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ABSTRACT: The shortening of parasternal intercostal muscles (Para) and crur-
al (Cru) and costal diaphragms (Cos) are not precisely understood. We therefore
examined shortening patterns of these inspiratory muscles by using chronically
implanted sonomicrometers in dogs.

To avoid acute effects of surgery, measurements were performed 3 weeks after
implanting the sonomicrometers. Patterns of length changes of Para, Cru, and Cos
were measured during hypoxia and hypercapnia under two levels of anaesthesia.

Respiratory length change (∆L) was assessed as a percentage change relative to
the resting length at functional residual capacity (LFRC). Peak tidal shortening was
defined as the maximal change from LFRC (∆L/LFRC). Under light anesthesia, the
∆L/LFRC was the same among the three muscle groups at all tidal volumes (VT).
Under deep anaesthesia, the ∆L/LFRC both of Cru and Cos exceeded that of Para.
Under light anaesthesia, the maximal shortening velocity ((∆L/LFRC)/∆ t ) of Cru
was greater than that of Para. Under deep anaesthesia, the (∆L/LFRC)/∆ t of Para
was exceeded by that both of Cru and Cos. Furthermore, the (∆L/LFRC)/∆ t of each
inspiratory muscle was greater during hypoxia than during hypercapnia at equal
volume.

We conclude that: 1) the contribution of the diaphragm to ventilation increases
during deep anaesthesia; 2) the muscle shortening velocity during hypoxia or hyper-
capnia is lower in parasternal intercostal muscles than in the diaphragm; and 3)
there is no difference in the shortening pattern between crural and costal diaphragms.
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Among the respiratory muscles of the chest wall, the
intercostal muscles and the diaphragm act as the major
respiratory muscles for breathing. Several reports have
suggested that parasternal intercostal muscles (Para) are
the primary muscles responsible for expanding the upper
rib cage during inspiration [1, 2]. The diaphragm is ana-
tomically divided into two muscles, the crural (Cru) and
costal parts (Cos) [3]. In animals, the activities of the
inspiratory muscles have been studied mainly by elec-
tromyography (EMG) [4, 5]. These studies have dem-
onstrated that the intercostal muscles, Cru, and Cos are
activated differently. On the other hand, studies on the
mechanical activities of the inspiratory muscles have
focused primarily on their overall movements, i.e. the
rib cage and abdominal movements, by inductive plethys-
mography [6], or the volume-pressure relationships of
the rib cage and the diaphragm-abdomen [7]. These stud-
ies have suggested that the contribution of the rib cage
and diaphragm to ventilation is altered by the magni-
tude of ventilation or by anaesthesia.

Recently, direct measurements of the changes in the
lengths of the respiratory muscles have been reported by
the use of sonomicrometry [8, 9]. This technique allows
an accurate measurement of any change in the length
of respiratory muscles in vivo. However, EASTON and

co-workers [10] found that there was a transient inhi-
bition of diaphragmatic shortening after the upper abdom-
inal surgery required for the implantation of the devices.
This suggests that the chronic implantation of sonomi-
crometric transducers would provide more reliable results
than measurements obtained shortly after implantation.
Recently, EASTON and co-workers [11] reported that Cru
and Cos responded differently to hypercapnia in dogs
chronically-implanted with sonomicrometric transducers.

Since hypoxia primarily stimulates peripheral chemo-
receptors and affects the pattern of breathing or of phre-
nic discharge differently from hypercapnia [7, 12], we
hypothesized that inspiratory muscles, such as Para, Cru
and Cos, behave differently during isocapnic hypoxia
and hypercapnia. In addition, we reasoned that the motion
of the Para may be affected by the depth of general anaes-
thesia more than the diaphragm, because the rib cage
movements have been shown to decrease by inducing
general anaesthesia [6]. To test this hypothesis, the short-
ening patterns of each inspiratory muscle were studied
during hypoxia and hypercapnia under two different lev-
els of anaesthesia. In this study, the mechanical activi-
ties of anaesthetized canine Para, Cru and Cos were
measured by using chronically-implanted sonomicro-
metric transducers.
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Material and methods

Surgical procedure

A total of 10 dogs (weighing 9–15 kg) were anaes-
thetized with an intravenous injection of thiopental sodi-
um (25 mg·kg-1), and were maintained by its supplemental
infusion. Sonomicrometric transducers were implanted
in the diaphragm as reported previously [13]. A pair of
sonomicrometric transducers (Murata Manufacturing
Co., Kyoto, Japan), 2.5–3.0 mm in diameter and cov-
ered with epoxy resin, was implanted between the peri-
toneum and the muscle fibres. Each pair of the transducers
was inserted into the central portion of the medial Cru
and the dorsal Cos. The transducers were oriented along
the direction of the muscle fibres and were fixed 10–18
mm apart. The implantation of the transducers onto Para
was based on the method described by DECRAMER et al.
[8]. The Para of the right 4th intercostal space was expos-
ed. A pair of transducers was inserted into small pock-
ets opened between muscle fibres 8–16 mm apart, and
was fixed in place in an orientation along the muscle
fibres. The muscle fascia was closed with sutures. The
lead-in wires were placed in subcutaneous pockets.

Measurements

Three weeks after implanting the transducers, the ani-
mals were anaesthetized with an intravenous injection
of thiopental sodium (15 mg·kg-1). They were placed sup-
ine, intubated with a cuffed endotracheal tube that was
attached via a heated pneumotachograph (Fleisch No.
1, Lausanne, Switzerland) to a two-way non-rebreath-
ing valve (Model 1400; Hans-Rudolph, MO, USA). Tidal
airflow was measured from the pressure drop across
the pneumotachograph (MP-45; Validyne, CA, USA) and
electrically integrated to give tidal volume. A catheter
was inserted into the femoral artery to obtain samples
for blood gas analysis (Model micro 13; Instrumentation
Laboratory, MA, USA). Expired gas was monitored by a
gas analyser (Model 1H21A; NEC San-ei, Tokyo, Japan).
Body temperature was maintained at 38°C with a heat-
ing pad. The lead-in wires from the sonomicrometric
transducers were connected directly to amplifiers (Model
4105; NEC San-ei). The sonomicrometry signals, tidal
airflow and volume were recorded on an 8-channel strip
recorder (Rectigraph 8K; NEC San-ei). The data were
also processed with an analogue-to-digital (A-D) con-
verting circuit (Analog Pro II; Canopus, Kobe, Japan)
and a microcomputer (PC-9801 VM-4; NEC, Tokyo).

Protocol

Measurements were initially performed under light
anaesthesia, and the same protocol was repeated under
deep anaesthesia. Each level of anaesthesia was main-
tained by intravenous administration of supplemental
thiopental. In each level of anaesthesia, fractional end-
tidal carbon dioxide (FET,CO2) and arterial carbon dioxide
tension (Pa,CO2) during air breathing were kept constant.

Throughout light anaesthesia, the corneal reflex was
kept intact. After taking control measurements during
air breathing, the inspiratory circuit was switched to a
Douglas bag (capacity 200 L) containing a hypoxic or
hypercapnic gas mixture. Two levels of oxygen concen-
tration were used for the hypoxic mixtures, i.e. 15% O2/
85% nitrogen, and 10% O2/90% nitrogen ("15 and 10%
O2"). During hypoxia, 10% CO2 gas balanced with nitro-
gen was added to the inspiratory circuit to maintain iso-
capnia. Two levels of CO2 concentration were used for
the hypercapnic mixtures, i.e. 7% CO2 or 10% CO2 with
30% O2 and 63% or 60% nitrogen, respectively. The
inhalation of these four gas mixtures (15% O2, 10% O2,
7% CO2 and 10% CO2) was performed in random order.
Animals inhaled each gas mixture for 5 min. Data
obtained from the last 1 min were reported. After each
measurement, the animals were allowed 15 min to recov-
er. A control measurement was then repeated, followed
by measurements with another gas mixture. When the
measurements under light anesthesia had been com-
pleted, thiopental sodium was added intravenously until
the corneal reflex was completely suppressed (10~15
mg·kg-1), and the same protocol as under light anaes-
thesia was repeated. Finally, the animals were killed
with an overdose of aneasthetics, and the condition of
the inspiratory muscles at the implantation sites was
examined macroscopically and microscopically.

Data analysis

Respiratory length changes (∆L) in Para, Cru and Cos
were assessed as a percentage change relative to the rest-
ing length at functional residual capacity (LFRC). Peak
tidal shortening was defined as the maximal change from
LFRC (∆L/LFRC %). The maximal shortening velocity of
an inspiratory muscle ((∆L/LFRC %)/∆t, %·s-1) was cal-
culated from the steepest part of the slope of muscle
length (L) against time during inspiration. The inspira-
tory time (t I), expiratory time (t E), total breath duration
(ttot) (= t I + t E) were determined from the VT and air-
flow signals. The minute ventilation (V 'E), respiratory freq-
uency (f R), mean inspiratory flow (VT/t I), and duty ratio
(t I/ttot) were also calculated. Data were averaged for the
group of animals and are presented as the mean±SE.

Statistics

The effects of the level of anaesthesia on the hyper-
capnic or hypoxic ventilatory responses were tested by
comparing the slopes of the response curves, i.e. ∆V 'E/
∆Pa,CO2, ∆VT/∆Pa,CO2 and ∆fR/∆Pa,CO2. Statistical com-
parison between groups was made by using a two-way
analysis of variance (ANOVA) with repeated measures
on two or three factors, followed by a post-hoc com-
parison using the Newman-Keuls test, and baseline val-
ues were compared by paired t-test. A p-value less than
0.05 was considered significant.

Results

In each muscle group, sonomicrometry signals were re-
corded from seven pairs of transducers from 10 implanted
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dogs; three pairs in each muscle group failed to retain
signals because of a loss of alignment during the post-
operative period. An example of the respiratory changes
in muscle length is shown in figure 1. Marked increas-
es in peak tidal shortening (∆L/LFRC) and maximal short-
ening velocity ((∆L/LFRC)/∆t) were observed in each
inspiratory muscle during 10% CO2. The LFRC during
quiet breathing was 9.9±1.3 mm in Para, 13.8±2.0 mm
in Cru, and 14.0±1.3 mm in Cos. They showed a ten-
dency to increase during hypercapnia but did not reach
a significant difference. They were not affected by the
level of anaesthesia.

During the measurements of quiet breathing, the
FET,CO2 and Pa,CO2 were kept constant. The FET,CO2
was 5.1±0.1% under light anaesthesia and increased to
6.0±0.1% under deep anaesthesia (p<0.01). The Pa,CO2
was 5.1±0.1 kPa during light anesthesia and reached
5.8±0.1 kPa under deep anaesthesia (p<0.01). Under deep
anaesthesia, the V 'E during quiet breathing decreased
by 22.4% compared with that under light anaesthesia
(p<0.01). During 15 and 10% O2, the Pa,CO2 remained
at 4.7±0.2 kPa under light anaesthesia and 5.3±0.3 kPa
under deep anaesthesia. During 7 or 10% CO2, the arte-
rial  oxygen tension (Pa,O2) reached 25.7±2.3 kPa. Dur-
ing deep anaesthesia, the responses of V 'E and f R were
decreased both in hypoxia and hypercapnia compared
to light anaesthesia (all p<0.01 by ANOVA) (fig. 2).
However, the VT was not affected by the level of anaes-
thesia in hypoxia or hypercapnia. Thus, during deep
anaesthesia, the ventilatory response both to hypoxia
and hypercapnia was suppressed compared to light anaes-
thesia, due mainly to a decreased response of respira-
tory rate.

Hypoxia affected respiratory timing to a greater extent
than hypercapnia during deep anaesthesia, but not dur-
ing light anaesthesia. The ∆f R/∆VT obtained from the
hypoxic runs was greater than that from the hypercapnic
tests (p<0.05 by ANOVA) (fig. 3a). However, the level
of anaesthesia did not affect the ∆f R/∆VT. Both the t I
and t E obtained from hypoxic runs had greater resp-
onses (∆t I/ ∆VT and ∆tE/∆VT ) compared to those under
hypercapnia (p<0.01 and p<0.05 by ANOVA, respectively)

(fig. 3b). In the t E, deep anaesthesia had greater res-
ponses compared to light anesthesia (p<0.05 by ANOVA).
In the relationship between VT/t I and VT hypoxia had an
increased response compared to hypercapnia (p<0.01 by
ANOVA), although the level of anaesthesia did not aff-
ect the response of VT/t I (fig. 3c). When the duty ratio was
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Fig. 1.  –  Representative tracings of the inspiratory muscle length
changes during: a) quiet breathing; and b) hypercapnia, under light
anaesthesia. Deflection of the baseline indicates muscle shortening.
Note the marked increases in the length changes of the inspiratory
muscles during hypercapnia. LFRC: inspiratory muscle length at func-
tional residual capacity.

Fig. 2.  –  Effects of the level of anaesthesia on the ventilatory respons-
es to: a) hypoxia; and b) hypercapnia. Values are presented as mean±SE

(n=10). The responses of minute ventilation (V 'E) and respiratory fre-
quency (f R) to hypoxia or hypercapnia were decreased during deep
anaesthesia (   ❍ ) compared to light anaesthesia (   ● ) (all p<0.01
by ANOVA), whilst the response of tidal volume (VT) to hypoxia or
hypercapnia was not changed by the level of anaesthesia. **: p<0.01,
compared to light anaesthesia (Newman-Keuls test).



plotted against VT (fig. 3d), no difference was found be-
tween hypoxia and hypercapnia during light anaesthe-
sia. During deep anaesthesia, however, hypoxia increased
the duty ratio in proportion to VT (∆[t I/ ttot)/∆VT) more
than did hypercapnia (p<0.05 by ANOVA).

The peak tidal shortening (∆L/ LFRC) of each inspi-
ratory muscle group was plotted against Pa,CO2 or Pa,O2
(fig. 4). In hypercapnia, deep anaesthesia suppressed
the responses of the muscles (∆(∆L/LFRC)/∆Pa,CO2)
(p<0.01 by ANOVA). The response of Para was less
than the other two muscles (p<0.05 by ANOVA). In
hypoxia, however, the responses in ∆L/LFRC were not
affected by the level of anaesthesia in any of the three
muscle groups.

The relationships between the peak tidal shortening
(∆L/LFRC) and VT (∆L-VT relationships) and between
the maximal shortening velocity (∆L/LFRC)/∆t and VT

Fig. 4.  –  Peak tidal shortening of each muscle during: a) hyper-
capnia; and b) hypoxia. Values are presented as mean±SE (n=7). In
hypercapnia, the response of ∆(∆L/LFRC)/∆VT of each muscle decreased
during deep anaesthesia compared to light anaesthesia (p<0.01 by
ANOVA), and there was a significant difference in ∆(∆L/LFRC)/VT

between the three muscles (p<0.05 by ANOVA). ■ and ❏ : paraster-
nal intercostal muscles; ▲ and ∆: crural diaphragm; ● and ❍ : costal
diaphragm;       ; light anaesthesia;        : deep anaesthesia. ∆L: res-
piratory length change; LFRC: length at functional residual capacity;
∆VT: change in tidal volume; ∆L/LFRC: peak tidal shortening; Pa,CO2:
arterial carbon dioxide tension; Pa,O2: arterial oxygen tension; ANOVA:
analysis of variance; NS: not significant.
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are presented in figure 5. Under light anaesthesia, the
∆L/LFRC of the three muscle groups was not different
at any VT (fig. 5a). However, under deep anaesthesia,
the ∆L-VT relationship was different in the three mus-
cles (p<0.01 by ANOVA) (fig. 5b). The ∆L/LFRC of
Cos was the greatest, while that of Para was the lowest
and equalled about one-third of Cos. The crural ∆L-VT
relationship under deep anaesthesia was similar to that
under light anaesthesia. No difference in ∆L/LFRC was
found between the Cru and Cos or between hypoxia and
hypercapnia. Thus, the ∆L/LFRC both of the Cru and
Cos exceeded that of Para both during hypoxia and hy-
percapnia (Para vs Cru and Para vs Cos, all p<0.01 at
any VT). The maximal shortening velocity (∆L/LFRC)/
∆t of Cru during light anaesthesia exceeded that of Para
(p<0.01 at 10 and 15% O2, and 7 and 15% CO2) (fig.
5c). Under deep anaesthesia, the (∆L/LFRC)/∆t of Para
was lower than those both of Cru and Cos (Para vs Cru;
p<0.01 at 7 and 10% O2, and 10 and 15% CO2; Para vs
Cos, p<0.01 at all VT). Furthermore, the ∆((∆L/ LFRC)/∆t)

/∆VT obtained during hypoxia exceeded that during hyp-
ercapnia in all three muscle groups (p<0.05 by ANOVA).
Thus, during deep anaesthesia, the relationship between
(∆L/LFRC)/∆t and VT was different not only in each
inspiratory muscle group but also between hypoxia and
hypercapnia.

At autopsy, the diaphragm had no fibrous connection
to other abdominal tissues. The muscle fibres between
the sonomicrometric transducers appeared to be intact.
On microscopic examination, a slightly fibrotic capsule
was found surrounding all the transducers, but no inflamm-
atory cells or fibrotic changes extending into the interven-
ing muscles were observed. In Para, a gross examination
revealed no evidence of traction or torsion that could
affect its length change. The muscle fibres between the
implantation sites appeared to be intact. Microscopically,
similar findings to those found in the diaphragm were
observed, i.e. thin fibrotic capsules (1–1.5 mm) encas-
ing the sonomicrometric transducers, and intact muscle
fibres between them.
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Discussion

The main findings of this study were as follows: 1)
the maximal muscle shortening velocity during hypoxia
and hypercapnia is lower in Para than in the diaphragm;
and 2) the level of anaesthesia affects the contribution
of various inspiratory muscles to ventilation during
hypoxia and hypercapnia.

Critique on methodology

Measurements were made in the animals 3 weeks after
the implantation of the sonomicrometric transducers, be-
cause EASTON and co-workers [10] had reported that dia-
phragmatic shortening had normalized by the 10th day
after implantation. We have previously reported that the
∆L/LFRC of Cru and Cos obtained during supramaxi-
mal phrenic nerve stimulation reached a plateau on the
14th day after the implantation of the sonomicrometers,
and then remained constant for the next 4 weeks [13].
Furthermore, the magnitudes of the shortening were sim-
ilar to those observed shortly after implantation [13].
Therefore, it is likely that the muscles remain intact after
the chronic implantation of the sonomicrometers.

The ∆L/LFRC of the Para observed during quiet breath-
ing was 8.3% under light anesthesia and 10% under
deep anaesthesia. These figures are similar to the pre-
viously reported values obtained from anaesthetized dogs
shortly after the implantation of the sonomicrometers
[14–16], suggesting that the effect of chronic implan-
tation of the sonomicrometers on the contractility of the
Para was minimal.

Recent studies using electromyography (EMG) of
the inspiratory muscles showed that the onset of CRU
activation preceded that of Para and Cos [4, 11]. Since
we did not perform EMG on the inspiratory muscles, it
is difficult to estimate the passive portion of shortening
or elongation. According to DARIAN et al. [4] and EASTON

et al. [11], the EMG activities of Cru, Cos and Para were
observed throughout the inspiration, except for the on-
set of inspiration in Cos and Para. We obtained only a
peak tidal shortening (∆L), which occurs near a maxi-
mum activity of EMG [11]. Therefore, we believe that
the increases and decreases in the amount of muscle
shortening of the three muscles could be explained by
changes in muscle activation.

Ventilatory response

In dogs, barbiturate has been shown to depress the
ventilatory response both to hypercapnia and hypoxia
[17]. In this study, the ventilatory response to hypoxia
and hypercapnia was suppressed in different ways by
anaesthesia (fig. 2). The hypoxic ventilatory response
is primarily affected by the peripheral chemoreceptor
activity, while the hypercapnic response is affected by
central chemoreceptors [4]. This difference between the
mechanism of the hypoxic and hypercapnic response
may account for their different sensitivity to anaesthe-
sia. There was a clear difference in the pattern of hyp-
oxic and hypercapnic breathing under deep anaesthesia
(fig. 3). This is similar to the findings of GARCIA and

CHERNIACK [18] in dogs anaesthetized with pentobarbi-
tal. However, we found no significant difference in the
pattern of breathing between hypoxia and hypercapnia
during light anaesthesia. Our results suggest that the
magnitude of the difference in the pattern of breathing
between hypoxia and hypercapnia depends on the level
of anaesthesia.

Peak tidal shortening

The peak tidal shortening of each inspiratory muscle
group was not different during hypoxia and hypercap-
nia under light anaesthesia (fig. 5a). However, under
deep anaesthesia, the peak tidal shortening both of Cos
and Cru was greater than that of Para (fig. 5b), sug-
gesting an altered contribution of the diaphragm and Para
to ventilation. TUSIEWICZ et al. [6] have compared the
chest wall motions of awake and halothane-anaesthetized
humans by inductive plethysmography. They reported
an increased contribution of the diaphragm during anaes-
thesia, and concluded that this phenomenon was a result
of diminished activity of Para because its EMG decreased
during anaesthesia. This may suggest that the phrenic
motor neuron pool may be more resistant to depression
than that of the intercostal muscles. Why these neuron
pools have different sensitivities remains unclear.

We found no difference between the ∆L/LFRC of Cru
and Cos during quiet or stimulated breathing under eith-
er level of anaesthesia. In contrast, NEWMAN et al. [9] and
ROAD et al. [19] reported a greater crural shortening
compared to COS when they made their measurements
shortly after the sonomicrometers were implanted. How-
ever, SPRUNG et al. [20] have found that by measuring
the length changes between chronically-implanted mark-
ers under biplane videofluorography, the ∆L/LFRC of the
medial Cos exceeded that of Cru. The greater crural
shortening observed in the previous reports may be sec-
ondary to the implantation sites of the sonomicrome-
ters. DARIAN et al. [4] have shown that in anaesthetized
dogs during hypoxia, the EMG activity of Cru and Para
increased preferentially compared to Cos. EASTON and
co-workers [11] showed that peak tidal shortening of Cru
and Cos did not differ in awake dogs chronically-impl-
anted with sonomicrometers, but shortening of Cru exceed-
ed that of Cos in earliest inspiration. These may suggest
that the neural activation of Cos is different from Cru or
Para. In the present study, anaesthesia had different eff-
ects on the shortening of Cru and Cos in response to hyper-
capnia (fig. 4). This may be explained by a difference in
the sensitivities of the motor neuron pools of these mus-
cles to anaesthesia. In addition, there may be different
neural activation mechanisms between the Cru and Cos.

Maximal shortening velocity

During light anaesthesia, we found a range of (∆L/
LFRC)/∆t among the inspiratory muscles. The (∆L/LFRC)/
∆t of Cru exceeded that of Para, whereas their ∆L/LFRC
were similar (fig. 5a), suggesting a different shortening
pattern between Cru and Para during light anaesthesia.
The (∆L/LFRC)/∆t of an inspiratory muscle at a certain
neural drive may be affected by several mechanical fac-
tors. The force generating ability of Para was reportedly
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less than Cos with low frequency (10–20 Hz) stimula-
tion, because of their different twitch characteristics [21].
This suggests that length-tension properties may be dif-
ferent among the muscles. With respect to muscle action,
DE TROYER and co-workers [22] have demonstrated that
Cru displaced the abdomen alone, whereas Cos displaced
the abdomen and the lower rib cage. It has also been
shown that Para expands the upper rib cage by displac-
ing the sternum [23]. Moreover, in the supine position,
the abdominal load applied to Cru is greater than that to
Cos [19]. This suggests that the relationship between
neural drive and mechanical output is quite different
among Para, Cru and Cos. One or more of these factors
may account for the differences in the ∆L/LFRC/∆t
between the diaphragm and Para.

In the present study, we demonstrated some differen-
ces in the shortening patterns between the parasternal
intercostal muscles and crural diaphragm and between
the parasternal intercostal muscles and costal diaphragm.
However, their shortening patterns were obviously aff-
ected by the level of anaesthesia. The breathing pattern
during hypoxia and hypercapnia was different from that
during deep anaesthesia. The contribution of the dif-
ferent inspiratory muscles to ventilation was altered dur-
ing deep anaesthesia. Therefore, data from anaesthetized
animals require careful interpretation.
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