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Respiratory Muscle Deoxygenation During Exercise in Patients With
Heart Failure Demonstrated With Mear-Infrared Spectroscopy
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Exertional dyspnen in patients with heart fallure may be due, in
part, o respiratory muscle underperfusion, Near-infrared spec-
1roscopy Is & wew technique that permits noninvasive assessment
of skelete! muscle oxygenation by monitoring changes in near-
infrared light absorption, With use of near-infrared spectroscapy,
serralus anterior muscte oxygenation during maximal bicycle
exercise was compared in 10 patients with heart Failure (ejection
fraction 16 = 5%) and 7 age-matched normal subjects. Oxygea
consumplion (VQ,), minute ventilation (V) and arteria) sstura-
tion were &lso measured. Changts In difference in absorption
between 760 and 300 nm, expressed in arbitrary units, were used
10 detect muscle deoxygenation.

Minimat change in this diference in absorption occurred in
normal subjects during exercise, whereas patients with heart
failure exhibiled progressive changes throughout exerrise consis-

lent with respirmtory muscle deoxygenation {peak exercise: nor-
mal 3 = 6, heart failure 12 & 4 near-infrared arbitrary units,
p < 0.001), At comparable work loads palients with beart fuilure
had significantly greater minute ventilation and respiratory rate
but simllar tida) volume when contrasted with normal subjects.
However, af peak exercise normal subjecls achieved significantly
greater minute ventilation and tidal velume with a comparable
resplratory rate. No signifi arteriat d i d
during exercise in either group.

These findings indicale that respiratory muscie deoxygenation
occurs ir patients with heart failure during exercise, This deexy-
genation may contribute to the exertional dyspoea experienced by
such patients.

{I Am Coll Cardiol 1991:18:492-8)

The mechanism underlying exertional dyspnea remains un-
clear. One hypothesis is that respiratory muscle underperfu-
sien occurs. Specifically, it has been snggesied that the
reduced cardiac output that limits blood flow to the limb
during exercise also results in respiratory muscle ischemia
and, ultimately. respiratory muscle fatigue (1.2). This hy-
pothesis has yet to be 1¢sted because no techniyes has been
available to assess respiratory muscle perfusion in humans.

Near-infrared spectrascopy is a new technique originaliy
pioneercd in 1959 (3.4) that permits norinvasive

reflected light is unknown. Therefore, near-infrared spec-
troscopy at present can only assess directional changes in
muscle oxygenation.

The purpose of the present study was to investigate
whether iratory muscle deox ion occurs during
exercise in heart failure by using near-infrared spectroscopy.
Therefore, we monitored the difference in absorprion at 800
and 760 nm over t&e serratus anterior muscle during maximal
bicycle exercise in patieats with heart failure and in a group
of age hed conizol subj

of skeleial muscle oxygenation (5-9). This technique relies
on the optical properties of hemoglahin. Both axygenated
and deokxygenated hemoglobin absorb light at 800 nm,
whereas primarily deoxygenated hemoglobin absorbs light at
760 nm. Therefare, by monitoring the difference in absorp-
tion noted at these two wavelengths. it is possible (o assess
changes in hemoglobin oxygenation normalized for changes
in total hemoglobin. The principal limitation of near-infrared
spectroscopy is that absclute levels of deoxygenated hemo-
globin cannat be determined because the path length of the

From the Cardi fay Section, Dep:
try and Biophysics. Lniversity of P
Manuscript received September 14, 1990: revised munuscripl received
January 21, 1991, accepied January 29, 1991,
inly: Donna M. Mancini. MD. Cardiology, 3 White
Building, Hos:aal of the University of Pennsylvunks. 3400 Spruce Streel,
Philadelphia, Peansylvania 19104,

ol Medicing, Bioche

1991 by the American College of Cardiology

Methods

Study patients, Ten palients wilh heart failure were stud-
ied. All patients were veceiving digoxin and diuretic agents,
nine were receiving angiotensin-converting enzyme inhibi-
tors and one was alse receiving an investigational phospho-
dicsterase inhibitor. All patients were nonsmokers with no
history of lung disease, kyphoscoliosis or recent respiratory
infection; these limited by angina or claudicalion were
exciuded from the study. Average age {x SD) was 57 = 10
years. The etiology of heart failure was coromarv zrtery
disease in six pauents and dilaed cardiomyopathy in the
remaining four. Ejection fiaciion averaged 16 + 5% and peak
exercise oxygen consumption (VOZ) was 13.4 = 3.4 ml/kg
per min.

Seven ape-matched (49 + 6 years) control subjects were
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also studied. Peak exercise VO! of this group averaged
30.0 = 3.9 mitke per min. All control subjects were non-
smokers with ne known medical problems.

The protocol was approved by the Committee on Studies
Involving Humtan Beings at the University of Pennsylvanis
in January 1989. Written informed consent was obtained
from all subjects.

Near-infrared spectral analysis. The near-infrzred spec-
trometer comprises a light source. 60-Hz rotating wheel.
fiber-optic bundles and phetomultiplier tubes (Fig. 1. A
75-W tungsten iodine light provides a light source (hun is
fitered at 760 and 800 nm with use of a 60-Hz rotating wheel
that allows time sharing of the light source. The 60-Hz
rotating wheel generates a decoding signal for dividing the
photomuhiplier rwbe omput between the 760 and 800 nm
amplifier channels. Light is transmitted o the lissue through
a fiber-optic light guide. Reflected light is delivered wilh a
secand fiher-optic light puide te a photomultiplier ke, The
maximai photen path length is approximately 2.6 cm (16
Sampling volume is somewhal variable hecause 1he light
pulse propagates in multiple elliptic trajectorics. The depth
of the penetration of the light is =30% of the distance
between the light probes (10} For the current apparatus this
wanld represem a depth of 8 1 10 mm

Changes in ahsorptiop wl 800 nm are nsed 10 assess
changes in total fiemoglebin corcentration and thus in viva
blaod volume. The difference i absorption hetween 8iK) and
760 am s wsed 1o astess hemoglobin oxygen saturation.
Myaoglobin alse absorbs light al these wavelengths, How-
ever, previos sludics from this 19) and other (11) laboratos
ries suggesi that the predominant sigeal is from hemoglobin.
We have previously validated (his system in the gracilis
muscle of the dog. The differcnce in light abserption at 760
versus 800 nm sorrclated closaly with vencus hemoglotin
oxypen saturaticn when ihe isolated canine gracilis muscle
was stimulated to contract at 6.25 to 5 Hz. Absorhency
changes were unchanged with the spectrescopy probe ad-
herenl to the overlying skin or directly opposed 1o the
muscle {9). We subsequently used this technique to monitor

75 watt
. Tungsten
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Figure . S:mplified schematic of near-infrared spectrometer (repro-
guced from Wilsor ¢t ol (9} by permission of the American Heart
Association. (g,

visstuy lateralis muscle oxygenation during upright bicycle
exercise in normal subjects and patieats wth heart failure
9.

All studics were performed with use of the same gain
setlings on the spectrometer. Absorption changes were then
expressed as arbitrary units of deviation from a stable
bascline. Each arbitrary unil represents a 2 mm deflection on
the recorder tracings. The higher the arbitrary unit. the
greater the muscle deexygenation. A negative value repre-
sents hyperusygzenation. The 8(K-nm absorption curve was
used 1o aswess talal hemoglobin concentration and thus
klnad volume.

Protocol. Standard polmonary function tests were ob-
tained in the patients with hearl fullure on a day separate
from the exercise study, All exgrcise was performed in the
fasting state. On the patients” arrival in the exercise labora-
1ory. near-infrared fiber-optic light guides were placed on the
sixth intercostal space. anterior axiltary line over the serra-
1us anterior muscle. This superficial muscle originates from
the unterior medial aspect of the finst eight ribs and inserts
inte the enure medial border of the scapula, One of its
functions iy 10 serve s an accessory inspiratory muscle to
further 2levate the ribs during marked respiratory distress.

The subjects were then pesitioned upright on a Monarch
exercise bicvele and connected with a threc-way Hans
Rudalph valve 10 a SensorMedics metabolic cart for respi-
ralory gas analysis. Arterial saiuration was monitored using
an {Jhineda car oximeler. Biood pressure was measured by
cuff sphyem . The clectr i {ECG) was
monitered continwously. Afier a 3-min rest periedd. subjects
performed maximal symptom-limited bicycle exercise. Ex-
ercise was begun at a work load of 20 W that was increased
hy 20-W increments every 2 min to a symptom-limited
maximum. Cuff blocd pressure was measured at the end of
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Table 1 Pulmonnry Functicn Tests in Nine Patierts With
Heal

Achual Value bredisted
Forced vital capacity (liters) 3S=08 8 = 9%
FEVI tliterst 6 =05 Iz 14%T
FEVIEVC T KT
Maximal valentary ventitation (hters) 109+ 27
Maximal inpiratory pressure (torr) =2 286t 4
Maximal expiratory pressure (1orn 95 33 95 = 1}

*These valugs indicate percent of the predicied values, FEVI = furced
expiratory volume in | ; FYC = forced vital capacity,

cach work load. Respiratory gases, arterial saturation. heary
rate and near-infrared spectra were manitored thraughout
exercise.

in five patients with heart failuse. hyperventilation was
performed for 30 s and ncar-infrared absorbeney ¢hanges
were recarded. To determine if the fatter changes noted over
the serralus muscle during exercise were due to generalized
vasoconstriction, on a separate day two normal subjects and
three patients with heart failure underwent maximal bicyele
exercise with the near-infrared light probe placed over an
immobilized forearm muscle (brachioradialis).

Statistical analysis. Data from patients with heart failure
and normal subjects at rest and during exercise were com-
pared with Student’s nonpaired ¢ test. The relations belween
variables were examined by linear regression analysis. A
p value < 0.05 was considered significant. All data are
expressed as mean values = SD.

Results

Pulmonnry function tests ('llble I). Because results of

y tests are dependent on age, gender and

race. mean predicted value or pcmm o both, is included in

Table 1 alonz with a normal range. Lung volumes (that is,

forced vital capacity [FVC]), expirmory flow rates {{orced

expiratory volume in | s |[FEVI1]), the ratio FEVI/FVC and

maximal voluntary ventilation were normaal. Maximal in-

spiralory pressure measured as muaximal mouth pressure

generated during forced inspiralion against & pressure gauge
tended to be low,

‘Tuble 2. Rest and Peak Exercise Response in 7 Nurmal Subjscls
and 10 Patients With Hzart Failure

Rest Exersise

Normal HF Normal HF

Heart rate (bealy'min) Wrh Al 161 13t = 16*

Mean blood pressure 98 85 33+ 5 m= s
(mm Hg)

VO, (mikg permin) 46 0¥ 43207 30039 134:14t

Respiratory quotient 0800 080! 12201 12202

Arterial sawration (%) 97 = { % =2 M2 3o

"p < 0.001, normal su;ects versus patients with heart {ailure (HF).
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Figure 2. Ventilatory response o rest and during exercise it pa-
ticnts with congestive heart failure (CHF) and in normal subjects
(NL). F = rcsplralury vate; V. = minute ventilation: VT = tidal
volume, *p < 0.05, normal ubjms versus patients with heart
failuce.

Exercise response (Table 2, Flg. 2and 35 At rest. patients
with heart failure had a significantly higher heart rate but
values for mear aricrial bload pressure, vxygsn consump-
tign, respiratory quotient and arterial saturation were com-
parable with those of the normal subjects, At peak exercise,
heart rate, m2an arterial blood pressure and oxygen con-
sumption were significanity reduced in pavients with heart
failure as compared with normal subjects. Both groups
achicved a comparable respiralory quotient, with average
valoes of 1.20, coasistent with maximal or near-maximal
exertion. Arterial saturation at peak exercise was alse com-
parable in both groups: neither group demonstrated sigaifi-
cant artcrial desaturation from rest Lo peak exercise.

At rest, minute ventilation, respiratory rare aad tidal
volume were not significantly different in the two proups
(Fig. 2 and 3}. At comparable exercise work loads, mitute
ventilation and respiratory rate were significantly greater in
patients with heart failure. However, this difference was
primarily due to an increase in respiratory rate because
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Figure 3. Maximal ventilatory response. s = IL0S. normal subjects
versus palients with heart failure f\bbr»\ mtlcn\ as in Figure 1.

values for tidal volume of the groups at each work ioad were
comparatie (Fig. 2). At peak exercisv normal subjecis
achieved significantly grealer minute ventilation and lidal
volume witir a similar respiratory raie (Fig. 3)
Near-infrared spectral changes (Fig. 4 to 6). In ihe normal
subjects, the difference in absorption at 760 and 800 pm did
not change significantly until peak exercise when a small
increase in absorption was nnied. consistent with muscle
deuxygenation {Fig. 4). In Figure 5 the upper curve corre-
sponds to the difference in absorption at 760 and 800 nm: a
fall in this curve represents a decrease in oxygenation. In
this normal subject anly minimal respiratory muscle dewxy-
genation was noted al peak exercise. The lower curve
corresponds to 800 nm ahsorption. Ar this wavelength the
osygenated and deoxygenated forms of hemoglobin exhibit
simifar absorption coefficients. Therefore. absorption of light
ar this wavelength is proportional to the total amount of
hemogiobin, In this example the bloud volume remains
constant throughout exer
In the patients with heart fmhm’ progressive changes in
the difference in absorption at 760 and 80 nm were noted
(Fig. 4). Auall exercise loads and at peak cxercise. absorp-

MANCINI ET AL. 495
RESPIRATORY MUSCLE DEOXYGENATION

Figure 4. Changes in the difference between absorption a1 760 and
800 1:m (NIR deflectton) during exersise in heart falure and normal
subjects, “p <2 0.001. normal subjects versus patients with heast
failure. NIR = near-infrared spectroscopy: other abbreviativas as in
Figure 2.

tion changes were significantly greater than in the normal
subjects tpeak exercise: normal 3 + 6; heart failure 12 = 4
near-infrared arbitrary units: p < 0.001). With the onset of
exercise (Fig. 6). this patient with heart failure developed a
progressive decrease in the difference between absorption at
760 and 800 nm peaking at maximal exercise and recovering
slowly after cessation of exercise; absorption at 8X) nm. that
is. total blood volume, remained constant at rest and
throughout exercise.

Only two patienits were limited by dyspnea during exer-
cise. Both patients exhibited a rapid marked decrease in the
differerce between absorption at 760 and 800 nm. However,
other patients limited primarily by ieg fatigue displayed
similar fevels of deoxygenation. Only one normal subject
vas limited by dyspnea: he exhibited the most marked
deoxygenation of the normal group.

After maximal exercise and return of the curve of the
diffe:ence betwegn ahsorption at 760 and R} pm to bas¢ling,
five patients with heart failure hyperventilatea for 30 s with
the near-infrared light guides over the serratus muscle.
Ventilaon averaged 62 = 14 liters/min. No deoxygenation
was assacialed with the difference between absorption at 760
and 800 nm. with =1 £ 1 arbitrary unit deflectiun at the end
of hypervendtation. In Iwo normal subjscts and three pa-
ticnls with heart failure, no significant deoxygenation of the
immabilized hrachioradialis muscle wax roted at maximal
exercise mormal subjects —0.5 2 3, patients with heart
failure 0.3 = | nest-infrared arbitrary units: p = NS).

Relation of near-infrared spectral changes and ventllatory
variables. No significant correlations in patients with heart
fatlure could be drawn between the maximal change in
difference between absorption at 760 and 800 nm and peak
minute ventilation. respivatory rate. peak tidal volume,
maximal inspiratory pressure or peak \"02 @llr<06:p=
t45). Thus. the level of respiratory muscle deoxygenation
did not appear to be a simple function of respiratory muscle
strenglh or respiratory rate.
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For ail subjects a weak negative correlation was observed
beiween maximal 760 to 800 nm absorplion and peak VO,
(r = =0.5, p < 0.03). This was probably artifactual because
the data for patients with heart failure and normal subjects
were cluslered at opposite extremes.

Discussion

Mechanisms of exertional dysprea. Exertional dyspnea is
a frequent symptom in patients with heart Eilure, but the
mechanism responsible for it is uncertain. One hypothesis is
that dyspiea is caused by a heightened central reurslogic
drive due to stimulation of pulmonary reeeptors by a rapid
rise in pulmonary capillary wedge pressure (12). However,
several studies (13-16) in patients with chronic heart failure
have failed to demonsirate a dircet relation between dyspnea
and pulmanary capiliary wedge pressure both af rest and
with exercise. Moreover, breathlessness persists afier vagal
blockade {16} and hean-lung transplaniation, indicating that
neural input from the lung parenchyma is noi necessary for
the sensation of dyspnea 1o be experienced.

Heart Failure

EC I O I
Hhoz{
..a—u-‘\—s—.__‘\\

—

Bigad Volume

An aliernative meckanisn for exertional dyspnea in heart
Sailure is respiratory muscic nnderperfusion (1.2). During
exercise, palients with heart failure exhibit a reduced cardiac
cutput and hypoperfusion of the exercising limb muscles.
Concurrently, such patients also demonstrate an excessive
ventilatery response (13-16,17), decreased lung compliance
(18-21) and increased airflow resisiance. These factors in-
crease the work of breathing. A limited ability to increase
perfusion of the respiratory muscles during cxereise, cou-
pled with the higher work of breathing, may result in
respitatory muscle ischemia with copsequent respiratory
muscle fatigue and dyspnea.

This hypothesis has not yet been investigated in humans
becanse it has not been possible to menilor respiratory
muscle perfusion. However, respiratory muscle fatigue pre-
sumably for ischemia has been noed (1) in 2n experimental
mode] of cardiogenic shock produced by tamponade. In this
canine model, dmphmgmauc muscie pﬂformance and per-
fusion were and
spontancous breathing, Dealh occurred in spontaneously
breathing dogs as & result of respiratory muscle failure

Peak
100 Eisrcise

Figure 6. Near-infrared absorption changes of the
sermuius wnterior muscle at rest and during exercise
in a patient with hean failure. Abbreviations as in
Figure 5. These is motion artifact in :he lower curve
during recovery.

4 [3
Time (min)
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followed by cardiac arrest, Preterminal increased neural
excitation 10 the diaphragm occurred, implying an impair-
ment of the contractile process. Septic (22) and hemorrhagic
shock (23) also produce progressive respiratory muscle
fatigue. In humans, evidence that respiratory muscle fatigue
from underperfusion can occur is suggested by observations
that peripheral venous lactate mcreases during exhaustive
ive i | resistive breathing (24) and during

prog
asthmatic attacks (25).

Deoxygenation of respiratory muscles during exercise, [n
this study we sought to determine if deoxygenation of
respiratory muscles during exercise occurs in patients with
heart failure by applying a new technology. that is, near-
infrared spectroscopy (5). This technique relies on the opli-
cal properties of hemoplobin, The principal limitation of
near-infrared spectroscopy is that the path length of the
reflected light is unknown. Therefore, near-infrared spec-
troscopy can only provide qualitative data.

To characterize respiratory muscle oxygenation, we mon-
itored serratus anterior muscle oxygenation. This muscle
serves as an accessory inspiratory muscle to elevate the ribs
during marked respiratory effort. Our chpice of the serratus
anterior muscle was mandated by technical restraints. Ide-
ally, diaphragmatic oxygenation should be measured be-
cause the diaphragm is the primary muscle of respiration. At
present, assessment of diaphragmatic blood flow is techni-
cally impossible. Nevertheless, we believed that evaluation
of the serratus anterior muscle deoxygenation would be
useful because fatigue of the diaphragm and accessory
respiratory muscles occurs simultaneously during incremen-
1al resistive breathing in humans, as assessed with transcu-
1aneous electromyelogiams (26).

Before performing exercise sludies. we obtained pulmo-
nary function tests on all of the patients to exclude intrinsic
fung disease. Lung volumes and expiratory flow rates were
normal. Sullivan e1 al. (15) reported similar findings in
patients with chronic heart failure. However, a mild reduc-
tion in maximal static inspiratory pressure was noted. sug-
gesling reduced respiratory muscle strength. Previous inves-
tigations {27) in patients with mitral valve disease have also
demonstrated a reduction in maximal static inspiratory pres-
sure. Reduction in maximal inspiratory pressure has been
correlated with the perceived intensity of dyspnea during
exercise {16).

Ventilatory abnormalities versus respiratory muscle dexy-
genation. Despite the relatively minima' ventilatory ubnor-
malities at rest, we noted marked abnormalities of ventila-
tion during exercise, which are consistent with findings of
previous investigators (13-15.17). These changes included
significantiy greater minute ventilation and respiratory rate
but similar tidal volume in patients with heart failure at
comparable exercise work loads when contrasted with nor-
mal subjects. These ventilatory abnormalities were associ-
ated with respiratory muscle deoxygenation, as evidenced
by near-infrared absorbance changes. During submaximat
excrcise. control subjects displayed virtually no change in

MARCINI ET AL. 497
RESPIRATORY MUSCLE DEOXYGENATION

the difference between absorption al 760 und $00 nm; at peak
exercise only a small change in absorption occurred. In
contrast, patients with heart failure exhibited a progressive
increasc in difference between absorption at 760 and 800 nm,
consistent with an increasing quantity of deoxygenated
hemoglobin in the muscle,

There are several possible explanations for these find-
ings. The most likely hypathesis is that perfusion of the
respiratory muscles is reduced in patients with heart failure
consistent with prier observations that blood flow to working
linib tauscles is impaired (9}, With hyperventilation, paticnls
with heart failure achieved minute ventilation compurable
with that at peak exercise. However, serratus anterior
deoxygenation did not occur during hyperventilation, This
finding suggests that during maximal exercise, it is the
inability to increase cardiac output to the respiratory mus-
cles coupled with the increused work of breathing that
underlic the obscrved absorbency changes.

Differences in recruitment of the serratus anterior muscle
may have accounted for the different near-infrared absor-
bency patterns observed. In normal subjects accessory
muscles are generally not recruited until minute ventilation
exceeds 50 liters/min (28). Our normal subjects achieved a
peak minute ventilation of 80 liters/min, suggesting that
accessory muscle recruitment did occur. However, in our
patients an immediate deoxygenation of the serratus anterior
muscle was noted. This may reflect an early recruitment of
this accessary muscle to assist in the higher work of breath-
ing. an aliernate respiratory patiern, or both. In patients with
chronic asthma, an increased inspiratory activity of the
serratus anterior muscle during both quiet and forced breath-
ing has been observed in eleciromyograms (29). Despite
possible differences in muscle recruitment, the dramatic
difference between the study groups in respiratory muscle
deoxygenation at peak exercise implics hypoperfusion. Al-
ternatively. our findings may be a manifestation of general-
ized vasoconstriction that occurs during exercise. This hy-
pathesis is unlikely because application of the near-infrared
probe over immobilized forearm muscle during graded bicy-
cle exercise in both normal subjects and patients with heart
failure revealed no significant deoxygenation a1 this gain
setting.

Clinical implications. To what extent respiratory muscle
deoxygenation contributes 1o exertional dyspnea in heart
failure cannot be established from this descriptive study.
Future studies are v uranted to define the relation of respi-
ratory muscle deoxygenation to muscle fatigue and dyspnea.
Nevertheless, our observations suggest that such deoxygen-
ation may play an important role. The serratus anterior
muscle is a relatively minor accessory respiratory muscle
that is normally activated only ut high ventilatory levels.
Major increases in serratus anterior deoxygenation were
ohserved in patients even at low ventilatory levels. Such a
finding suggests that deoxygenation of the diaphragm is
likely to be more intens¢ because this muscle is activated
more extensively during ise and therefi i

q
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subslantially greater blood flow than the serratus anterior
muscle.

Application of near-infrared spectrascopy Io the respira-
1y muscles has far-reaching research and clinical im-
plications. This technique provides the first tool to study
respiratory muscle perfusion in humans. Near-infrared spec-
trossopy could be used to evaluate the efficacy of mechani-
cal ventilation, drug therapy, or both, Pharmacologic inter-
venlions designed to improve respiratory musele perfusion
may ameliorate respiratory muscle deoxygenation and fa-
tigue. In patients with pulmonary disease, aminophylline has
been d ated to improve ion, contractility and
endurance of the diaphragm (30-32). The subjective im-
provement withoul evidence of broachadilation in asthmatic
patients taking methylxanthines may result from the effects
of thuse agems on diaphragmatic function. Analogously,
amnnone has heen shown to incresse diaphragmatic blood
flow (33). Drugs such as amricone may derive therapeutic
efficacy in palients with heart failure nol only through
vasodilation and cardiac inotropic activity, b also through
improved perfusion of respiratory muscles.
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