of intense activation, electrolyte flux rates can exceed the reg-
ulatory capacity of sarcolemmal pumps such that intracellular
potassium concentration falls and intracellular sodium levels
rise (183). Resting membrane potential therefore becomes
less negative and the charge movement produced by action
potentials is diminished. During intense activation, potassium
accurnulation within t-tubules can prevent action potential
conduction and inhibit voltage-dependent calcium release {184).
This phenomenon is the putative basis for high-frequency fa-
tigue (167).
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b. Mechanisms Beyond the Muscle Fiber. In intact humans,
fatigue of exercising muscle may be influenced by other physi-
ologic mechanisms. Blood flow to working muscle determines
the rate of oxygen delivery and governs the clearance of dele-
terious metabolites (185). The process of exercise hyperemia
is regulated by local mediators released from the working
muscle (186), by vasoactive mediators produced locally (187),
and by autonomic control {(188). Loss of vascular control or
peripheral vascular disease can accelerate fatigue by decreas-
ing total blood flow to the muscle or, more subtly, by causing
maldistribution of flow within the tissue. A global determinant
is cardiac function. Insufficient cardiac output can limit blood
flow to working muscle, especially in whole-body exercise
tasks that involve a large muscle mass (189).

Neural mechanisms also are important. During volitional
exercise, fatigue is most commeonly reflected by “task failure,”
which is defined at the whole-body level as the imability to sus-
tain a desired level of exercise. Task failure usually reflects
two concurrent processes: contractile failure of the fatiguing
muscle leading to loss of neural activation (190). Conscious ac-
tivation of exercising muscle requires coordinated neural out-
put from motor and premotor regions of the cerebral cortex;
this is automatically accompanied by neural adjustments to
cardiovascular function (191) and to respiration (192). Task
failure may be caused by peripheral mechanisms. For exam-
ple, neuromuscular transmission failure can be demonstrated
in electrically stimulated neuromuscular preparations and is
known to mediate fatigue in persons with neuromuscular dis-
ease such as myasthenia gravis; however, the physiologic im-
portance of neuromuscular transmission failure during normal
motor activity remains controversial (193). Task failure also
may be accelerated by inhibitory spinal reflexes that are stim-
ulated by afferent nerve endings in the working muscle (194).
Altenatively, the subject may consciously decide to quit exer
cising because the task has become uncomfortable. Both neu-
ral mechanisms depend on afferent signals that can be used by
the central nervous system to monitor changes in exercising
muscle. The free nerve endings of group III and group IV af-
ferents probably serve this purpose; they are senmsiive to a va-
riety of physiologic stimuli and can mediate cither reflex or
conscious adjustments to motor cutput {194). During day-to-
day activities, the primary cause of task failure is that people
quit when exercise becomes unpleasant. Highly motivated
subjects and well-trained athletes can sustain motor output
despite considerable discomfort. In these persons, it is contro-
versial whether task failure directly reflects muscle fatigue or
whether inhibitory reflexes accelerate task failure.

4. Measurements of Muscle Endurance

Endurance reflects the ability of muscle to sustain mechanical
output during loaded contraction, i.e., resist fatigue. Measure-
ment of endurance requires that a muscle or muscle group
contract against a load, producing a time-dependent loss of
mechanical function. The slower the loss, the greater the en-
durance. For detailed accounts of the techniques used to mea-
sure muscle endurance in humans, readers are referred to re-
cent reviews of the field (195, 196). To briefly outline the
concepts, measutements of muscle endurance have three basic
components that can vary according to experimental design.
First is the strategy of muscle activation: volitional effort
versus exogenous stimulation. Volitional activation is used for
stereotypical exercise tasks performed using specific muscle
groups, cg, hand grp or knee extension. This strategy may be
complicated by variations in motor output caused by dyscogr-
dination, distraction, or lack of motivation, which cause the in-
tensity of muscle activation to vary. Thus, it can be difficult to
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discriminate between decrements caused by muscle fatigue
and decrements caused by a drop in motor output. In studies
of individual muscles, the classic twitch interpolation tech-
mque (197) can be used to assess muscle activation; an electri-
cal pulse is applied to the motor nerve while measuring the
force of a volitional contraction; an abrupt increase in force
upon stimulation demonstrates that volitional activation was
submaximal. An alternative approach is to bypass the central
nervous system altogether. Exogenous electrical stimulation
can be used to induce fatigue of limb muscles from which me-
chanical output can be measured such as adductor pollicis or
tibialis anterior. A limitation of electrical stimulation is that
activation of the motor nerve is usually submaximal, recruiting
only a subset of the motor units in the muscle.

Second is the exercise condition: isometric versus isokinetic.
Under isometric conditions, muscle length is fixed and endur-

—
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ance is measured as the ability to maintain force or torque.
During isokinetic exercise, the muscie undergoes loaded short-
cning; endurance is measured as the ability to maintain veloc-
ity, work, or power. Note that exercise condition is largely in-
dependent of activation strategy.

Third is the exercise pattern: timing and intensity. The ex-
ercise task may involve either a single prolonged contraction
or a series of repetitive contractions. During volitional exer-
cise, the subject usually is asked to maintain a submaximal ex-
ercise level. Endurance then is measured as the time over
which the task is maintained, i.e., time to task failure. During
electrical activation, exercise intensity is determined by the
stimulus characteristics, which usually remain fixed during the
exercise bout; endurance is assessed by the rate at which mus-
cle function declines during continued stimulation.
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il. Skeletal Muscle Abnormalilies
in COPD

A. PATHOPHYSIOLOGY OF SKELETAL MUSCLE
DYSFUNCTION IN COPD

1. Structural Alterations of Skeletal Muscle in COPD

a. Muscle Mass. There are no quantitative data available con-
cerning the mass of specific limb muscles in patients with
COPD. However, indirect estimates of a reduced muscle mass
in patients with COPD have been reported. These have in-
cluded findings of a decreased fat-free mass assessed by bio-
electrical impedance analysis (129, 198-199) and a signifi-
cantly smaller (13%) cross-sectional area of the calf muscle
evaluated by magnetic resonance imaging (MRI) compared
with matched control subjects (200). Assessment of more spe-
cific regional bone, fat, and lean body mass by dual emission
X-ray absorptometry (DEXA) scanning has recently been
used in conjunction with limb muscle size measurement by
MRI in a longitudinal study in patients with COPD (201).
However, a matched healthy control group was not included
in the study.

b. Muscle Fiber Types and Sizes. More direct evidence of
structural alterations of skeletal muscle in patients with
COPD comes from studies at the cellular level. Biopsy analy-
ses from the quadriceps femoris of patients with moderate
COPD revealed no change in fiber-type proportions but sig-
nificant atrophy of type II fibers, with the degree of atrophy
correlated to the amount of weight loss (202}). Others reported
a reduced proportion of type I fibers in the vastus lateralis of
patients with advanced COPD compared with unmatched
control subjects (203, 204). Compared with matched control
subjects, this reduction in the proportion of type I fibers in pa-
tients with COPD was recently found to be accompanied by
an increase in the proportion of type IIb fibers (205). Further-
more, atrophy of both types 1 and Ila fibers was reported for
these patients (205). It has been suggested that hypoxemia
(204} and long-term disuse (205) may contribute to the high
proportion of type II fibers found in patients with COPD. In
contrast to the lower limb, the proportion of type I fibers in
the biceps of patients with severe COPD was found to be sim-
ilar to that of age-matched control subjects (206). The diame-
ter of type 1 and (to a greater degree) type II fibers were
smaller than those of control subjects and correlated with
amount of weight loss and reduction in percent predicted
FEV, (206). Another study in patients with COPD reported
fiber-type analysis by quantifying myosin heavy-chain (MHC)
and myosin light-chain (MLC) isoforms determined by gel
electrophoresis (207). A significantly greater proportion of
MHC-2B was found in the vastus lateralis of patients with
COPD than in control patients. Moreover, the pattern of dis-
tributton of MLC isoforms in patients with COPD was also
significantly shifted towards fast isoforms (207). Diffusion in-
dices, VC and FEV, were all positively correlated with the
content of slow MHC. As reported above (204,205) it was hy-
pothesized that both reduced oxygen availability and muscle
disuse probably determine muscle alterations in COPD (208).
In this study, however, control patients were not age-matched.

¢ Capillarity. An electron microscopic study reported that
the number of capillaries per unit surface area in the vastus
lateralis of patients with COPD was 53% lower than in age-
matched normal subjects (209). Because the number of mito-
chondria per unit surface was unchanged in patients with
COPD, their capillary/mitochondria ratio was also decrecased
by 59% compared with that in normal control subjects. Whereas
the capillary/fiber ratio in the vastus lateralis of patients with

199¢

COPD was not significantly lower than in contro] subjects, the

number of capillary contacts for types I and lla fibers were
significantly lower in the patients with COPD (205). However,

when normalized for fiber cross-sectional areas, the number of
capillary contacts for each type of fibers were similar between

patients with COPD and control subjects (205). This lower
number of capillary contacts, along with a 25% lower myoglo-

bin level found in the vastus lateralis of patients with COPD

(209}, may contribute to reduced oxygen delivery within mus-

cle in these patients.

d. Metabolic Enzymes. Analyses from homogenates of mus-
cle biopsy specimens from patients with severe COPD have
demonstrated lower oxidative enzyme (citrate synthase, succi-
nate dehydrogenase, and 3-hydroxyacyl-CoA dehydrogenase)
capacities in the vastus lateralis compared with age- and
height-matched healthy subjects (210,211). No significant dif-
ferences in glycolytic enzyme (phosphofructokinase, lactate
dehydrogenase, and hexokinase) activities were detected be-
tween these two groups (210,211} with the exception of phos-
phofructokinase  activity, which was higher in the patients with
COPD (210). It was suggested that both inactivity and hypox-
emia contribute to these metabolic alterations in the COPD
group. However, there were no reversal in the activities of
any enzyme after 7 mo of long-term oxygen therapy (210), No
studies have been performed to analyze enzyme activities
within individual muscle fibers of identified type in limb mus-
cles of patients with COPD.

2. Skeletal Muscle Function in COPD

a. Muscle Streneth Peripheral muscle weakness is common in
patients with COPD (212,213). In a large study, Hamiiton and
colleagues (213) found that approximately 70% of patients
with chronic lung disease, some of them with restrictive disor-
ders, had lower quadriceps strength than the mean value ob-
tained in normal subjects of similar age. The reduction in mus-
cle mass certainly contributes to peripheral muscle weakness
in patients with COPD (199, 214), but it is still unclear if mus-
cle weakness can be attributed entirely to muscle atrophy
(215,216).

Compared with normal subjects of similar age, the reduc-
tion in quadriceps strength averaged 20 to 30% in patients
with severe to moderate disease (212, 213, 215), but, in gen-
eral, their upper limb strength was relatively preserved com-
pared to that of the lower limbs (212, 214, 217). The uneven
distribution of muscle weakness between upper and lower
limbs could be related to differences in accustomed level of
activity between the different muscle groups. Compared with
lower limb muscles, the upper limb muscles are probably more
normally involved in activities of daily living. Furthermore, in
COPD, the pectoralis major and the latissimus dorsi muscles
may also act as accessory inspiratory muscles, another poten-
tial source of stimulation (218,219).

b. Muscle Endurance. The information on limb muscle en-
durance in patients with COPD is conflicting. Endurance of
the vastus lateralis muscle has been reported to be normal in
hypoxemic patients with COPD (220). This finding is surpris-
ing when taking into account the morphologic and enzymatic
deficiencies found in the vastus lateralis muscle of these pa-
tients (203-205, 211). In contrast, other investigators found a
50% reduction in the endurance of the vastus lateralis muscle
in 17 patients with COPD when compared with age-matched
normal control subjects (221). The effects of COPD on the en-
durance of the upper limb muscles is also unclear; both nor-
mal endurance of the elbow flexors (217) and reduced endur-
ance of the adductor pollicis muscle have been reported (220).
Discrepant results between studies may be related in part to
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differences in the methodology used to measure peripheral
muscle endurance; further studies are required to resolve to
what extent limb muscle endurance is altered in patients with
COPD.

3. Muscle Bioenergetics

a. Oxygen Delivery and Utilization. Patients with COPD char-
acteristically show poor exercise performance indicated by a
marked reduction in both peak pulmonary O, uptake and
work rate at peak exercise. However, the relationship be-
tween whole-body O, uptake and work rate is normal and the

O, uptake for a given submaximal work rate in these patients
is similar to that seen in healthy sedentary subjects {222-224).

Central pulmonary factors such as inability to adequately
increase total ventilation because of the elevated work of
breathing and disturbances of arterial respiratory blood gases
(Pag, and Pacotz) have been historically invoked as principal
determinants of exercise intolerance in these patients (222,
225). Recently, other evidence (211, 212, 226-229) suggests
that skeletal muscle dysfunction should also be considered as
playing a role in the limitation of exercise tolerance in COPD.

At peak exercise, systemic O; delivery is clearly below nor-
mal levels (222), Pulmonary dysfunction is not the sole cause
because VA/Q inequality does not lead to a large fall in O,
content (Equation I) in most patients (225). Because the lin-
ear relationship between cardiac output and Vo, is about the
same in patients with COPD and in normal subjects, cardiac
output at a given submaximal O, uptake is close to the ex-
pected normal value (153, 230-233). The principal difference
is that the rise in cardiac output with exercise is usually
achieved through a higher heart rate and lower stroke volume
than in healthy subjects.

Because total ventilation, cardiac output, and exercise in-
tensity remain closely coupled in COPD, the inability to raise
ventilation appears to be the principal governor of the O,
transport process: a low ceiling on ventilation means a low
ceiling on cardiac output and thus on systemic Q, delivery. It
should be mentioned that the mechanisms that couple ventila-
tion to cardiac output during exercise are still not well under-
stood. Montes de Oca and colleagues (234) proposed that the
large pleural pressure swings observed during exercise can
constrain left ventricular function, thus limiting both peak car-
diac output and exercise tolerance in patients with very severe
COPD.

The coupling between whole-body O, uptake and cardiac
output during exercise implies that the O, difference between
arterial and mixed venous bloed and the fractional Q, extrac-
tion at a given work rate are normal or near normal (234-236).
However, there is also evidence that whole-body fractional O,
extraction may be less than normal in some patients with
COPD (235,237} indicating either impaired O, uptake by ex-
ercising muscles and/or abnormal redistribution of blood flow
during exercise. This type of result (235, 238) prompts the
need for regional measurements of O, transport/O, utilization
during exercise. However, at the present time, an analysis of
the relationships between skeletal muscle O, supply and cellu-
lar bioenergetics is incomplete since a complete picture of
limb muscle Q, transport/O, utilization in an appreciable
number of patients with COPD encompassing the spectrum of
the discase is not available yet.

Femoral venous blood flow {Qleg) measurements by ther-
modilution in patients with moderate to severe airflow limita-
tion have recently shown a marked reduction in peak Qleg
(236,237). Leg blood flow (and leg O, delivery) at a given lsub—
maximal whole-body O, uptake is normal in these patients
(237, 239). This indicates that regional O, transport response
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in patients with COPD, as in healthy subjects, is proportional
to the energetic requirements of the exercising muscle. In ath-
letes during extreme exercise, there is competitive redistribu-
tion of blood flow away from the leg muscles to the respira-
tory muscles (240). This was hypothesized to occur in COPD
because the work of breathing is so high, but the finding of
normal leg blood flow during submaximal exercise (236, 237)
appears to mle this out.

Mixed venous Po, is lower at rest in patients with COPD
than in young healthy subjects (241). During exercise, patients
with COPD show a peak limb muscle fractional O, extraction
similar to that seen in untrained subjects (236, 237) since as
much as 70% of arterial O, content is extracted by tissues at
peak exercise. However, although healthy sedentary subjects
manifest a steady increase in O extraction ratio as work rate
progresses, patients with COPD reach their peak limb frac-
tional O, extraction at very low work levels relative to their
peak work rate and they display a plateau in fractional Q, ex-
traction ratio thereafter. The abnormal profile of muscle O,
extraction ratio observed in these patients during light exer-
cise is consistent with an earlier and more intense recruitment
of muscle capillaries than in the control subjects. The subse-
quent plateau in fractional O; extraction ratio observed in the
patients while their muscle O, delivery is still increasing is
compatible with a similar increase in both peripheral O, trans-
fer and leg Oy delivery, so that the ratio between these two
components of O, transport, and consequently the fractional
O, extraction ratio, remains unchanged across a range of exer-
cise intensities. The profile of the O, extraction ratio in COPD
can be interpreted as a functional adaptation of limb muscles
to fulfill cellular O, requirements during submaximal exercise
in the face of a rather low number of capillaries per muscle fi-
ber compared with normal subjects (203,242).

Several studies have shown early increases of blood lactate
levels during submaximal exercise in patients with moderate
to severe COPD (211, 236, 243). Because leg blood flow dur-
ing submaximal exercise is preserved, this finding indicates an
increased net lactate output across the leg (236,237). The in-
creased lactate production is responsible for the fall in muscle
pH, which in turn may play a role in determining exercise in-
tolerance in these patients (237). Premature lactic acidosis
during exercise in patients with COPD has been associated
with reduced oxidative enzyme concentrations in the lower
limb muscles (211,226) that can be at least partly reversed by
physical training. Recent evidence demonstrates that an early
increase in femoral venous blood lactate levels during exercise
is not correlated with reduced Q, delivery to the lower limb
(237). This provides further support for a biochemical abnor-
mality that may be considered a hallmark of muscle dysfunc-
tion in COPD.

In summary, regicnal studies of O, transport/O, utilization
in patients with COPD indicate that both leg oxygen delivery
and leg O, uptake at peak exercise are markedly limited likely
because of complex interactions involving central and periph-
eral (impaired mitochondrial oxidative capacity) factors. In
contrast, leg blood flow {and leg O, delivery) during submaxi-
mal exercise are apparently preserved and not different from
those seen in untrained healthy subjects.

Analysis of intrinsic skeletal muscle dysfunction and quan-
titation of the relative contribution of peripheral factors in the
limitation of peak O, uptake requires further studics assess-
ing: (I) the impact of potential factors impairing O, uptake,
physical dewaining being one of the chief suspects, and (2) ex-
ercise of small muscle groups, which, at least partly, avoids
central limiting factors. It should be recognized that reduced
mitochondrial capacity in these patients does not necessarily
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imply intrinsic muscle dysfunction caused by COPD. For ex-
ample, muscle detraining plays an important role in the distur-
bances of skeletal muscle bioenergetics in COPD (236).

Finally, studies of the relationships between muscle O,
transport and direct measurements of cellular oxygenation de-
serve attention to adequately assess the effects of high Fig,
breathing on skeletal muscle performance. These types of stud-
ies are also needed to gain further insight into the relation-
ships between tissue hypoxia and the phenomenon of weight
loss (244-246).

b. Energy Metabolism. P magnetic resonance spectros-
copy (¥P-MRS) has rapidly become an important tool for
o7po assessment of tissue energy metabolism and pH (247).
The ratio of intracellular phosphocreatine (PCr) to inorganic
phosphate {Pi) is closely related to that of ATP to ADP and is,
therefore, a useful measure of mitochondrial phosphorylation
potential (248,249). In conjunction with intracellular pH mea-
surements, which can also be obtained from 'P-MRS, flux of
ATP from oxidative phosphorylation, anaerobic glycolysis,
and the creatine kinase reaction can be calculated (250).

Using 'P-MRS, Kutsuzawa and colleagues (228) compared
forearm muscle energy metabolism during exercise in 18 pa-
tients with COPD to that in normal control subjects. During
repetitive handgrips performed against a load, the ratio of
PCr/(PCr + Pi) for a normalized work rate was consistently
lower in patients with COPD than in control subjects and
could not be accounted for by mean forearm circumference,
triceps skin fold, or percentage of ideal body weight (228).
Likewise, Tada and colleagues (251) measured forearm PCr/
Pi ratio and pHi during and after exercise in 11 patients with
COPD, nine patients with congestive heart failure (CHF), and
cight healthy control subjects; pHi and PCr/Pi were reduced in
COPD and CHF during exercise and recovery, and nutritional
parameters were not different among the three groups. These
resuits suggest limb skeletal muscle oxidative capacity is re-
duced in COPD and that nutritional status is not the mecha-
nism.

Thompson and coworkers (252) measured *'P-MRS indices
of skeletal muscle mitochondrial function in patients with se-
vere COPD with resting hypoxemia. As in the study of Kut-
suzawa and colleagues (228), more rapid PCr depletion was
observed during exercise. Payen and coworkers {253) also
found abnormal PCr/Pi ratio at end-exercise in patients with
hypoxemic COPD. Wuyam and coworkers (200) examined
calf muscle energy metabolism of eight stable, mildly hypox-
emic patients with COPD (Pao, = 58 % SE 3 mm Hg at rest)
by SIP-MRS. At 50% maximal voluntary contraction, patients
with COPD exhibited a much higher Pi/PCr ratio than did
healthy control subjects (3.34 * 0.89 versus 0.49 = 0.05). Fi-
nally, Mannix and colleagues (254) found an increased relative
contribution to ATP production from anaerobic sources and a
reduced contribution from oxidative phosphorylation in se-
verely hypoxemic patients with COPD, In the aggregate, these
studies confirm an abnormality of exercising skeletal muscle
oxidative metabolism in the hypoxemic patient with COPD.

Recovery times for PCr are increasingly used to assess mi-
tochondrial density and function (255). The time to resynthe-
size PCr was more than twice as long in patients with COPD
than in control subjects in two studies (200, 253), but normal
in another (252). Because intracellular hydrogen slows the
creatine kinase reaction, modifications of PCr resynthesis
measurement (256, 257} and ADP recovery (258) should be
used to assess skeletal muscle mitochondrial function in
COPD in the future. Quantification of skeletal muscle ox{da-
tive function is also possible by calculating Vmax for mito-
chondrial ATP synthesis (252). These noninvasive measure-
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ments should help determine if an intrinsic limb muscle
mitochondrial defect exists in COPD.

Overall, the results of 3IP-MRS are consistent with the low
level of oxidative enzymes in the quadriceps described by
Maltais and colleagues (211, 226). Recently, however, in-
creased cytochrome oxidase activity (COX) and upregulated
mitochondrial gene expression of COX have been reported in
skeletal muscle of patients with COPD and hypoxemia requir-
ing continuous oxygen therapy (259). Because COX is the last
enzyme of the oxidative phosphorylation chain, it can be spec-
ulated that upregulation of COX in these patients might re-
flect a compensatory phenomenon in face of cellular hypoxia,
similar to that seen in peripheral vascular diseases (260,261).

& Acid-base Balance. The Stewart analysis (262) of acid-
base contro! states that hydrogen jon concentration of a physi-
ologic solution is dependent on the strong ion difference
(SID), Pco, and the total concentration and dissociation con-
stant of weak acids and bases [Atot]. During brief, intense ex-
ercise in the normal human, two thirds of the rise in exercising
skeletal muscle intracellular hydrogen ion concentration ([H*])
is mediated by narrowing of the SID, in turn because of accu-
mulation of lactate and efflux of K* from the cell (263). An-
other 25% of the increased [Hi] is related to increased total
concentration of weak acids such as the histidine groups of
protein and P, as well as their collective apparent equilibrium
constant, Only 10% of the increase in [H*]] is thought to be
dependent on Pco,. PCr?™ hydrolysis consumes a proton, re-
sults in loss of a stong anion, and increases buffering capacity
through accumulation of P;. pHi recovers through pHi-depen-
dent (264} recruitment of an active sarcolemmal carrier mech-
anism for lactate (265-267), sodium-proton-antiport and bi-
carbonate-chloride exchange.

The majority of *'P-MRS studies cited above have shown
abnormal acidification of the myocyte during exercise in the
patient with COPD. It has been speculated that the major
cause is narrowing of SID, which is in turn related to intracel-
lular lactate anion accumulation. No study to date, however,
has directly examined the relative contributions of Pco,, weak
acids, SID, and transmembrane ion transport to hydrogen ion
change in the skeletal muscle of the patient with COPD.

B. ETIOLOGY OF SKELETAL MUSCLE
DYSFUNCTION IN COPD

1. Related to COPD

It is apparent that skeletal muscle metabolism is altered in
COPD. The 'P-MRS technique has been used to assess mus-
cle energy status (200, 216, 251, 252). The PCr/Pi ratio is lower
and recovery after exercise is slower in patients with COPD
than in healthy control subjects. Other studies show a lower
content of oxidative fiber types and a higher content of glyco-
lytic fiber types (203, 204, 268), lower activities of oxidative
and higher activities of glycolytic enzymes (210, 211), and
lower levels of ATP and PCr (210, 269). These data indicate
that a shift from oxidative metabolism to glycolytic metabo-
lism occurs in peripheral skeletal muscle of patients with
COPD at low levels of exercise,

We are at the beginning of a search to understand the
mechanisms underlying these muscle abnormalities. Few stud-
ies in patients with COPD help to define which pathophysio-
logic factors present in COPD might impact appreciably on
skeletal muscles. Data from other human disease, animal med-
els, and tissue culture suggest that hypoxia and hypercapnia,
inflammation, and chronic malnutrition are leading candidates.

a. Hypowia Cluonic hypoxia has an adverse effect on  skeletal
muscles. In humans exposed to high altitude hypoxia over a pe-
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nod of 6 wk, glycolytic enzyme activities were elevated and activ-
ities of enzymes involved in the citric acid cycle, the fatty acid ox-
idation, and the respiratory chain were decreased (270). It has
been shown that hypoxia induces acute inhibiton of mitochon-
drial protein synthesis in brine shrimp embryos (271). Hypoxia
induces  decreased levels of creatine phosphate and citric acid cy-
cle intermediates in rats exposed to intermittent hypoxia for 5 d
(272). In rats exposed to different degrees of intermittent hyp-
oxia the incorporation of glucose-carbon into glycogen was in-
creased (273). In another study, chronic intermittent hypeoxia
caused decreased glycogen, glucose, and glucose-6-phosphate
concentrations accompanied by elevated hexokinase activity and
docreased  mitochondrial  enzyme  activities  (272). These effects of
hiypoxia have been shown to be greater in the elderly (274).

Hypoxia itself can contribute to oxidative stress. For exam-
ple, increased antioxidant activity has been found in muscle
from rats exposed to intermittent hypoxia (275) and in pa-
tients exposed to acute hypoxia (276). Because the shift to gly-
colytic metabolism, the oxidative capacity of skeletal muscle
decreases. Information on oxidative stress comes from studies
of ischemia and reperfusion injury in heart muscle. Upon rep-
erfusion after ischemia, free oxygen radicals are formed that
directly and also indirectly cause damage to proteins and
membranes, resulting in loss of ability to produce ATP be-
cause of a calcium overload in mitochondria (277-280). The
fact that vitamin E attenuates muscle damage in rats (281,
282) and the fact that vitamin E protects human skeletal mus-
cle from damage during surgical ischemia-reperfusion {283)
support this theory.

In conclusion, adaptation to hypoxia makes muscle tissue
more vulnerable to oxidative stress, which in turn leads to a
matfunction in ATP generation and increases the accumula-
tion of inosine monophosphate (IMP) in skeletal muscles
(284). Inosine monophosphate has been detected in the rest-
ing skeletal muscles of patients with COPD (285).

b. Hypercapnia. Acute or chronic hypercapnia is frequently
present in patients with COPD suffering from acute or chronic
respiratory insufficiency. Acute hypercapnia contributes to in-
tracellular acidosis in patients with acute respiratory failure.
The level of intracellular acidosis is significantly related to ar-
terial carbon dioxide tension. In skeletal muscles of patients
with acute respiratory failure, intracellular acidosis seems to
be linked to reduced potassium and magnesium content (286},
Studies in isolated diaphragm preparations have demon-
strated that acute changes in CO; are associated with reversal
of the net acid efflux as well as with a reduced efflux of lactate
and pyruvate. These conditions result in a decreased intracgl-
lular pH (287). Intracellular acidosis has marked effects on.the
enzymatic machinery of muscle cells. By far the most impor-
tant pathway by which energy is released from the-glucose
molecule is by the process of glycolysis followed by oxidation
of the end-products of this glycolytic process. Phosphofruc-
tokinase forms a critical enzyme in this process of glycolysis.
In frog muscle intracellular acidosis completely blocks the ac-
tivity of this enzyme (288).

Studies in humans suggest an overall derangement of cellu-
lar energy metabolism in acute respiratory failure, manifested
by marked decreases in muscle ATP and phosphocreatine con-
tents as well as significant decreases in the total adenosine nu-
cleotide pool (269, 285). Remarkably, no significant relation-
ships have been detected in these studies between the main
parameters of energy metabolism and intracellular pH. These
changes in energy metabolism are temporary and reversible
after therapeutic intervention (269).

Different results are reported in animal models, possibly
depending on the species studied or on the nature of the in
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vive and in vifro models. Incubation of rat muscle tissue with
high CQ, results in decreased levels of phosphocreatine con-
tent, increase in ADP, and a decrease of the ATP to ADP ra-

tio (284). In contrast, it was demonstrated that oxidative phos-
phorylation is not inhibited by acidosis in hypercapnic rabbit
muscles {289) and that the behaviour of the phosphate metab-
olites was not different between hypercapnic and normocap-
nic conditions in rat diaphragms (290).

Further studies are needed to unravel more systematically
the metabolic effects of gas exchange abnormalities in clinical
conditions as well as i wive animal models.

¢. Inflammation. Inflammation, local or systemig, is a char-
acteristic of COPD, and this process intensifies oxidative
stress. Reactive oxidants, specifically reactive oxygen interme-
diates (ROI)} and nitric oxide (NO), are produced in large
quantities by immune cells during inflammation.The redox
homeostasis of the cell can be considered as important as the
acid-base status of the cell since ROI and NO directly influ-
ence an amay of redox-sensitive regulatory proteins and thereby
modulate cellular processes from carbohydrate metabolism to
calcium homeostasis, from mitochondrial oxygen consump-
tion to membrane transport (291).

Skeletal muscle myocytes contain numerous pathways by
which ROI may be produced. These include electron carriers
on the inner mitochondrial membrane, membrane-bound oxi-
doreductases, the cyclooxygenase pathway and cytosolic xan-
thine oxidase. Furthermore, free radicals seem to be obliga-
tory for optimal contractile function since ROI concentration
increases markedly in muscle tissue during contraction, and
depletion of ROI depresses the twitch response of incubated
rat diaphragm (292,293). One mechanism whereby ROI might
promote excitation-contraction coupling is by enhancing cal-
cium release from the sarcoplasmatic reticulum. Overproduc-
tion of ROI by skeletal muscle may lead to a nonpathologic
form of oxidative stress, as occurs in muscle fatigue during
heavy exercise (294). The dynamic balance in the redox buffer
system is perturbated by depletion of the intracellular antioxi-
dant pool, which consists mainly of reduced glutathione (GSH).
As a result of the ROT overstimulated calcium release, cal-
cium homeostasis is disturbed and a calcium-dependent pro-
teolytic pathway is activated, leading to muscle protein degra-
dation (295). Another form of oxidative stress that is not the
result of inflammation has been described in skeletal muscle
atrophied by immobilization. Here, decreased total cell gluta-
thione, increased intracellular concentrations of oxidized glu-
tathione (GSSG), and lipid peroxidation were found. Treat-
ment with vitamin E, an antioxidant, significantly attenuates
these effects as well as the rate of atrophy, suggesting a con-
tributing role of oxidative stress {296).

Nitric oxide (NQ), the other major oxidative reactant, is
constituitively coexpressed by two NO synthase (NOS) iso-
forms in skeletal muscle; the neuronal-type of NOS, neNQS
(which is predominantly expressed by type II muscle fibers)
and endothelial NOS, ecNOS (which occurs independent of
the fiber type). NO is also involved in excitation-contraction
coupling, in which it seems to oppose the action of ROI (292).
Besides this physical effect of NO, recent research suggests a
direct role for NO in skeletal muscle cell metabolism, namely,
the regulation of exercise-stimulated glucose transport (297,
298). An inducible form of NOS (iNOS) has been found in
skeletal muscle, and its induction can lead to increase of oxi-
dative stress response in  skeletal muscle tissue  (299).

Muscle proteins can be oxidatively damaged and the acti-
vation of an energy-independent proteolytic pathway acceler-
ates muscle protein degradation (300). The administration of
tumor necrosis factor alpha {TNF-u), a proinflammatory €y-
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tokine involved in the endobronchial inflammatory process,
can contribute to the skeletal muscle catabolism (301,302). It

is hypothesized that the release of amino acids as a result of
these catabolic effects on the muscle tissue contributes to the

synthesis of acute phase proteins by the liver in inflammatory

conditions.

d. Nufwion. In contrat to the effects of hypoxia, hypercap-
nia, and inflammation, the effects of nutritional depletion and
muscle wasting on peripheral skeletai muscle function in
COPD is reasonably well documented. Prolonged nutritional
depletion is associated with proportionate reductions in mus-
cle mass, whereas the mechanical effectiveness of the residual
myofibrillar material remains unaffected (303). The effects of
nutritional depletion on type II fibers are of greater magni-
tude than on type I fibers; greater atrophy of type II fibers en-
sures that a greater percentage of the remaining total muscle
area will be composed of slow oxidative fibers whose resis-
tance to fatigue is greater than that of fast fibers. Therefore
the tension of the muscles generated during basal activities is
well preserved, but the maximum power output may be im-
paired as progressively greater number of fast fibers are re-
cruited. The high oxidative capacity of type I fibers can be
considered as a metabolic adaptation to a process of glucose
sparing by a greater reliance on fat as an energy substrate. It
has been demonstrated in healthy men that the predominence
of fat combustien during exercise is related to the percentage
of slow-twich fibers in the quadriceps femoris muscle (304).

Clinical studies have investigated the effects of nutritional
depletion in various disorders on peripheral skeletal muscle
function using neurophysiologic tests. They have focused pri-
marily on the adductor pollicis muscle. Nutritional depletion is
associated with a loss of force at higher stimulation frequen-
cies, slowing of the relaxation rate after supramaximal stimu-
lation and a reduction in muscle endurance (305).

As a simpler alternative to neurophysiologic testing, vol-
untary tests of maximal muscle strength such as handgrip
strength and quadriceps force have been used. Upper extrem-
ity as well as lower extremity muscle function are clearly de-
creased after nutritional depletion (199). Maximal voluntary
contraction using a handgrip dynamometer is also a useful
functional indicator of nutritional status, particularly in differ-
entiating subjects with chronic undernutrition from those who
are underweight and not undernourished but have a similar
body mass index (306).

Alterations in muscle function may occur prior to evidence
of decreased muscle mass. On a body compositional level, re-
cent studies have shown that nutritional depletion and refeed-
ing alter total body potassium earlier than and differently
from the way in which body mitrogen is altered. These findings
suggest that an early effect of nutritional depletion and reple-
tion is associated with alterations in membrane ion transport
(307,308)

Limited clinical data are available regarding the relative
contribution of nutritional depletion on muscle enzyme capac-
ity and energy-rich substrates in COPD. Depletion of high en-
ergy phosphate compounds (ATP and PCr) and cations (Mg
ad K) occurs in the respiratory muscles of patients with respi-
ratory failure caused by acute or chronic lung disease, and
undernourished patients have the more severe derangements
of muscle composition (309). Depletion of energy-rich com-
pounds and alterations in muscle enzyme capacity have also
been demonstrated in resting muscle of patients with clinically
stable COPD, but no stratification by type and severity of nu-
tritional depletion has been performed. In malnourished sur-
gical patients, fructose biphosphatase activity was decreased
by 44%, phosphofructokinase activity by 40%, and hexoki-
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nase activity by 37% compared with normally nourished con-
trol subjects comparable in age, sex, and habitual activity
(310). The changes were associated with smaller muscle fibers
and a smaller proportion of type II fibers. These data were
confirmed in patients with anorexia nervosa where activities
of glycolytic enzymes were 50% lower than those in sedentary
control subjects, whereas the activities of enzymes of the mito-
chondrial oxidative pathways were involved to a lesser extent
(311).

It is yet unclear to what extent altered metabolic processes,
muscle mass, and muscle function are interrelated during acute
and chronic hypoenergetic feeding. It is hypothesized that
muscle wasting per se is an important determinant of muscle
strength, whereas the associated alterations in muscle metabo-
lism are important determinants of work capacity. Experimen-
tal data in rats, furthermore, indicate differences in the meta-
bolic and functional response to hypoenergetic fecding between
type T and type II fibers (312), which could be important in
evaluating the contribution of acute and chronic nutritional
depletion on peripheral skeletal muscles.

2. Related to Comeorbid Conditions

Patients with COPD often have comorbid conditions such as
electrolyte disturbances, cardiac failure, deconditioning, dia-
betes, and hypertension that may affect skeletal muscle func-
tion. Some of these comorbid conditions are addressed in the
present section. In general, it is unclear whether the effect on
the muscles of these comorbid conditions is different in pa-
tients with COPD from that in other patients.

a. Electrolyte Imbalance. Electrolyte disturbances may pro-
foundly affect skeletal muscle function. However, few studies
on the effects of electrolyte disturbances have been performed
in patients with COPD. Most studies have been performed in
critically ill patients.

Hypophosphatemia (313,314) hypomagnesemia (315), hy-
permagnesemia (316), hypocalcemia (316, 317), hypokalemia
(316, 318), hyperkalemia (316, 318), hyponatremia (316), hy-
pernatremia (316), and hypochloremia (319) all lead to muscle
weakness. If these electrolyte disturbances are severe, cell de-
struction, myopathy, and rthabdomyolysis may follw. The most
commonly recognized causes of myopathy are hypophospha-
temia and hypokalemia (316).

Hypokalemia is frequently caused by diuretic therapy. It is
associated with muscle weakness and, if severe, it may also lead
to rhabdomyolysis (316). This is probably caused by muscle
glycogen depletion. This depletion enhances the probability of
rhabdomyolysis during exercise by a similar mechanism oper-
ant in patients with McArdle’s disease, in whom phophorylase
is lacking, which prevents glycogen from ‘being utilized (316).

Hypophosphatemia is frequently present in patients with
respiratory  illmess  particularly  with  respiratory  infectons  (320).
Indeed, in one study, 17% of the patients admitted for respira-
tory illness and 28% of the patients admitted for respiratory
infections demonstrated hypophosphaternia (320). It is further
associated  with alcchol abuse (321), pram-negative sepsis (322),
and COPD with hypercapnic respiratory failure (323,324). Hy-
pophosphatemia is associated with low intracellular ATP lev-
¢ls, which may form the basis of the observed muscle weakness
(325,326). Low intracellular ATP levels have also been shown
to be present in patients with COPD during acute exacerba-
tions (269). In these patients quadriceps phosphorus content
was reduced as well There was a poor correlation between se-
rum and intramuscular phosphorus levels. The low intramus-
cular phosphorus levels may be associated with chronic mal-
nutrition (323,324). There appears to be failure of the normal
renal response to hypophosphatemia in patients with COPD.
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Acute phosphate depletion may be associated with mem-
brane dysfunction, leading to high intracellular water, high in-
tracellular potassium, and low intracellular sodium, which also
leads to contractile dysfunction (327). Intravenous administra-
tion of phosphate has been shown to improve diaphragmatic
function in mechanically ventilated patients with hypophos-
phatemia and acute respiratory failure (328).

Hypomagnesemia is frequently associated with alcohol abuse
(329-331) and use of diuretics (331). Intramuscular magne-
sium may be low in alcoholics despite normal serum levels
(330). Both alcoholic and nonalcoholic subjects with hypo-
magnesemia have lower isometric quadriceps strength than do
alcoholic and nonalcoholic subjects with normal serum mag-
nesium levels (329). Intravenous administration of magnesium
was shown to improve respiratory muscle power in patients
with hypomagnesemia (332).

b. Cardiac Faslure. The effects of cardiac failure on skeletal
muscle function has received considerable attention, but there
are no data on the effect of cor puimonale on muscle function
in COPD. It can be speculated that the effects of left ventricu-
lar failure on muscle function is unlikely to be an appropriate
model for the effects of cor pulmonale and right ventricular
failure on muscle function, as occurs in COPD. Thus, the data
in the literature concerning primary congestive heart failure
(CHF) are summarized only briefly here. Measurements of
skeletal muscle function in patients with cardiac failure have
shown a tendency for muscle strength to decrease (333), while
other studies did not find a decrease in strength (334, 335).
Marked reductions in static and dynamic endurance of large
skeletal muscles such as the quadriceps, as well as of smaller
muscles such as foot dorsiflexors, have consistently been de-
tected (333-335). Deconditioning may play a role in the mus-
cle weakness induced by cardiac failure, as the upper limbs
seem 1o be less affected than the lower limbs (333).

Muscle biopsies in patients with CHF reveal structural
changes such as increased lipid deposition and interstitial cel-
lularity, as well as muscle fiber atrophy (336). Reduction in
oxidative enzyme capacity and maintained glycolytic and gly-
cogenolytic enzyme function have also been demonstrated
(336-339), These results could be related to the finding of an
increase in the percentage of type 11 (fast-twitch) fibers and a
reduced proportion of type 1 (slow-twitch) oxidative fibers
(336, 337, 339). Analysis of the type II fibers shows that the
[Ib fibers are responsible for the increase in the percentage of
the type 11 fibers (337,339). Variable degrees of fiber atrophy
have been found. Sullivan and colleagues demonstrated a type
IIb atrophy in peripheral muscles of patients with CHF (337),
whereas Mancini and colleagues (339) found an atrophy of
both Ila and IIb fibers. It should be noted that the changes de-
scribed clearly contrast with the changes observed with aging
where a reduction in the number of type II fibers has been
consistently observed (see below).

Several hypotheses have been tested in order to explain
these alterations. Reduced skeletal muscle blood flow, decon-
ditioning, and circulating cytokines have been suggested. Tu-
mor necrosis factor is a cytokine known to induce skeletal
muscle catabolism (301). As studies have shown clevated se-
rum levels of TNFa in chronic heart failure (340), its effects on
limb muscle could possibly explain part of the skeletal muscle
abnormalities in CHF.

¢ Detraining. Deconditioning of peripheral muscles is an
adaptation to disuse. Reduced activity under normal condi-
tions causes mild deconditioning. More pronounced adapta-
tions are obgerved with unloading, microgravity, or prolonged
bed rest. Immobilization in a cast causes the most dramatic
muscular alterations (341). In chrenic illnesses such as COPD,
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patients are subjected to varying degrees of deconditioning by
reduced activity or prolonged bed rest.

Deconditioning of peripheral muscles is characterized by
muscle fiber atrophy. In general, the atrophy is reversible and
affects both type | and type T fibers, with a distinct preference
for type | fibers. However, this is largely dependent upon the
preexisting fiber distribution in the examined muscle and the
experimental method used to produce deconditioning. Thirty
days of bed rest caused more pronounced decreases in type II
fier area in the vastus lateralis muscle in buman subjects (342).
Antigravity muscles crossing a single joint and confaining a rel-
atively large proportion of type I fibers appear to be most af-
fected by deconditioning atrophy (343). The atrophy is rapid
initially, with the largest degree occuming during the first week

(344). With increasing duration of deconditioning, progressively
greater  decrements in muscle mass are observed (341). Atrophy
results in  muscle weakness, but the observed decrease in muscle

force-generating capacity may be greater than expected on the
basis of the atrophy because of impairment of the motoneuron
excitability and to reduced ability to activate motor units maxi-
mally during volumtary  contractions  (345).

Changes resembling the skeletal muscle alterations occur-
ring with deconditioning have been described in patients with
COPD. They inclide reduction in oxidative enzyme capacity and
atrophy of type I fibers (346-348). In addition, prolonged inac-
tivity has been reported to reduce the proportion of type 1 fibers
(349) as has been observed in patients with COPD (203,204).

The mechanism of the muscle fiber atrophy caused by de-
conditioning remains unclear. Cell protein content rapidly de-
creases because of reduced synthesis (350) and increased deg-
radation. Myofibrillar proteins are more affected than are
membrane and sarcoplasmatic proteins (351). The factors reg-
ulating protein turnover in deconditioning are not well under-
stood. A potential regulatory role has been attributed to Id
proteins, or “Inhibitor of Differentiation™ proteins, a class of
transcription factors regulating transcription of the myogenic
program {352).

d. Age-related Changes. Muscle force is known to decrease
by 30 to 40% between 30 and 80 yr of age (353-355). The de-
crease in muscle strength correlates well with the decrease in
muscle mass. By 60 to 70 yr of age, muscle mass in humans de-
creases by 25 to 30% (356). This is mainly due to a reduction
in fiber cross-sectional area and the atrophy predominantly af-
fects type I1 fibers (357). However, there also appears tobe a
continuous loss of muscle fibers throughout the life span
(356). The decrease in fiber number is about 24% in the eld-
erly. Before 60 to 70 yr of age there is little change in fiber
cross-sectional area. In subjects older than 70 yr of age the
mean area of type II fibers decreases by approximately 15%
and the percentage of type Il fibers decreases by 40% (358).
In eldetly bedridden patients there may be virtually complete
loss of type IIa fibers.

Much of the age-related atrophy may be due to motor-unit
remodeling. This occurs at the neuromuscular junction by the
processes of denervation, axonal sprouting, and reinnervation.
As a whole, type [ motor units increase considerably in size
because of selective denervation in type 11 fibers and faster
reinnervation by collateral sprouting from type I motor units
(357). As a consequence, the number of motor units decreases
75% with increasing age in some human muscles (359). The
process of age-related denervation atrophy may be aggravated
by an increased susceptibility of muscles in the elderly to con-
traction-induced injury (360) and by the impaired capacity for
regeneration (361). .

Although it has been suggested that the decrease in force
with aging is entirely due to the decrease in muscle mass (356),
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it is likely that specific muscle force (i.e., muscle force per unit
cross-sectional area) also decreases with increasing age (335,
362, 363), although this has been disputed (146). In rodents,
about 20% of the decrease in specific force is not accounted
for by muscle atrophy (361, 364, 365). Because the increase in
connective tissue also cannot completely explain the decrease
in specific force (366), the specific force decrease must be re-
lated to a decrease in the number of cross-bridges per unit
muscle area or to a decrease i the average force developed per
cross-bridge (361,365). These qualitative age-related changes
in rodent muscle function with increasing age have recently been
confirmed in single cells from human quadriceps muscle. Spe-
cific tension was reduced in the type I and type Ila fibers (367)

To the best of our knowledge there are no data on the ef-
fects of aging on skeletal muscle function. in patients with
COPD. More specifically, it is unclear whether the decline in
skeletal muscle function normally observed with age would be
more pronounced in these patients.

3. Corlicosterolds

Steroid myopathy is defined as mwmscle weakmess that occurs in
individuals who are being treated with cortiocosteroids but
who do not have any other neuromuscular disease. In COPD,
the most commonly encountered drug-related side effect in
skeletal muscles is associated with the use of oral corticoster-
oids. Both animal and clinical studies have shown that both
the peripheral and respiratory muscles are affected by pro-
longed administration of corticosteroids.

a, Acute and Chrowic Steroid-induced Myopathy. Steroid-
induced myopathy may present in two distinct patterns: acute
and chronic steroid myopathy. Acute steroid myopathy is a
rare complication of intravenous treatment with corticoster-
oids (368, 369). Generalized muscle weakness occurs 5to 7 d
after the onset of treatment with high intravenous doses of
corticosteroids. Rhabdomyolysis occurs in the affected mus-
cles with high levels of serum creatine kinase and myoglobin-
uria. Muscle biopsies show focal and diffuse necrosis and atro-
phy of all fiber types. Recovery may be prolonged to more
than 6 mo. Specific cases of this complication in patients with
COPD have not been described.

Chronic  steroid myopathy, in contrast, is the classic type of
steroid-induced myopathy, occurring after prolonged oral ad-
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ministration of lower doses of steroids, e.g., prednisolone in a
dose of 10 mg/d or more. Fluorinated steroids cause weakness
and myopathy more often than nonfluorinated steroids (370-
374). Proximal muscle weakness is a prominent clinical fea-
ture. Serum levels of muscle enzymes are usually normal, but
LDH is elevated. Urinary creatine excretion is increased pre-
ceding the clinical appearance of myopathy. Rhabdomyolysis
is absent. Atrophy of type IIb fibers is observed in muscle bi-
opsies. Recovery of chronic steroid myopathy takes many weeks
to months.

b. Steroid-induced Changes in Skeletal Muscles of Palients
with COPD. The relationship between peripheral and respira-
tory muscle strength and average daily dose of steroids was
analyzed in 21 patients with COPD or asthma (215). The aver-
age daily dose of steroids taken in the previous 6 mo varied
from 1.4 to 21.3 mg (average, 4.3 mg). Eight of these 21 pa-
tients suffered from generalized muscle weakness, The aver-
age daily dose of methylprednisolone during the previous 6 mo
exceeded 4 mg in seven of these eight patients, in contrast to
only three of the 13 patients with nommal muscle strength, Multi-
ple regression analysis of the relationship between quadriceps
force and steroid dose showed that the average daily dose ex-
plained 51% of the variance in quadriceps force. These rela-
tionships were independent of the degree of airflow obstruc-
tion, estimated by percent predicted FEV (215).

Functional and histologic characteristics of the peripheral
muscles have been described in patients with COPD and ste-
roid-induced myopathy, as compared with control patients
with COPD matched for age, sex, and degree of airflow ob-
struction (375). Steroid-induced myopathy was associated with
severe peripheral muscle weakness, quadriceps force in the
mypopathy versus control patients being 23 * SD 14 versus
71 *+ 23% predicted, respectively. In the patients with COPD
and steroid-induced myopathy LDH levels were increased
(697 % 301 versus 421 = 128 IU/L, p < 0.001) and 24 h urine
creatine excretion was increased (990 = 609 versus 159 % 219
mg, p < 0.001).

A quadriceps biopsy of a patient with COPD and steroid-
induced myopathy as compared with a control patient with
COPD is shown in Figure 2. Myopathy biopsies were charac-
terized by increased variation in diameter of fibers, with sev-
eral angular atrophic fibers and diffuse necrotic and basophilic

figure 2. Quadriceps biopsy from a patient with steroid-ind
panei). Note increased variation in muscle fiber diameters,
subsarcolemmal nuclei, and diffuse necrotic fibers in the pati
labeled. (Reprinted from Reference 375, with permission.)

uced myopathy (feft panel) compared with a control patient with COPD (right
increases in the amount of connective tissue, increased number of central and
ent with stercid-induced myopathy. Representative fiber types (I, Ha, lib} are
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fibers (Figure 2). In addition, increased amount of connective
tissue between fibers and increased number of subsarcolem-
mal and central nuclei were present. On ATPase stain, diffuse
fier atrophy predominantly affecting type IIb  fibers was present,
but type Ha and, to a lesser extent, type I fiber atrophy was

also present (Figure 3) (375). It may be speculated that the
loss of body weight in this study may play a role in the ob-

served pattern of generalized fiber atrophy. Patients with COPD
and steroid-induced myopathy had a lower body mass index
than did control patients with COPD (19 *3 versus 23 * 4 kg/

m?, p < 0.05). This contention is supported by observations in

animal studies. Indeed, in the rat, malnutrition has been
shown to cause a more generalized paitern of fiber atrophy
than treatment with triamcinolone (376). Moreover, predniso-
lone reduced power output of the diaphragm more than in
weight-paired control animals {(377).

Clinically, follow-up of patients with COPD and stercid-
induced myopathy showed that survival was reduced in com-
parison with control patients with COPD with a similar de-
gree of airflow obstruction (p < 0.025) (375). Four of the eight
patients with steroid-induced myopathy died within 6 mo after
diagnosis in ventilatory failure. In a control group of 24 pa-
tients with COPD with a similar degree of airflow obstruction,
only two patients died in the same period because of causes
unrelated to COPD.

& Meckanism of Steroid-induced Myopathy. Corticosteroids
may affect the production of contractile proteins and the turn-
over of biochemical substrates in skeletal muscle. This is likely
to be a generalized process, affecting both peripheral and res-
piratory muscles. Most data relevant to the specific mecha-
nism of steroid-induced damage to skeletal muscle has been
obtained in studies of the diaphragm muscle of lower animals.

Corticosteroids may downregulate insulinlike growth fac-
tor 1 (IGF-1), and thus may downregulate protein synthesis
and increase intracellular proteolysis. Administration of corti-
costeroids has been shown to reduce myofibrillar and sarco-
plasmatic protein concentration in rat diaphragm (378). Pro-
tein synthesis is primarily inhibited in type II fibers, mainly by
downregulating peptide initiation on the ribosomes (379).
Also, increased cytoplasmatic protease activity may lead to
myofibrillar destruction (380). In this way glucocorticoids in-
hibit protein synthesis and may accelerate myofibrillar and
soluble protein degradation in skeletal muscle.

In addition, carbohydrate metabolism is altered in steroid
myopathy. Reduced muscle glycogen phophorylase activity
(381) and increased glycogen synthetase activity (382) lead to
an increased intramuscular concentration of glycogen. An in-
creased concentration of glycogen has been reported in rabbit
diaphragm (383). In addition, there is a reduction in creatine
kinase activity (384). This impairment in glycolytic activity
may in part be compensated by increasing oxidative metabo-
lism (385). Possibly, the differences in response to steroids are
in part explained by different contents of oxidative enzymes in
type I and Ila fibers compared with type IIb fibers. Corticos-
teroids may also affect energy production in skeletal muscle.
Citrate synthase activity is reduced in rat diaphragm (385,
386), but an effect on succinate dehydrogenase activity was
not observed (387). Finally, it has been postulated that corti-
costeroids may impair diaphragm function by reducing myo-
fibrillar density and/or by slowing cross-bridge kinetics (387).
1t is not known if different types of corticosteroids affect skel-
etal muscle via a similar pathway. The fluorinated steroid tri-
amcinolone affects the diaphragm in a different way from that
of the nonfluorinated steroid prednisolone (338).

d. Clinical Implications. Steroid-induced myopathy may af-
fect skeletal muscles in many patients with COPD. Histologi-
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cally, both myopathic changes and type IIb fiber atrophy are
observed in the muscles involved. This pattem of specific fiber
atrophy may be compounded by concomitant malnutrition,
which causes generalized fiber atrophy. Fluorinated steroids
seem to cause this type of alterations more often than nonflu-
orinated steroids. The clinical data described above suggest
that there is a relationship between dose, duration, and the ex-
tent of functional and structural alterations, but other factors
such as the level of physical activity and nuiritional staus also
influence the severity of the clinical presentation of steroid-in-
duced myopathy. It also is unclear how long the myopathy
persists after systemic steroids are discontinued. Are patients
with COPD destined to have long-term muscle dysfunction af-
ter a course of oral steroids?

Future studies are required to establish more firmly the re-
lationship between steroid-induced myopathy and mortality.
The development of molecular probes might enable a rapid
diagnosis from analysis of muscle specimens.

C. FUNCTIONAL IMPACT ON EXERCISE TOLERANCE

Dyspnea, impaired exercise tolerance, and reduced guality of
life are common complaints in patients with COPD. Several
pieces of evidence point to the fact that these are not simply
consequences of the loss of puimonary function. Reduced ex-
ercisc capacity shows only a weak relation to lung funcion im-
pairment (389). Moreover, medication may improve pulmo-
nary function in COPD, but it has no clear effect on exercise
capacity {390). In addition, lung transplantation, in spite of
yielding substantial improvement in lung function measure-
ments, improves exercise capacity only partially (348,391). No
significant differences in post-transplant exercise capacity were
detected between single or double lung transplantation (391).
The importance of peripheral skeletal muscle dysfunction
in the impairment of exercise capacity in patients with COPD
was suggested by Killian and colleagues (392). They observed
that both patients with COPD and normal subjects frequently
reported that the sensation of leg fatigue limited exercise. Im-
paired peripheral skeletal muscle function and (upper and
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Figure 3. Mean cross-sectional area (CSA} of type |, lla, and b fi-
bers in quadriceps biopsies of healthy subjects (open bars), control
patients with COFD fisickd bars), and patients with steroid-
induced myocpathy [ciessf bars). Generalized fiber atrophy, pre-
dominantly affecting type lla and )b fibers, is observed in the ste-
roid-induced myopathy patients. {Reprinted from Reference 375,

with permission.)
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lower extremity) exercise limitation will be discussed from the
point of view of reduced strength and reduced endurance ca-
pacity of these muscles.

1. Peripheral Muscle Strength

Reduced strength is observed in peripheral muscles of pa-
tients with COPD (212, 213, 215). Quadriceps force correlates
significantly with 6-min walking distance and maximal oxygen
uptake (212, 213). Muscle strength was also significantly cor-
related with symptom intensity during incremental exercise
testing (213). These findings are based on stepwise multiple
regression analysis and therefore do not allow conclusions on
a causal relationship. Two additional observations make a causal
relationship more likely. Firstly, changes in muscle strength
have been demonstrated to correlate significantly with change
in exercise capacity (393). Secondly, peripheral muscle strength
training has been shown to improve maximal muscle strength,
exercise endurance capacity, and quality of life (394).

Reduced walking distance was shown to correlate signifi-
cantly with the creatinine-height index in underweight pa-
tients with COPD, implying correlation with reduced fat-free
body mass available for exercise (395). Recently, depletion of
fat-free body mass was also found to correlate with reduced
Voymax in COPD (396).

2. Peripheral Muscle Endurance

Deterioration of endurance capacity of peripheral muscles is
also likely to contribute to reduced exercise capacity. Low in-
tensity endurance muscle training has been shown to signifi-
cantly improve limb muscle endwmance, but not muscle strength
(397). Whote-body endurance performance (walking) improved
significantly more in the low-intensity muscle training group
than in the control group (397).

Information on muscle endurance capacity can also be de-
rived from muscle metabolism measurements. Although pre-
viously questioned (398), it is now well established that an
early onset of anaerobic muscle metabolism during incremen-
tal exercise contributes to exercise limitation in COPD (211,
243, 399). Maltais and colleagues (211) found a significant re-
lationship between muscle aerobic enzyme levels and maximal
oxygen uptake. In lung transplant patients, maximal oxygen
uptake was significantly reduced and significantly correlated
with abnormalities of skeletal muscle oxidative capacity (227).
In contrast, Satta and colleagues (207) studied a group of pa-
tients with COPD and found a low exercise capacity and sig-
nificant alterations in fiber type proportions in the quadriceps
muscle, but no significant correlation between them. Further,
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in one study exercise training in patients with COPD has been
shown to improve both cxercise capacity and oxidative enzyme
activity of the peripheral muscles, but no significant correla-
tion between these improvements was obtained (226).

During constant work rate exercise, the contribution of
aerobic and anaerobic metabolism to total muscle metabolism
can be studied in the steady state. In patients with both mild
and severe COPD, improved aercbic capacity is reflected by
showing that, for a given level of exercise, the levels of lactate
and ventilation are lower (226, 243, 400). This also reflects the
link between skeletal muscle function and exercise capacity in
COPD.

3. Upper versus Lower Extremity Exercise

Most attention has been given to lower extremity exercise.

However, in activities of daily living upper extremity muscles

are importantly involved. Although arm exercise is often in-
termittent and relieved by rest periods, patients with COPD
frequently report limitations in these activities {401). These
can be attributed to various factors. Firstly, muscles involved
in upper extremity exercise are also necessary for breathing
and arm exercise is associated with dyssynchronous breathing

in patients with COPD (402). Secondly, body positions that in-
volve bracing of the arms enable the patient to obtain higher
levels of ventilation (403), presumably because arm bracing
limits upper extremity activities. Thirdly, for equal work rates,

ventilation and oxygen consumption are generally higher for
arm than for leg exercise (404,405). This is probably due to an

earlier onset of anaerobic metabolism for the arms than for
the legs. Moreover, static muscle work to stabilize the trunk
and shoulder during upper extremity exercise contributes to a

lower mechanical efficiency of arm exercise. Lastly, there are

differences in the extent of muscle weakness in upper and

lower extremities in COPD. Quadriceps strength has been
shown to be more reduced than handgrip strength (212), sug-
gesting that this would impair activities of lower extremities
more than upper exiremity activities. However, recent studies

of upper extremity strength have shown that weakness of the
proximal arm muscles is more prominent than in muscles of
the forearm (214,406).

Reduced exercise capacity and muscle weakness render pa-
tients with COPD disabled and are associated with high utili-
zation of health care resources (407, 408). Poor exercise ca-
pacity and peripheral muscle weakness have also been shown
to contribute to mortality (409,410). Moreover, patients with
COPD and respiratory muscle myopathy and weakness have a
higher morality rate than do control patients with COPD (375).
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Illl. Effects of Interventions on
Skeletal Muscle Dysfunction
in COPD

A. EXERCISE TRAINING

1. Effects of Training on Peripheral Muscle
Function in Normal Subjects

The peripheral skeletal muscle exhibits great plasticity by adapt-
ing its morphologic and metabolic properties differently de-
pending on the training strategy used. When submitted to en-
durance training, it undergoes several changes that improve its

capacity for aerobic metabolism. The notion that the propor-
tion of type I and II fibers is not influenced by training has

been challenged by studies showing an increase i type 1 fibers
with a reciprocal decrease in type Ilb after 6 to 15 wk of in-

tense training (411,412). Evaluation of the contractile protein
composition of the skeletal muscle provides further evidence
supporting that a fast to slow type fiber conversion may occur
with endurance training (413). Subpopulations of type Il fi-
bers are also modified with endurance training, as evidenced
by the transformation of type IIb muscle fiber into type Ila
(171, 414-416). The volume of type I fibers and the mitochon-
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drial number are expanded and the activities of mitochondrial
enzymes such as citrate synthase (CS) and 3-hydroxyacyl-CoA-
dehydrogenase (HADH) are enhanced (171, 414, 415, 417).
Improved muscle capillarization and increased myoglobin lev-
els also occur, which facilitate oxygen delivery and extraction
(418,419),

These changes are accompanied by smaller increases in
muscle and blood lactic acid concentrations for a given level of
heavy exercise (171, 414, 420-422), which may, in part, reflect
an improved oxidative capacity of the trained muscles (171,
211, 423, 424). This contention is consistent with the correla-
tion described between the work rate at which arterial lactic
acid increases during exercise and the level of aerobic enzyme
activities in normal subjects (171,423) in patients with COPD
(211), and in those with chronic heart failure (424).

The skeletal muscle adaptation induced by resistive train-
ing is characterized by increases in muscle mass and strength
(171, 415). A decrease in type IIb fibers and an increase in
type IIa fibers occur with this type of training, but hypertro-
phy of both fiber types has been reported (415, 425, 426). The
aerobic capacity of the skeletal muscle is mot substantially mod-
ified by resistive training (171).

The structural and biochemical changes in the muscle will
occur, provided that the training stimulus in terms of fre-
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figure 4. Changes in physiologic responses to an identical exercise task (in a constant work rate test) pro-

duced by two exercise training strategies in patients with COPD. (Left pane.f) High work rate training

group (n = 11). (Right panel} Low work rate training group (n = 8). Note that patients performed the
same total work in their training program irrespective of group assignment because the lower work rate
training group was assigned longer daily sessions. Parcent change is calculated from the average change
in response at the time the pretraining study ended. Verticallines represent 1 SEM. Decreases in blood lac-
tate, ventilation, O, uptake, CO; output, ventilatory equivalent for Oy, and heart rate are obsarved for
both training regimens, but decreases are appreciably greater for the high work rate training group. (Re-

printed from Reference 243, with permission.)



520 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 159

quency, intensity, and duration is adequate. A program lasting
5 to 10 wk, with exercise sessions held three to five times per
week, each lastmg 30 to 45 min is considered to be safisfactory
(427). For endurance training of healthy subjects, an intensity
lying between 50 and 60% of the maximal exercise capacity is
generally recommended, although significant improvement in
physical fitness may be obtained with lower exercise intensity
if the duration of training is prolonged (428 ,429). This demon-
strates that the intensity and duration of training are interre-
lated with the combination of these two factors, the total
amount of work performed above the “minimum intensity”
being important in determining the effectiveness of an exer-
cise program (428).

2. Exercise Training in COPD

Exercise training is now recognized as an essential component
of pulmonary rehabilitation in patients with COPD (6, 8, 239,
243, 430-433). Proposed mechanisms of improvement include
better motivation, desensitization to dyspnea, and improved
technique and performance (434). Until recently, it was thought
that these patients could not achieve a sufficiently high level
of training to induce skeletal muscle changes similar to those
found in normal subjects after a training program (398, 433).
Recent studies have shown that this concept is incorrect and
strongly support the view that peripheral muscle function can
be improved with a variety of training strategies in patients
with COPD (205, 226, 243, 394, 397, 436, 437).

a. Lower Limb Endurarce Traising. The training strategies
most commonly used in patients with COPD are walking,
treadmill, or cycling exercise; a typical program includes three
to five weekly exercise sessions for 6 to 12 wk (8, 239,243, 394,
397, 430-433). It has been recently demonstrated that patients
with COPD can sustain the necessary training intensity and
duration for a physiologic adaptation to training to occur (226,
243,437). Indirect evidence supporting the development of a
skeletal muscle adaptation to lower limb endurance training in
COPD include a reduction in exercise lactic acidosis and CO;,
production (243, 438, 439) (Figure 4), faster O, kinetics (437),
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Figure 5. Pretraining and post-training values for the activity of ci-
trate synthase (CS) and 3-hydroxyacyl CoA dehydrogenase (HADH}
obtained in 11 patients with COPD. Horizontal bars represent
group mean values. The activities of both enzymes increased sig-
nificantly after training. *p < 0.05; ' < 0.01. (Reprinted from Ref-
erence 226, with permission.)
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and an tmproved quadriceps endurance (436). A recent study
indicates that a 12-wk leg-cycling exercise program increases
the activity of two mitochondrial enzymes in patients with se-
vere COPD, a sure sign of skeletal muscle adaptation (226)
{Figure 5). These results contradict those obtained by Belman
and Kendregan (435) who failed to show any increase in mito-
chondrial enzyme activities after 6 wk of exercise training in
patients with COPD. The lack of improvement in their study
can probably be explained by a lower intensity of tmining (440).

There is as yet no consensus on the optimal training inten-
sity prescription for patients with COPD (441). As in normal
subjects, the effectiveness of the exercise program is probably
related to the total amount of training performed (the product
of training intensity and duration). However, higher intensity
training seems to be of advantage. This contention is sup-
ported by a study of Casaburi and colleagues (243) which
showed that the magnitude of the physiologic improvement
after exercise training was significantly greater in patients
training at high intensity training (~ 80% maximum exercise
capacity) as opposed to low intensity (~ 40% maximum exer-
cise capacity) despite the fact that both groups performed the
same total work (Figure 4) (243). The individual tolerance
should be taken into account when preseribing the intensity of
training, but most patients with moderate to severe COPD can
safely tolerate training intensity ranging from 60 to 80% of
their pretraining exercise capacity. At this training intensity,
physiologic improvement is likely to ocour (226,239,243, 437).

b. Lower Limb Strenpth Training. The effects of strength
training in patients with COPD have been systematically eval-
uated in only one study (394). Simpson and colleagues (394)
studied 34 patients with severe COPD randomized to a con-
trol group or to 8 wk of strength training consisting of three
different muscle exercises (one for the arms, two for the legs).
With this training strategy, muscle strength increased by 16 to
40% depending on the muscle group evaluated, and thig’was
associated with an improvement in the endurance time to
whole-body submaximal exercise. Changes in muscle mass
were not evaluated. Clark and colleagues (397) found that a
program consisting of a variety of low intensity peripheral
muscle exercises improved the endurance to isolated muscle
endurance exercises. It should be recognized, however, that
the improvement in effort-dependent measures of muscle
strength and endurance may not be definitive evidence of a
muscle physiologic adaptation and may simply reflect a better
motivation and/or a more efficient neuromuscular activation
(415).

&. Upper Extremity Training Because the utilization of up-
per limb muscle oflen induces severe dyspnea, specific arm en-
durance training has been used in patients with COPD (402,
442, 443). In these patients, shoulder girdle muscles such as
pectoralis major and latissimus dorsi may serve as accessory
respiratory muscles (218, 219). When involved in upper arm
activities, their participaion in  ventilation decreases and, con-
sequently, more work has to be performed by the diaphragm
(444). Studies of arm training, using arm cranking or unsup-
ported arm exercises, have shown beneficial effects on arm-
specific endurance exercises and decreased metabolic and ven-
tilatory requirements for arm activities (435, 445). Although
one study has failed to show improvement in triceps oxidative
capacity in patients with COPD undergoing 6 wk of upper arm
training (435), the absence of a muscle adaptation may have
been due to a low training intensity. Although it has yet to be
conclusively demonstrated that this strategy improves arm
muscle function or the functional status of the patients, it is
generally recommended that arm training be incorporated in
rehabilitative programs for patients with COPD (8,446).
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3. implications of Improved Skeletal Muscie
Function in COPD

In normal subjects, improvement in peripheral muscle func-
tion is believed to play an important role in explaining the in-
creases in exercise tolerance and in the ability to tolerate sub-
maximal exercise that occur in response to exercise training
{414). Several observations suggest that this may also be true
in patients with COPD. The reduction in lactic acidosis for a
given exercise work rate that accompanies exercise training
decreases the carbon dioxide output (243). The resulting fall
in ventilatory requirement may be of great benefit for these
ventilatory-limited patients by allowing them to tolerate a
given exercise level for a longer period (243, 447). The de-
crease in muscle acidosis may also be beneficial by delaying
the onset of muscle fatigue (167, 448, 449). Also, improved
muscle strength may decrease the intensity of perceived mus-
cle effort (213). Patients are likely to tolerate exercise longer if
they feel less discomfort coming from the exercising muscles.

In summary, substantial evidence indicates that peripheral
muscle function can be improved following a rigorous exercise
program in patients with COPD. Further work is needed to
define the optimal training strategy in these patients and to
determine to what extent the training-induced skeletal muscle
changes contribute to enhanced exercise tolerance.

B. OXYGEN THERAPY

Several studies have shown that exercise performance is en-
hanced when hypoxemic patients with COPD breathe an in-
creased fraction of inspired O, (450-455). The mechanisms
whereby O; supplementation improves exercise performance
are incompletely understood, but they may include reduced
ventilatory requirement (455, 456), relief of pulmonary vaso-
constriction {457), and improved systemic O, delivery (457-
459). Because limb muscle oxidative capacity is depressed in
some patients with COPD (203, 210) and may be due to im-
paired tissue oxygenation (203), supplemental O, might also
improve exercise performance by increasing limb muscle O,
utilization. Long-term O, therapy (LTOT) may permit muscle
adaptations to occur that further improve limb muscle O, uti-
lization.

1. Acute O, Supplementation

The acute administration of supplemental Oy to hypoxemic
patients with COPD during exercise has been shown to en-
hance limb muscle oxidative capacity (253, 254). Payen and
colleagues (253) used phosphorus magnetic resonance spec-
troscopy (*'P-MRS) during exercise in seven hypoxemic pa-
tients with COPD and found reduced indices of muscular oxi-
dative metabolism during exercise, including an early fall in
muscle intracellular pH (pHi , increase in Pi/PCr ratio, and re-
duction in the resynthesis of PCr after exercise compared with
age-matched control subjects. These indices improved, al-
though incompletely, when supplemental 0, was administered
during  exercise. Using similar medhods, Mannix and  colleagues
(254) calculated the relative contributions of anaerobic sources
and oxidative phosphorylation to exercising skeletal muscle
ATP production in COPD. They concluded that ATP produc-
tion from oxidative phosphorylation is decreased in COPD,
but that it can be reversed by supplemental Q,, Although nei-
ther systemic nor regional O, delivery was measured, these
two studies suggest that reduced oxidative phosphorylation in
exercising patients with severe COPD is due, at least in part,
to a deficiency in O, availability.

In hypoxemic patients with COPD, supplemental O, acgtely
can increase muscle O, availability by augmenting systemic O,
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delivery via increases in both arterial oxygen content (Cag,)
and cardiac output (457-459). Reduced ventilatory muscle en-
ergy requirements may also increase regional (, delivery to
limb muscles (240). In recent years, the idea that cellular res-
piration is Oy-dependent has come into question, however.
For example, Connett and colleagues (460) found the Ro, in
contracting lactate-producing dog gracilis muscle to be higher
than the value when respiration in isolated mitochondria be-
comes impaired (461). It has been argued, however, that the
Po, where maximal respiration is affected could be higher in
exercising muscle tissue than in isolated mitochondria (462).
Indeed, O, dependence of cellular metabolism has been ob-
served in cultured cells (463) as well as in animals (464). Addi-
tionally, a linear relationship has been found between skeletal
muscle bicenergetic  state, as reflected by the ratio of phospho-
creatine to inorganic phosphate {PCr/Pi), and O, delivery in
an isolated rat hindlimb preparation (465).

2. Long-term O, Therapy

As with the acute administration of supplemental O,, LTOT
has been associated with indices of improved muscle oxidative
capacity (269, 466). For instance, Gertz and colleagues (269)
showed that peripheral muscles in hypoxemic patients with
COPD were deficient in PCr and ATP, and that these changes
were reversed with LTOT. Jakobsson and Jorfeldt (466) noted
similar improvements in bioenergetic state of quadriceps mus-
cles after 8 mo of LTOT, whereas control patients with COPD

suffered a further decline during this period. However, this

same group (210) found no significant changes in muscle oxi-
dative enzyme activity after 7 mo of LTOT in hypoxemic pa-
tients with severe COPD. These findings suggest that the
intrinsic abnormalities of muscle bioenergetic state in hypox-
emic patients with COPD can be, in part, improved by in-
creasing muscle O, availability through the use of LTOT,

LTOT may improve muscle O; availability more than does
acute O, supplementation through the physiologic adapta-
tions associated with increased physical activity that are facili-
tated by oxygen supplementation. These include increases in
both systemic O, delivery, mediated by an elevated swoke wvol-
ume relative to work rate (467) and regional O, delivery,
through development of a more extensive skeletal muscle mi-
crocirculatory network (171) during exercise. Furthermore,
the adverse comsequences of physical detraining on muscle ox-
idative enzyme activity (468-470) and fiber-type distribution
(471) may be reversed with LTOT. However, a randomized
controlled study involving 24 patients with severe COPD who
developed hypoxemia during exercise failed to demonstrate
significantly improved exercise performance after training
with supplemental (), compared with training on room air
(472). Finally, supplemental (), may improve appetite, meal-
related symptoms, meal (), desaturation, and neurepsychiatric
function. All of these factors have been implicated in the pro-
gressive muscle wasting seen in COPD (473), which might be
reversed with LTOT. Studies have failed to demonstrate sig-
nificant changes in body weight in patients receiving LTOT,
however (3,474). Whether or not LTOT enhances overall ex-
ercise capacity more than acute O, administration in hypox-
emic patients with COPD, via these or other mechanisms, re-
mains to be determined.

Contrary to the notion that limb muscle aerobic function is
diminished by reduced Q, delivery are the results of studies
involving patients with peripheral artery disease in which in-
creases in oxidative enzyme activity have been reported by
some investigators (260, 261). Similar results have been de-
scribed in healthy subjects training under ischemic conditions
(475). Therefore, reduced O availability to exercising limb mus-
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cles through hypoxemia or through underperfusion may have
different influences on limb muscle aerobic function.

3. Unanswered Questions

Therefore, both acute and long-term Q, supplementation have
been demonstrated to favorably affect limb muscle function in
hypoxemic patients with COPD; these gffects may account for
some of the improvement in exercise performance accompa-
nying Q, supplementation. Several important issues remain
unresolved, including: (I) the importance of increased muscle
O, availability, permitted with supplemental O,, in improving
overall exercise performance in hypoxemic patients with
COPD; (2) whether or not the immediate beneficial effects of
O, supplementation are complemented with additional bene-
fits atforded by LTOT; (3) the contribution, if any, of im-
provements in nutrition and training that may be permitted
with LTOT; and {4) whether or not physical training under
carefully controlled hypoxic or ischemic conditions may ulti-
mately improve limb muscle oxidative capacity.

C. NUTRITIONAL SUPPLEMENTATION

1. Rationale

Therapeutic management of weight loss and muscle wasting in

patients with COPD has attracted interest only recently. Pre-
viously it was generally considered as a terminal progression
of the disease process and therefore incvitable and irrevers-
ible. Several studies, however,. have shown that weight loss

and a low body mass index are associated with increased mor-
tality independent of disease severity (476,477). The rationale

for nutritional therapy is based on studies reporting that mus-

cle wasting is a significant independent correlate of muscle

weakness (199), peak exercise capacity (396), and quality of
life (478) in patients with COPD. In order to evaluate the ef-

fectiveness of nutritional support in COPD, it is important to
review prospective randomized controlled intervention stud-
ies, taking into consideration the setting of the study, markers

of nutritional status, and the duration of nutritional therapy
and follow-up.

2. Nutritional Support of In-patients

The first clinical trials in patients with COPD consisted of
short-term in-patient nutritional intervention. Two studies re-
ported an increase in body weight and muscle function after 2
to 3 wk of enteral and parenteral nutritional support (479,
480). In ome study (480) it was shown that the increase in body
weight, nitrogen balance, and peripheral skeletal muscle func-
tion after 2 wk of parenteral nutrition was similar in depleted
patients with and without lung disease. Subsequently, an in-
patient study of patients with COPD (481) investigated the ef-
fects of oral liquid supplements over a 3 mo period and found
significant weight gain associated with an increase in measures
of muscle strength as well as in 6-min walking distance.

3. Nutritional Support of Out-patients

Since 1986, several nutritional intervention studies in stable
out-patients with COPD have been published (482,483). Com-
parison between these studies is limited because of the variety
of study designs, characteristics of the study populations, nu-
tritional markers, duration of follow-up, and small patient
numbers. In only one of them was a substantial weight gain
{4.2 kg after 3 mo of oral support) achieved, whereas average
weight gain in other studies was less than 1.5 kg in 8 wk. In
general, improvements in muscle strength were demonstrated
only when clear weight gain was obtained. The reported poor
treatment response in the out-patient setting may be attrib-
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uted partly to inadequate assessment of energy requirements
(484) and to the observation that patients were taking supple-
ments instead of their meals. An important parameter of any
nutritional intervention is the caloric supplementation that is
achieved. Rochester (485) has posited that the repletion regi-
men must supply 50% more calories than actual resting en-
ergy expenditure to provide meaningful improvements. In or-
der to be able to provide a sufficient caloric supply, the effect
of an aggressive nutritional support regimen in patients with
severe COPD and weight loss not responding to oral supple-
mentation was studied (486). During an interval of 4 mo, noc-
turnal enteral nutrition support via percutancous endoscopic
gastrostomy tube was provided to maintain a total daily ca-
loric intake greater than two times resting energy expenditure.
In a preliminary report (486}, it was shown that, despite the
magnitude of the intervention, a mean weight gain of only 3.3
kg (6% of body weight at baseline) was seen in the treated
group. The majority of the increase in body weight was fat
mass, and no significant improvement in physielogic function
was observed. The limited therapeutic impact of isolated ag-
gressive nutrition may be related to the absence of a compre-
hensive rehabilitative strategy or to the fact that the studied
patients were not only in a hypermetabolic state but were also
suffering from increased protein breakdown (487).

4. Nutrition and Rehabilitation

In a large clinical trial the effects of a daily nutritional supple-
ment as an integrated part of an 8-wk pulmonary rehabilita-
tion program were studied (488). Significant weight gain was
shown (04 kg/wk), despic a daily supplementation which was
less than in some of the previous out-patients studies. The
combined treatment of nutrition and exercise not only in-
creased body weight but also resulted i a significant improve-
ment of fat-free mass and respiratory muscle strength, al-
though the increase in fatfree mass was observed predominantly
in the first 4 wk of treatment. Exercise in this study consisted
of moderate intensity general physical training with particular
attention to exercise in relation to daily activities. Also in the
above-cited study (488) a substantial proportion of patients
did not respond to the therapy, i.¢., did not reach weight gain
or showed no improvement in respiratory muscle function. In
a post-hoc survival analysis of this trial, the clinical relevance
of treatment response in terms of weight gain and functional
improvement was clearly indicated because weight gan (> 2 kg
in 8 wk) in depleted and nondepleted patients and increase in
maximal inspiratory pressure (Prmax)} adjusted for baseline
Prmax during rehabilitation were related to improved overall
survival (489) (Figure 6). Furthermore, on Cox regression anal-
ysis, after adjustment for the influence of sex, age, smoking,
and baseline spirometry, arterial blood gases, and body mass
index, both weight gain and body mass index remained signifi-
cant predictors of survival,

Theoretically, noncompliance to the treatment could have
contributed to nonresponse. However, patients were enrolled
in a pulmonary rehabilitation program allowing good control.
Another possible explanation for the lack of responmse to nutri-
tional supplementation could be the presence of alterations in
intermediary metabolism superposed on the elevated energy
metabolism. In a recent study, Schols and colleagues (490)
showed that some of the hypermetabolic patientsdisplayed el-
evated levels of acute-phase proteins and soluble TNF recep-
tors in peripheral blood. These patients were also character-
ized by depletion of fat-free mass, independent of the body
mass index. Di Francia and coworkers (244) recently reported
a significant relation between weight loss and TNF-a. From the
combingd results of these studies, it s hypothesized that tissue
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is on the liver and other tissues, which then produce insulin-
like growth factors (IGF), polypeptides with a molecular
structure similar to insulin (492). The major IGF in terms of its

action on the muscles is IGF-1 {493). IGF-1 is also produced
within the muscle cell; intracellular production may well ex-

ceed the importance of circulating IGF-1 (494).

Growth hormone administration has been found to be ef-
fective in allowing GH-deficient children to achieve normal
stature (493). In GH deficient adults,, subcutaneous GH ad-
ministration three to five times per week increases muscle
mass (496-501) decreases limb fat (499, 501}, and improves
muscle strength (496, 500) and exercise endurance (498, 500,
502). In healthy young subjects, GH administration increases
IGF-1 levels, stimulates muscle protein synthesis (87), and in-
creases lean body weight (503). However, GH supplementa-
tion has not been found to increase strength in healthy young
subjects (504).

Recent studies have focused on the response of elderly sub-
jects to GH administration. Increases in IGF-1(505 to 509} and
muscle mass (506,508 to 510) have been found, but improve-
ments in muscle strength (508, 509) or endurance (509) have
not been reported.

Other reports concern effects of growth hormone adminis-
tration to patients with muscle wasting related to chronic dis-
ease. In patients with HIV-associated wasting, GH supplemen-
tation resulted in incrcases im body weight and lean body mass
{511,512); a modest increase in exercise tolerance was demon-
strated in one study (511). In severely ill patients with COPD,
short-term GH administration yielded a positive nitrogen bal-
ance, but no apparent changes in muscle strength (513, 514),
though in an uncontrolled study Pape and colleagues (515)
found that respiratory muscle strength was increased. In a ran-
domized trial, Burdet and colleagues (516) administered growth
hormone or placebo for 3 wk to underweight patients with se-
vere COPD who were undergoing a rehabilitation program.
Lean body mass increased only in the growth hormone group
(by 6%), but exercise tolerance increased in neither group. In
another recent randomized trial, Casaburi and colleagues (201)
administered growth hormene or placebo for 6 wk to patients
with severe COPD who were undergoing a rigorous training
program. Lean body mass increased by 6% in the growth hor-
mone group but not in the placebo group. Endurance exercise
tolerance increased equally in the two groups; growth hor-
mone did not enhance the exercise tolerance gains associated
with endurance training.

There has been a debate regarding the cost-effectiveness of
growth hormone supplementation (517-519). On the basis of
the studies published so far, it may be tentatively cencluded
that, except in specific deficiency states, administration of growth
hormone 15 hard to justify in view of the high cost of therapy.

2. The Anabolic Steroids

In men, testosterone has a profound anabolic effect on mus-
cle. Testosterone production by the gonads is stimulated by
the pituitary hormones, luteinizing hormone (LH) and folli-
cle-stimulating hormone (FSH). There is a negative feedback
loop such that low circulating testosterone levels induce the
pituitary to secrete more LH and FSH. In women, a similar
system exists, though the principal gonadal hormone is estra-
diol. In women, estradiol has anabolic effects on muscles, as
does testosterone (520), though circulating testosteronc levels
are an order of magnitude lower in women than in men. How-
ever, there have been few scientific studies of sex steroid sup-
plementation in women.

In hypogonadal men, replacement doses of testosterone
substantially increase muscle mass and strength (521, 522).
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However, until recently it was not clear whether testosterone
supplementation had anabolic effects in healthy eugonadal
men (523, 524). It was argued that the dozen or so studies re-
porting anabolic effects of testosterone and other anabolic ste-
roids {mainly performed in the 1970s) were flawed because of
poor experimental controls and effort-dependent outcome mea-
sures (523). However, it has rtecently been shown in 2 random-
ized, double-blinded placebo-controlled trial that supraphysi-
ologic doses of testosterone increase muscle size and strength
substantially (525). Moreover, the benefits of a strength train-
ing program were additive to those of testosterone supple-
mentation.

Evidence is accumulating that older men whose testoster-
one levels are mildly low respond to testosterone replacement
with increased body mass and strength (95, 526). There is an
active controversy regarding the place of anabolic steroids in
the treatment of the frail elderly (517,527). One aspect relates
to a risk-benefit assessment. The predominant worry is that
testosterone replacement therapy wili unmask subelinical pros-
tate cancer in older men. Other concerns relate to increased
HDL levels, increased hematocrit, liver toxicity, and aggres-
sive behavior (528). However, several recent trials of rela-
tively short-term testosterone administration to older men
have failed to reveal adverse side effects (95,526). A reevalua-
tion of the health msks of anabolic steroids is in progress (528).

Limited information is available concerning the effects of
anabolic steroid supplementation in COPD. Schols and col-
leagues (488} administered a relatively low dose of nandrolone
or placebo to 217 men and women with COPD who were also
randomized to receive nutritional supplementation. Small im-
provements in lean body mass and respiratory muscle strength
were demonstrated in the nandrolone, but not the placebo,
group and no adverse side effects were reported. In another
study, 6 mo of oral stanozolol produced a mean 1.8-kg in-
crease in body weight in 10 underweight patients with COPD,
but significant improvements in endurance exercise capacity
were not demonstrated (529).

Several questions remain to be answered before anabolic
steroids can be prescribed to combat the muscle dysfunction
seen in patients with COPD. We must (7} define the dosage
that appropriately balances risks and benefits, (2) determine
whether endurance as well as strength s improved, and (3} um-
derstand the interaction between exercise training and ana-
bolic steroid administration.

3. Other Anabolic Drugs

In addition to their bronchodilator effects, j-adrenergic drugs
have been investigated for their potential to induce muscle
cell growth. In animal models, when chronically given, these
drugs have been shown to promote muscle protein gain, in-
crease fiber size, and improve muscle strength (530, 531).
These anabolic effects are mediated through By-adrenorecep-
tor activation on the muscle cells (530). Among the By-ago-
nists, those with longer duration of action seem to be more
effective (530), and intravenous administration seems to in-
duce a greater effect (532). Studies in humans have yielded
mixed results, Salbutamol improved muscle performance in
one (533), but not in another (534) study. Orally administered
clenbutero! produced mild increases in leg extensor strength
in orthopedic patients (535). In patients with COPD, high
dose inhaled salbutamol did not alter anthropomorphic mea-
surements or handgrip strength (536).

1t seems quite likely that the next few years will see a flurry
of reports from molecular biology laboratories of novel mole-
cules that mediate anabolic effects on muscle. One such mole-
cule is vascular endothelial growth factor, which apparently is
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capable of inducing capillary growth in skeletal muscle (537).
Another molecule has been dubbed myostatin; in rats its inhi-
bition yields profound muscle hypertrophy (538). Two breeds
of cattle said to be “double-muscled” (substantial increases in
muscle mass) have been found to have defects in the chromo-
somes coding for the myostatin gene (539,540).

E. LUNG TRANSPLANTATION AND LUNG
VOLUME REDUCTION SURGERY

1. Lung Transplantation

Lung transplantation has evolved into an accepied treatment
of end-stage pulmonary parenchymal and pulmonary vascular
disease. Four distinct lung transplant procedures are now per-
formed routinely: heart-lung (HLTx) {541}, single-lung SLTx
(542), and bilateral sequential lung (BSLTXx) (543) transplan-
tation, and, far less commonly, living donor lobar transplants
(544). In post-transplant patients, incremental cardiopulmo-
nary exercise testing has shown a low peak work rate, low
Voypeak (41 to 57% predicted) (4, 545-556) and an early lac-
tate threshold (548, 549, 556) with leg tiredness being the pre-
dominant symptom at exercise termination (549). Exercise
limitation appears to be independent of transplant type (4,
545-555) or pretransplant diagnosis (355), and it shows no
substantial improvement with time after transplant (549, 555,
557). Although stable lung transplant recipients many months
post-transplantation demonstrate a modest 14% improvement
in Vo,max with 6-wk supervised exercise training (558), there
are no published studies demonstrating that as a group they
ever approach predicted Vo;max (348).

A number of potential mechanisms of exercise limitation
are known. SLTX recipients may approach or reach ventila-
tory limitation at peak cxercise, those with native lung em-
physema frequently reaching expiratory flow limitation (559).
Furthermore, SLTx recipients for pulmonary hypertension
may have cardiac limitation because of poor right ventricular
performance in the setting of elevated pulmonary vascular re-
sistance (556). In HLTx, an impaiged chronotropic response of
the denervated heart or cardiac Plograft dysfunction may be
factors, but stable cardiac transplant recipients appear to have
a normal cardiac output in relationship to work rate (560). Im-
portantly, BSLTx recipients generally have near normal lung
function with mildly reduced diffusing capacity, but they ter-
minate exercise well short of ventilatory or cardiac limitation
(229). Mild anemia caused in part by the marrow suppression
of azathioprine and renal toxicity secondary to cyclosporin is
seen commonly (561) and may be a significant contributing
factor to exercise limitation. The consistency of reduced exer-
cise capacity across different lung transplant patients led early
to the suggestion that a unifying factor, e.g., a skeletal muscle
injury or deconditioning (549), may exist.

Abnormal skeletal muscle oxidative capacity, as evidenced
by a greater resting intracellular acidosis with earlier fall i in-
tracellular pH on exercise, has been demonstrated by 3P mag-
netic resonance spectroscopy in the quadriceps muscle of sta-
ble lung transplant recipients (227). Although as yet only
reported in preliminary form, an array of abnormalities have
been demonstrated in the quadriceps femoris muscle of the
lung transplant recipient. Oxidative enzyme activity and mito-
chondrial ATP production are reduced (562). It is not yet
clear if this is predominantly due to a persistence post-trans-
plant of the reduction in type 1 muscle fibers with increase in
type 11 fiber proportion reported in patients with severe em-
physema (203), or whether an acquired qualitative mitochon-
drial abnormality also coexists. Sarcoplasmic reticulum func-
tion of quadriceps femoris muscle may be reduced when
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account is taken of the marked switch in muscle fiber type
proportions (563). An abnormally large rise in plasma potas-
sium in relation to work rate is seen in heart and lung trans-
plant recipients (564), but no clear abnormality of Na/K* AT-
Pase pump density or activity has yet been demonstrated  (565).

Considerable speculation exists as to whether the skeletal
muscle abnormalities seen in the lung transplant recipient rep-
resent persistence of a pretransplant abnormality (e.g., decon-
ditioning) or are due to transplantation itself (e.g., the effects
of transplant surgery, sepsis, prolonged ICU stay, and the ef-
fects of corticosteroids, muscle relaxants, and cyclosporin A)
or, as seems most likely, a combination of etiologies. Abnor-
malities of skeletal muscle oxidative metabolism previously
demonstrated in patients with COPD (228) and in those with
cystic fibrosis (566) may simply be due to deconditioning that
persists post-transplant.

The lack of substantial improvement in exercise capacity
even several years after lung transplantation (557) suggests
that deconditioning alone is not the explanation, although the
possibility exists that deconditioning is so severe that many
years of intense rehabilitation may be required to reverse it.
Improved cardiac function and reduced respiratory muscle
work may improve perfusion to the exercising muscle (240).
Benecficial effects on tissue oxygen delivery may be in part
countered by anemia post-lung transplantation. Drugs effect-
ing skeletal muscle (eg., corticosteroids and/or cyclosporin = A)
are probably very important post-transplant factors. Both in
vive and in vitro studies in rats show that high doses of cy-
closporin A impair exercise endurance and substantially re-
duce mitochondrial oxidative capacity (567,568). Severe pre-
transplant muscle deconditioning and the marked effect of
cyclosporin A on skeletal muscle mitochondria post-trans-
plantation would appear to be the most important factors.

2. Volume Reduction Surgery

Although surgery for bullous emphysema has been reported
as eatly as the 1940s (569), recently an explosion of interest
has occurred in techniques of lung volume reduction surgery
(LVRS) for more diffuse forms of emphysema. Improvement
in FEV,, vital capacity, 6-min walk distance, Pa,, Pacg,, breath-
lessness (Borg scale) at equivalent work rate, quality of life
(570,571) peak work rate, and peak Vo, have been reported
after LVRS, but substantial exercise limitation persists (572).

The physiologic mechanisms by which these benefits are
achieved have been investigated. One key benefit of LVRS is
improved elastic recoil of the lungs (573) leading to reduced
dynamic airway collapse and reduced resistive work of breath-
ing. A reduction in dead space ventilation is also noted (572).
Increased peak inspiratory pressures measured at the mouth,
the nose, and across the diaphragm suggest improved mechan-
ical performance of the diaphragm and intercostals (574),
although a contribution of abdominal muscle function has
been recently postulated (575). The resulting reduced work of
breathing and increased maximal voluntary ventilation appear
to be correlated with the improved exercise capacity (572). In
addition, respiratory drive is reduced (576) and cardiac func-
tion (stroke volume) may improve at a given level of exercise
after LVRS (572).

Improvements in peripheral skeletal muscle function may
be very significant as LVRS allows: (I) a greater physiologic
training effect, predominantly by delaying the point of ventila-
tory limitation; (2) improving systemic oxygen delivery; and
(3) improved limb blood flow by reducing blood flow de-
mands of the unloaded respiratory muscles (240). As yet, an
improvement in lactate threshold has not been reported after
LVRS. This may be due to exercise termination occurring at a
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very low Vogpeak despite LVRS, a Vogpeak level that is still
under the lactate threshold. Curiously, some patients show im-
provements in 6-min walk distance despite little change in
FEV,{577). Although the cross-sectional area of thigh muscle
is increased at 3 mo post LVRS (577), suggesting improve-
ments in peripheral skeletal muscle, no evidence is presently
published demonstrating improvement in fiber type or oxida-
tive capacity of skeletal muscle after LVRS.

3. Implications

It was hoped that lung transplantation would demonstrate if
and to what degree the peripheral skeletal muscle abnormali-

Suggestions for Future Research

Skeletal muscle dysfunction has only recently been recognized
as a clinical feature in patients with COPD. An appreciable
body of research has helped to define the mechanisms of the
dysfunction, to investigate the consequences, to quantify the
dysfunction, and to try to reverse this skelefal muscle dysfunc-
tion. However, more research is needed to further unravel the
mechanisms of skeletal dysfunction and the consequences for
exercise performance. We also need more insight in clinical
tools to diagnese skeletal dysfunction and finally, of course,
more research has to be devoted to treatment modalities 1o re-
verse or to prevent skeletal muscle dysfunction in COPD.
Both clinical and basic research must be involved in answenng
these questions.

A. MECHANISMS OF SKELETAL MUSCLE DYSFUNCTION
AND EXERCISE LIMITATION

Skeletal muscle dysfunction can be explained in two ways: re-
duction of force generating capacity or alterations in muscle
energy metabolism. The reduction of the force generation in
the muscle is due to loss of protein. Several potential causes
have been identified such as disuse, corticosteroids, hypox-
emia, hypercapnia, and malnutrition. Future research should
focus on determining which pathways interfere with growth
regulation in the muscle such as IGF-I and IGF binding pro-
teins, growth and differentiation factor 8 (GDF-8), and related
TGF-f. Potential factors that interfere with growth regulation
are cytokines, imactivity, oxidative stress, and drugs. These fac-
tors need to be studied in patients with COPD in more detail.

Altered energy metabolism is another important factor in-
terfering with muscle function. Recent studies suggest that de-
creased blood flow to leg muscles of patients with COPD at
submaximal work rate (as compared with healthy subjects) is
not a factor limiting O, transport. Future research must be fo-
cused on the nature of the intrinsic muscle dysfunction. This
can be examined by comparison between control subjects and
patients with COPD during exercise with constant O, delivery
conditions. An effective strategy would be to match patients
and healthy subjects for age, anthropometric measures, and
level of activity while heart disease, peripheral vascular dis-
ease, and anemia should be excluded. Other potential limiting
factors such as ventilation and diffusion in the lung should be
avoided by exercising small muscle groups and adjusting in-
spiratory oxygen fraction. Another area requiring investiga-
tion is the identification of COPD-related factors leading to
muscle dysfunction. Is deconditioning the dominant mecha-
nism in most patients?
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ties could be reversed in patients with COPD. However, con-
founding factors, particularly medications, are likely to make

these data difficult to interpret. Considerable debate exists as

to how much the improvement in exercise capacity and quality
of life relates to the mechanical improvements consequent to
LVRS directly and how much is due to improvements in pe-

ripheral skeletal muscle function because of the extensive re-
habilitation that typically occurs before LVRS and then in the

postoperative rehabilitation period. Studies of peripheral skel-
etal muscle function should help clarify the contribution of
pre- and post-LVRS re¢habilitation and the degree to which

the muscle imjury can be reversed,

B. CLINICAL DIAGNOSTIC TOOLS

Noninvasive measurements of muscle mass (magnetic reso-
nance imaging and CT scan) are available now and might be-
come diagnostic tools for clinical evaluation in the coming
years. The same holds true for dual energy X-ray absorptome-
try (DEXA). Bioelectrical impedance is easily applied in clini-
cal practice, but not yet validated in patients with COPD. The
additional information of these measurements of muscle mass
should be compared with the clinical assessment of muscle
strength or endurance to validate their usefulness.

Measurements of muscle energetics have become more as-
sessable with *'P magnetic resonance spectroscopy and muscle
biopsy to determine muscle enzymes and fiber typing, but
these tools are not available for routine clinical evaluation.
The additional diagnostic value of these measurements should
be substantiated. Exercise protocols for smaller muscle groups
that measure muscle endurance, Vo, kinetics, or lactate pro-
file might also be helpful in identifying abnormalities in pe-
ripheral skeletal muscle function in clinical evaluation.

As most patients with more advanced COPD experience
difficulty in upper extremity activities, assessment of these
muscle groups needs further attention.

C. TREATMENT MODALITIES

Peripheral skeletal muscle dysfunction in COPD has been
shown to be reversible to some extent by exercise training.
However, further optimization of exercise intensity and exer-
cise modalities (endurance training, interval training, localized
skeletal muscle training, upper arm training) is needed. In
contrast to general exercise training {walking, running, or cy-
cling), strength training or endurance training of small muscle
groups may provide high intensity stress without compromis-
ing oxygen availability or ventilatory capacity. This may allow
patients with more advanced disease to exercise their muscles
at high intensities. As yet no studies are available to substanti-
ate  this.

The effectiveness of other treatment modalities such as ox-
ygen therapy, anabolic agents, and nutrition should be studied
per se or in combination with exercise training. Oxygen ther-
apy can be considered to improve oxygen availa_bi!ity, allow-
ing an increased exercise intensity. In contrast, it is conceiv-
able that carefully controlled hypoxemic cenditions might also
enhance training effects. The optimal substrate mix and quan-
tity of nutritional interventions is another area for future stud-
ies. The use of anabolic steroids should be assessed for their
risks and their effects on endurance and strength, as well for
their interaction with exercise training.
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In addition to outcome measures already discussed, we
need a better understanding of the mechanisms by which these
interventions improve skeletal muscle function. The introduc-
tion of methodology of basic research such as the assessment
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of growth factors muscle enzymes, and fiber typing in muscle
biopsies of skeletal muscles before and after these interven-
tions may open up ncw possibiliies for therapy of muscle dys-
function.
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