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ABSTRACT When work load on the respiratory
system is increased the relative increase in blood flow
to each of the muscles of breathing provides an index
of how the augmented effort of breathing is partitioned
among the different muscles. We have used a radio-
active microsphere technique to measure blood flow to
each of the muscles of respiration in supine dogs during
unobstructed respiration and breathing against graded
expiratory threshold loads. 79% of the augmented
flow went to expiratory muscles; of this increased flow
to expiratory muscles 74% went to abdominal wall
muscles and 26% to internal intercostals. In our
earlier studies of hyperventilation induced by CO, re-
breathing where expiratory work loads were low, 44%
of the increase in flow went to expiratory muscles; of
this, only 39% went to abdominal wall muscles and
61% to internal intercostals. During inspiratory re-
sistance which produced small increases in expiratory
work, 27% of the increase in blood flow went to expira-
tory muscles; of this, only 37% went to abdominal
wall muscles and 63% to internal intercostals. These
results suggest that the internal intercostals are pre-
dominantly used for expiration when expiratory work
loads are low, whereas the abdominal wall muscles are
predominantly used when loads are high.

For similar rates of pressure-volume work done on
the lung, the total respiratory muscle blood flow is
significantly greater during expiratory loads than dur-
ing unobstructed hyperventilation or inspiratory loads.
Thus, the abdominal wall muscles that are utilized for
overcoming high pressure expiratory loads are rela-
tively inefficient in converting metabolic energy into
pressure-volume work.
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INTRODUCTION

Previous attempts to define the muscles of respiration
have utilized either anatomic inference or electro-
myography, both of which are subject to error and mis-
interpretation. The distribution of augmented blood
flow among respiratory muscles as the work of breath-
ing is increased should provide an accurate quanti-
tative index of the distribution of muscular effort,
since blood flow to skeletal muscle is proportional to
effort expended by the muscle (1-3). In previous
studies we have described the increases in blood

- flow observed in each muscle of respiration during

mechanical ventilation and during quiet spontaneous
breathing (4), during breathing against graded inspira-
tory resistances (5), and during unobstructed hyper-
ventilation induced by the CO, retention during re-
breathing (4).

The present investigation was designed to compare
the distribution of blood flow among the respiratory
muscles during unobstructed breathing with that dur-
ing graded expiratory threshold loads. The combined
results of this study and the earlier ones represent a
spectrum of inspiratory, expiratory, and combined
loads imposed on the chest bellows. The different
results allow a comparison of the sequence in which
muscles of breathing are recruited as different loads
are imposed and a comparison of the relative efficiency
with which different kinds of imposed load can be
overcome.

METHODS

Experimental protocol. Healthy mongrel dogs weighing
16-27 kg were anesthetized with sodium pentobarbital 25
mg/kg intravenously; small increments were given subse-
quently to sustain adequate anesthesia but maintain the
corneal reflex. A tracheostomy was performed and the endo-
tracheal tube connected to a one-way Otis-McKerrow valve.
An intraesophageal balloon was positioned in the distal
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esophagus and inflated with 1.0 ml of air, a volume which
had been shown to allow accurate measurement of externally-
applied pressure from +50 to —50 cm H,0. The animal was
then placed supine in a pressure-compensated flow plethys-
mograph (Fig. 1). It breathed to the outside of the box through
separate, noncompressible, large bore inspiratory and expira-
tory tubes. Flow was measured as pressure drop across the
screen pneumotachygraph (400 mesh, diameter 4.0 cm) and
pressure was measured with a Validyne DP-45 transducer
(Validyne Engineering Corp., Northridge, Calif.). Pressure
compensation was accomplished before each study by im-
posing volume sine waves simultaneously into the plethys-
mograph box and into a closed bottle containing the
esophageal balloon connected to a pressure transducer; a
fraction of box pressure was added to the integrated flow
signal to close the loop formed by plotting esophageal bal-
loon pressure with respect to box volume change. Compensa-
tion was adjusted before each experiment by placing inside
the box styrofoam blocks approximately equal to the size of
the experimental animal. The plethysmograph had a flat
amplitude response and was in phase with the esophageal
balloon to at least 8 cycles/s.

The animal breathed spontaneously either with no added
load or with an increased expiratory threshold load. To
create the load, the expiratory line was placed 10 or 20 cm
below the surface of a water bath. After a 15-min equilibra-
tion period at each level of resistance, the studies described
below were performed over 5 min; then a new resistance
was applied.

Work of breathing. Esophageal pressure was measured
with a Statham PM131TC transducer (Statham Instruments,
Oxnard, Calif.). Using a Sanborn Ampex model 2000 re-
corder (Ampex Corp., Redwood City, Calif.), pressure and
plethysmographic thoracic gas volume were recorded simul-
taneously on electromagnetic tape. A computer program was
developed to integrate the area between the pressure-
volume curve and resting end-expiratory esophageal pressure
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FIGURE 1 Animal preparation used in this study.
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FIGURE 2 The work of breathing done on the lung was cal-
culated by computer integration of the areas shown. In this
representative tracing from one animal inspiratory work is the
vertically shaded area and expiratory work is the horizontally
shaded area. During unobstructed breathing almost all of the
work is inspiratory. At 20 cm H,O expiratory threshold
load the majority of work is expiratory; nevertheless inspira-
tory work tends to be augmented by the shift to a higher
functional residual capacity where inspiration must be ac-
complished against a higher mean negative pressure.

for both inspiration and expiration as shown in Fig. 2.
This area has the dimensions of work and corresponds reason-
ably well to the work done on the lung by the chest wall,
diaphragm, and abdominal muscles (6-8). The computer cal-
culated work for each breath over a 5min period at each
level of expiratory resistance. These data were averaged
and expressed as work per minute.

Blood flow to respiratory muscles. Blood flow per gram to
each of the various respiratory muscles was measured by
a radioactive microsphere technique described in detail
previously (9-12). The modifications, validity, and repro-
ducibility of this technique for measuring respiratory muscle
blood flows were described in a previous communication
(5). Absolute flow to a muscle was obtained as the product
of flow per gram and average weight of the muscle deter-
mined in previous experiments (5). Total respiratory mus-
cle blood flow was calculated by summing the totals of
these muscles whose blood flow increased under the condi-
tions of these experiments. The relative contributions of each
muscle were estimated from the ratio of its flow to total
respiratory muscle flow.

Cardiac output—blood gases. To assess the contribution
of changes in cardiac output to the changes in flows seen in
the respiratory and control muscles during expiratory
resistance, cardiac output was measured by the indocyanine-
green dye dilution method employing a Lyons model DCCO-
04 computer (Physio-Tronics, Inc., Burbank, Calif.) Measure-
ments were performed in triplicate and averaged. At each
work level heparinized samples were withdrawn anaerobi-
cally from femoral artery. These were analyzed immediately
for Po, (313 Blood Gas Analyzer, Instrumentation Labora-
tory, Lexington, Mass.), O, saturation (Instrumentation
Laboratory Co-oximeter), and hemoglobin (Beckman DB
Spflecftrophotometer, Beckman Instruments, Inc., Fullerton,
Calif.).

Statistics. Statistical analysis was performed with the
Student’s t test for paired data in all cases except where
linear regressions are specified.
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TABLE I
Ventilation, Blood Gases, Work of Breathing, and Mean
Pressures during Unobstructed Breathing and
Expiratory Threshold Loads of 10 and

TABLE II
Blood Flow to Control Skeletal Muscles and to Muscles of
Breathing* during Quiet Unobstructed Breathing and
during 10 and 20 cm H,O Expiratory

20 cm H,O Threshold Loads
Imposed load Resistance
None 10 cm H,O 20 cm H;O None 10 cm H,O 20 cm H,O
mean +SE milg

Respiratory rate, Expiratory muscles

per min 29+3 14x2* 17+3* Transverse ab-
Minute volume, liters/ A

min 6.57+0.69 4.48+0.44* 4.42+0.60* dominal 0.09+0.02 0.37t0.08t 0.73:0.10‘
Pao,, mm Hg 90.6+8.9 72.4+13.4 58.6+13.0* Internal oblique 0.05+0.01 0.23+0.06f 0.43+0.08%
Paco,, mm Hg 39.4+3.9 50.6+6.7* 62.0+10.3* Intemal inter-
pH, Units 7.360.04 7.28:0.06* 7.18+0.10*

A-a A PO, mm Hg 1942107 26.0+12.1 284298 costal 0.07+0.00 0.14+0.03t  0.330.091
Work rate, Calimin: External oblique 0.04+0.01 0.10+0.02f 0.22+0.04%
Inspiration 0.71+0.12 0.65+0.15 0.84+0.15 Rectus abdominis  0.03+0.01 0.03+0.01 0.04+0.01
Expiration 000:000  100:022* 168033  [leocostalis 0.04+0.01 0.05+0.01  0.05+0.02

Total 0.7120.12 1.65+0.34* 2.52+0.56*
Inspiratory time, s/min 16.6x1.1 8.0+0.7* 8.0+1.1* Inspiratory muscles
Mean inspiratory :
pressure, cm H0 ~416+040  -7.540.63*  -8.3420.38* g;::::]g'mt 0.15+002 0.22x0.03f 0.47=0.12¢
mnter-
* Significantly changed from rest (P < 0.05). costal 0.09+0.04 0.10+0.02 0.17+0.041
Scalene 0.07+£0.03 0.05+0.01 0.05+0.01
RESULTS Serratus dorsalis 0.04+0.01 0.04+0.00 0.04+0.01
Serratus ventralis  0.04+0.00 0.04+0.00 0.05+0.01
Table I lists the changes in ventilation, blood gases Control )
and work of breathing observed during resting ventila- ntrol muscles
. . . . . Triceps brachii 0.04+0.01 0.05+0.01 0.05+0.01
tion and while breathing against expiratory threshold Pectoralis 0.0320.00 005001  0.050.01

loads of 10 and 20 cm H,O. Respiratory rate and
minute volume decreased in the transition from rest-
ing ventilation to 10 cm H,O expiratory load (P < 0.005
and P < 0.003, respectively) but did not change further
as load increased to 20 cm H,0. Pao, and pH de-
creased progressively (P < 0.03); Paco, increased pro-
gressively (P < 0.03). Most of the decrease in arterial
oxygen tension is explained by hypoventilation as the
alveolar-arterial oxygen tension difference (A-a A Po,)!
did not change significantly (P = 0.32) and the small
mean change was much less than the Pao, decrement.
The total work of breathing per minute increased al-
most fourfold (P < 0.01), almost all of which was due
to expiratory work which increased from an immeasur-
able level to 1.68 Cal/min (P < 0.005). Inspiratory
work rate increased slightly on the highest load
(P <0.01).

The blood flows per gram to each of the muscles re-
garded as muscles of respiration by Miller et al. (13)
are indicated in Table II. Those muscles to which flow
increased significantly are graphed in Fig. 3. The trans-
verse abdominal muscle had the greatest increase in
flow per gram to a high of 0.73 ml/g per min (P < 0.01).
The internal oblique, internal intercostal, and external

1 Abbreviations used in this paper: A-a A Po,, alveolar-
arterial oxygen tension difference; EMG, electromyogram;
AQx/AQrs, fractional contribution of each muscle to the overall
change in blood flow.

Data are given as mean+SE.
* As defined anatomically by Miller et al. (13).
1 Significantly increased from rest (P < 0.05).

oblique also had progressive increases as the rate of
expiratory work increased. The rectus abdominis and
ileocostalis, listed as muscles of expiration by Miller
et al. (13), did not exhibit augmented flows.

Among inspiratory muscles there were modest in-
creases in blood flow to the diaphragm at each work
load (P < 0.05) and to the external intercostals at the
high load only (P <0.05). The scalenes, serratus
doralis, and serratus ventralis, other inspiratory mus-
cles by anatomic position (13), did not show increased
flows.

The triceps brachii and pectoralis muscles were
included as control skeletal muscles to be sure that
the changes in muscle flows observed were not a non-
specific response to hypercarbia or changed cardiac
output. There was no significant change in blood flow
to either muscle (Table II), so they were grouped as
controls for Fig. 3.

Table III shows the total blood flow to those muscles
whose flow increased during expiratory loading. As-
suming that blood flow to a skeletal muscle is pro-
portional to effort expended by that muscle (1-3), the
fractional contribution of each muscle to the overall
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FIGURE 3 Blood flow per gram to each respiratory muscle
which exhibited augmented flow is plotted against the rate of
work of breathing.

change in blood flow (AQx/AQrs) should be propor-
tional to the fraction of the increased muscular effort
of breathing accomplished by that muscle. The trans-
verse abdominal muscle received 36 and 29% of the
increased flow on 10 and 20 cm H,O expiratory
threshold loads, respectively. Thus, it apparently ac-
complishes more of the muscular effort of breathing
during expiratory resistance than its weight fraction
(13%) and more than any other muscle of respiration
despite its relatively small size. The internal oblique
also received a larger percentage of the increased blood
flow than its weight fraction, but the internal inter-
costal and external oblique muscles received less than
their weight fractions. The diaphragm, an inspiratory
muscle, augmented its flow approximately in propor-
tion to its weight fraction, but the external intercostal,
the only other inspiratory muscle whose flow in-

creased, made a minimal contribution to the overall
increase in blood flow. Apparently, the diaphragm ac-
complishes the majority of the increased inspiratory
effort under the condition of expiratory loading.
Cardiac output and blood pressure are plotted
against the work of breathing in Fig. 4. The cardiac out-
put decreased progressively on expiratory resistance,
and blood pressure fell to a lesser extent; but neither
reached statistical significance (P = 0.10 and 0.15,
respectively). Thus, the increases in blood flow to the
respiratory muscles were produced by major decreases
in resistance in their individual vascular beds at a time
when total peripheral resistance was increasing.

DISCUSSION

Assuming blood flow to skeletal muscle is propor-
tional to muscular effort expended (1-3), an examina-
tion of the distribution of blood flow to each respiratory
muscle should be an accurate way of determining
the partition of effort among the muscles of breathing.
The radioactive microsphere method used in this study
has the advantage that each individual muscle’s flow
can be determined independent of adjacent muscles
whose flow might also be changing, since at the com-
pletion of the study each individual muscle can be ex-
cised and counted separately. Previous attempts to
examine the activity of respiratory muscles under
various load conditions have either used pressure-
volume changes or electromyograms (EMGs). The
former method obviously can only look at whole
muscle groups and cannot separate contributions by
the various muscles. The latter is more specific but
still suffers from the problems of transmission of EMG
discharges from adjacent muscles and (or) the neces-
sary intervention of placing electrodes in the muscle
group which might locally affect its response pattern.
These previous methods do have the advantage of
being usable in human subjects.

TABLE III
Total Blood Flow to Muscles of Breathing during Quiet Unobstructed Breathing
and during Expiratory Threshold Loads of 10 and 20 cm H,O

Resistor total blood flow

None 10 cm H,0 20 cm H,O Muscle weight
ml/min ml/min AQx/AQrs ml/min AQx/AQrs g % of
(%) (%) total
Transverse abdominal 7.16 29.79 36 58.93 29 80.5 13
Internal intercostal 10.16 19.21 15 45.66 20 139.2 22
External oblique 5.54 16.00 17 34.06 16 158.4 26
Internal oblique 3.19 14.71 19 27.67 14 65.1 10
Diaphragm 15.54 23.21 12 48.48 18 103.6 17
External intercostal 6.77 7.14 1 12.66 3 73.6 12
Total respiratory muscle 48.36 110.06 100 227.46 100 620.4 100
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_There were two changes occurring in our animals
which might have affected blood flow to the respira-
tory muscles independent of effort. The cardiac output
and blood pressure tended to fall during expiration
against a threshold load as might be expected from the
rise in mean intrathoracic pressure (14, 15). The fall in
perfusion pressure would tend to decrease flow to
muscle. At the same time hypercarbia was induced by
expiratory loads and the consequent respiratory acido-
sis may cause muscular vasodilation (16). Nevertheless,
the blood flow to nonrespiratory control muscles, i.e.,
to the triceps brachii and pectoralis, did not change,
suggesting that these opposing influences were can-
celling each other or that autoregulation was overrid-
ing. Thus, it is unlikely that hypercarbia or the falling
blood pressure affected our results significantly.

During expiratory resistance there was a modest
increase in inspiratory work, and blood flow to two
inspiratory muscles (diaphragm and external inter-
costals) increased during breathing against expiratory
threshold loads. Possible reasons for this were: (a) a
shift to higher lung volumes so that expiration was
assisted by increased elastic recoil but increased
inspiratory work was required to expand the lungs,
chest, and abdomen during inspiration. Although lung
volumes were not measured a higher functional resi-
dual capacity was suspected during expiratory loading
because of the increased mean negative pressure
during inspiration (Table I). Campbell et al. have pre-
viously demonstrated an increased functional residual

. capacity with similar threshold loads to expiration (17).
(b) A change in the pattern of breathing to a more
rapid inspiration and a slow expiration, requiring in-
creased effort by inspiratory muscles. This was con-
firmed by measuring the time spent in active inspira-
tion in these animals (see Table I).

However, the increase in diaphragmatic blood flow is
more than expected for the modest increase in pres-
sure-volume work rate observed. Agostoni and Rahn
have demonstrated that the diaphragm actively con-
tracts during maximal expiratory efforts (18). This
diaphragmatic contraction occurs at any lung volume
whenever the abdominal muscles exert a maximal
expiratory effort, although it is greatest at low lung
volumes and end-expiration (19). Although expiratory
contraction of the diaphragm would not be registered
as inspiratory work, metabolic energy requirements of
the diaphragm would increase, requiring an increase in
blood flow and oxygen delivery. Thus, expiratory con-
traction of the diaphragm may explain the apparent
dissociation between inspiratory pressure volume
work and inspiratory muscle blood flow in our animals.

On the basis of anatomic position all of the muscles
listed as muscles of expiration in dogs in Table ‘11
might be expected to participate in overcoming an
expiratory load (13). However, our results suggest that
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served during expiratory loading.
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the rectus abdominis and ileocostalis muscles were not
utilized during expiratory loading, as blood flow to
these muscles did not increase even though expira-
tory work rate increased from 0 to 1.68 Cal/min. It is
conceivable nevertheless that these muscles might
have been utilized for a different type of expiratory
load or a greater increase in expiratory work than
could be induced in these anesthetized animals. The
transverse abdominal muscle appears to be the major
muscle of expiration in the abdominal wall, as it re-
ceives about one-third of the total increased flow to
respiratory muscles (AQx/AQrs) during expiratory
loading (Table III). Collectively, the abdominal
muscles received 74% of the blood flow increment to
active expiratory muscles at the highest load; internal
intercostals received only 26% of the total. So during
large expiratory work loads the abdominal muscles
presumably are consuming most of the energy require-
ments. However, during lower loads to expiration this
was not the case. During inspiratory resistance where
expiratory work did not increase to more than 0.5
Cal/min, 63% of the increased flow to expiratory
muscles went to the internal intercostals and only 37%
to the abdominal wall muscles (5). Also, during un-
obstructed hyperventilation when expiratory work did
not exceed 0.3 Cal/min despite a fivefold increment in
ventilation, 61% of the increased blood flow to
expiratory muscles went to the internal intercostals and
only 39% to the abdominal muscles (4).

Thus, the active expiratory muscles in the order of
their recruitment over a wide range of loads to expira-
tion appear to be: (a) the internal intercostals which
are recruited first and accomplish the majority of the
energy consumption of expiratory muscles when
expiratory work is low (i.e., during normal, unob-
structed hyperventilation or inspiratory resistance), (b)
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the transversus abdominis, (c) internal obliques, and
(d) external obliques. The last three are abdominal
muscles and become increasingly important when
high expiratory work loads are imposed.

During previous studies employing inspiratory re-
sistance loads, blood flow to the internal intercostals
reached 75 ml/min although the work of expiration
reached an average of only 0.33 Cal/min (4). This is a
much higher blood flow to the internal intercostals
than that reached during expiratory resistance (46
ml/min) where expiratory work was 1.68 Cal/min (Fig.
5). However, it was noted during the highest inspira-
tory resistance load that the dogs’ upper chest wall
tended to cave in during inspiration while the ab-
domen and lower rib cage were expanded by vigorous,
diaphragmatic contractions. Perhaps, as has been sug-
gested by Jones et al. (20), the internal intercostals
are used during heavy inspiratory load conditions to
stabilize the rib spaces and minimize inspiratory
collapse of the rib cage by contracting with the external
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FIGURE5 During quiet breathing, expiratory threshold load-
ing and unobstructed hyperventilation (4) there is a good
linear correlation (r = 0.912) between blood flow to internal
intercostal muscles and work rate of exhalation. The regres-
sion line pertains to the closed symbols. The numbered
open squares represent average data collected in dogs during
inspiratory resistive loading (5). The open square labeled 1
reflects a turbulent inspiratory resistance load of 90 cm H,O/
(liters/s)?; that labeled 2 reflects a turbulent resistance of 300
cm H,O/(liters/s)?; and that labeled 3 represents a turbulent
resistance of 1,200 cm H,O/(liters/s)®. The blood flow to
internal intercostal muscles at the lower two inspiratory
loads follows the expected relationship to expiratory work
reflected by the regression line, but at the highest inspira-
tory resistance blood flow to internal intercostal muscles
rises disproportionately (well outside three standard errors of
the estimate). A possible explanation is that at these high
inspiratory loads the internal intercostals contract during
inspiration as well as during exhalation perhaps as a means
of stabilizing the rib cage against inspiratory collapse.
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intercostals during inspiration. Thus, internal inter-
costals may perform an inspiratory as well as expira-
tory function.

Our results to a large degree corroborate earlier
studies that used the electromyogram to determine the
contribution of the various accessory muscles. Freund
et al. observed no activity of abdominal expiratory
muscles during quiet breathing (21). Similarly in our
animals no work was being expended on expiration
during quiet breathing and there was no augmentation
in blood flow to expiratory muscles in the transition
from mechanical ventilation to quiet spontaneous
respiration (4). Campbell found little use of abdominal
external oblique muscles with either hyperventila-
tion or low levels of expiratory resistance (22). This
is similar to our finding that the external oblique re-
ceives a much smaller increase in blood flow per gram
than any other expiratory muscle that is recruited
during expiratory resistance, inspiratory resistance, or
unobstructed hyperventilation. It would appear that
this muscle is primarily used for posture maintenance
rather than respiration, as previously concluded by
Campbell (22). Our results corroborate the EMG find-
ings of Agostoni et al. (23), Campbell et al. (17), and
Bishop and Bachofen (24, 25) that expiratory loading
by itself augments diaphragmatic contractions. We
were unable to confirm Campbell and Green’s finding
that the rectus abdominis is used during expiratory
resistance (26). However, Campbell and Green used
skin surface EMG electrodes and they may have picked
up signals from the transverse abdominis or abdominal
obliques during vigorous contractions, since increased
rectus abdominis EMGs occurred only with very
vigorous contractions and the signal was always less
than that registered over the lateral abdominal wall
muscles. Finally, we did not confirm over our rela-

" tively wide range of ventilatory stresses the use of the

vast number of accessory muscles of inspiration and
expiration described by EMG in man by Tokizane et al.
(27). Those studies however involved multiple posi-
tions in which these muscles may have had roles in
posture maintenance during vigorous breathing efforts
and thus are difficult to interpret.

Since the blood flow to a muscle bears a direct
relationship to oxygen consumption (1-3), the absolute
blood flow to a muscle should vary directly with the
metabolic energy expended by that muscle. The ex-
ternal mechanical work produced by that energy will
depend on the mechanical efficiency of that muscle
for the work being performed, the efficiency being a
complex effect of the fiber arrangement within the
muscle, the mechanical advantage of the muscle in-
sertions, fiber type, opposing or augmenting contrac-
tions of other muscles, etc. Thus, the relative efficiency
of the respiratory muscles in producing external
mechanical work on the lungs should be inversely re-
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lated to the total blood flow to the respiratory muscles.
This inverse relationship allows a comparison of the
efficiency under the various conditions of expiratory
threshold loads produced in this study vs. inspiratory
resistive loads (5) and unobstructed hyperventilation
produced by CO, rebreathing in our earlier studies (4).
Because of the complex mechanics of the combined
thorax and abdomen, it would not be surprising if the
relative efficiency of muscular contraction was dif-
ferent under these different load conditions. Fig. 6
shows the total blood flow to the muscles of breath-
ing in these three studies plotted as a function of the
rate of work of breathing. For any given rate of work,
expiratory loads resulted in a much higher total blood
flow to respiratory muscles than did either inspiratory
loads or hyperventilation. Such data suggest that ex-
piratory muscles are relatively inefficient in performing
pressure-volume work on the lungs during threshold
expiratory loads.

A majority of the increased blood flow to respiratory
muscles during expiratory loading went to abdominal
muscles (72% on 10 cm H,O and 59% on 20 cm H,O
load, Table III), whereas only a minor percentage went
to these muscles under the other two conditions.
This difference suggests that the abdominal muscles
may be required to generate high expiratory pressures
but are at a mechanical disadvantage for generating
efficient work on the lungs. For one thing they may be
working against a diaphragm which contracts during
forced expiration (18) as discussed earlier. Also, the
positive intraabdominal pressure will tend to increase
the rib cage diameter by tending to move the rib cage
along its relaxation characteristic to higher volumes as
described by Goldman and Mead (28). This will fur-
ther deter the generation of a positive intrathoracic
pressure and thus effective work done on the lung.
Finally, while contraction of the transversus abdominis
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FIGURE 6 For similar rates of work performed on the lung
(Cal/min) expiratory load (®) required a significantly greater
total blood flow to respiratory muscles (* =P < 0.05) than
did either inspiratory loading (M) or hyperventilation induced
by CO, rebreathing (A).

will tend to increase rib cage volume by increasing
intraabdominal pressure, contraction of the internal
oblique and to a lesser extent the external obliques
will exert a downward force on the costal margin, tend-
ing to decrease rib cage volume. In short, during
expiratory loading the respiratory muscles apparently
work against each other in a counterproductive way
such that the overall efficiency falls.

Because of their inefficiency during expiratory ob-
struction, the respiratory muscles required large
blood flows (227 ml/min) to deliver the oxygen neces-
sary for relatively moderate work rates (2.5 Cal/min on
the highest load). At the same time cardiac output was
1.79 liters/min. Thus, at the highest load the respiratory
muscles received 12.7% of the cardiac output. In pa-
tients with respiratory failure due to chronic obstruc-
tive lung disease a similar situation may exist. In such
patients the combination of a limited cardiac output and
significant hypoxemia often makes oxygen delivery
marginal; hence, the inordinately large blood flow re-
quirements of respiratory muscles working against an
expiratory obstruction may be a critical factor in further
limiting oxygen delivery to the vital organs.
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