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ABSTRACT: Pharyngeal and diaphragm muscles contract and relax in synergy,
which is why it was decided to compare their mechanical performance throughout the
overall load continuum. The effects of fatigue were also studied.

The isotonic mechanics of rat sternohyoid (SH; n=10) and diaphragm (D; n=10)
were investigated in vitro. Force and length were measured in muscles contracting
from zero load up to isometry. Maximum isometric tension (Pmax), peak mechanical
work (Wmax), maximum unloaded shortening velocity (vZL) and mechanical efficiency
(effmax) were recorded. Data were obtained both at baseline and after fatigue.

SH muscles had a lower Pmax (96.0�13.7 versus 119.5�22.7 mN.mm-2; p<0.05), a
lower Wmax (5.5�1.2 versus 8.0�2.1 mJ.g-1; p<0.01), a lower effmax (56.0�6.9 versus
62.6�5.8%; p<0.05) and a higher vZL (4.8�0.4 versus 3.4�0.4 initial length (L0).s-1;
p<0.001) than D muscles. Wmax occurred at a higher relative load in SH (40% Pmax)
than in D (30% Pmax). Fatigue did not modify effmax in SH muscles, whereas it sig-
nificantly improved effmax in D muscles.

These findings suggest that under control conditions, economy of force generation
was less efficient in sternohyoid than in diaphragm muscles. Fatigue in sternohyoid
muscles induced unfavourable mechanical behaviour. This may partly explain
pharyngeal dilator muscle failure in the presence of increased loads. Whether these
findings are relevant to human sleep apnoea syndrome has yet to be determined.
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Pharyngeal muscles can be considered as belonging to
the respiratory muscles [1]. Synchronized activity of the
pharyngeal muscles and diaphragm (D) is observed in
humans and animals [2]. Pharyngeal dilator muscles exhi-
bit phasic activity during inspiration [3±5], whereas phar-
yngeal constrictor muscles exhibit phasic activity during
expiration [6]. In synergy with the D, the pharyngeal mus-
cles contribute to upper airway patency during breathing
in awake and sleeping subjects [7]. The negative pressure
generated in the upper airways by D contraction is one of
the most important factors involved in the stimulation of
pharyngeal dilator muscles [8], which promotes opening
of the upper airways during inspiration [7]. The activity
of pharyngeal muscles has also been studied in sleep
apnoea syndrome, in which repeated occlusions of the
upper airways occur during sleep. Pharyngeal occlusions
seem to be associated with a relative decline in the acti-
vity of pharyngeal dilator muscles [7]. The end of these
occlusions is associated with large bursts of dilator mus-
cle activity. The acute effects of these repetitive episodes
of pharyngeal dilator muscle recruitment on the mechan-
ical properties of these muscles remain unknown.

The relative mechanical properties of pharyngeal and D
muscles under control conditions and during fatigue may
thus have important pathophysiological implications. The

mechanical properties of pharyngeal dilator muscles have
been documented both in situ and in vitro [9±11]. Pharyn-
geal muscles generally have shorter contraction times and
lower twitch to tetanic tension ratios than the D. These
studies were performed under isometric conditions, in
which no shortening of the pharyngeal muscles occurs.
As pharyngeal muscles contract against various levels of
load, their ability to shorten and to produce mechanical
work (W) needs to be documented.

The aim of the present study was three-fold: 1) to docu-
ment for the first time the isotonic mechanical properties of
sternohyoid (SH) muscle, a pharyngeal dilator muscle; 2)
to compare the effects of increasing load on working SH
and D muscles; and 3) to study the mechanical conse-
quences of fatigue on SH and D muscles. The hypothesis
that SH and D muscles have different isotonic mechanical
properties at baseline and during fatigue was tested.

Materials and methods

In 20 male adult Wistar rats, experiments were con-
ducted on strips of SH (n=10) and D (n=10) muscles. Ani-
mal care was in keeping with the recommendations of the
Helsinki Declaration. Animals were anaesthetized with
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pentobarbital sodium (60 mg.kg-1 intraperitoneally). The
rationale for studying SH muscles was as follows. Firstly,
the contribution of SH muscles to safeguarding upper air-
way patency is well documented [5]. Secondly, it is possi-
ble to keep bony origin and tendon intact, thus preventing
fibre damage, which is not the case for other pharyngea1
dilator muscles (personal unpublished observation) [11].

SH strips were removed via a median cervicotomy from
the mandible to the manubrium and after separation of the
submaxillary glands. First, the suprahyoidian muscular
attachments were cut, leaving the hyoid bone attached to
the infrahyoid muscles. The hyoid bone was cut medially
and then the two SH muscles separated along the middle
line as far as the inferior end of the muscles, requiring a
sternotomy. A strip of SH muscle (1±2 mm width) was
obtained by cutting one of the two SH muscles laterally. At
the upper end of the strip, a piece of hyoid bone was left
attached (hyoid end) and at the lower end a piece of
sternum (sternum end). Following a median laparotomy, a
strip was cut out from the ventral costal D muscle in situ.
One strip (i.e. D or SH muscle strip) was obtained per
animal. Each muscle strip was vertically suspended in a
bath containing the following Krebs-Henseleit solution (in
mM): 118 NaCl, 4.7 KCl, 1.2 MgSO4.7 H2O, 1.1 KH2PO4,
24 NaHCO3, 2.5 CaCl2.6H2O and 4.5 glucose. The solu-
tion was bubbled with 95% O2/5% CO2 and maintained at
228C (pH 7.4). The costal end of the D strip and the
sternum end of the SH strip were held in a stationary clip at
the bottom of the bath, and the upper ends were held in a
spring clip attached to an electromagnetic lever system.

Muscles were stimulated by means of two platinum
electrodes in twitch mode (5 stimulations.min-1 with a rect-
angular pulse of 1 ms duration). Muscles were also stimu-
lated supramaximally under tetanic conditions as follows:
electrical stimulus 1 ms; stimulation frequency 50 Hz; train
duration 200 ms; train frequency 5 trains.min-1. At 228C,
the 50-Hz stimulation frequency yielded the tetanic maxi-
mum isometric tension (Pmax) for both the SH pharyngeal
muscle and the D [12]. Experiments were carried out at
the initial resting length corresponding to the apex of the
initial length/active tension curve (L0). At the end of the
study, the cross-sectional area (in mm2) was calculated
from the ratio of fresh muscle weight to muscle length at
L0, assuming a muscle density of 1.

The electromagnetic system

The load applied to the muscle was determined by
means of a servocontrolled current through the coil of an
electromagnet. The amplitude of force measurement rang-
ed 0±140 mN. The error of the measured force was <0.1%.
The equivalent moving mass of the whole system was 155
mg and its compliance was 0.2 mm.mN-1. Muscle short-
ening displaced the lever, thereby modulating the light
intensity received by a photoelectric transducer. The lin-
earity of the system ranged 0±5 mm muscle shortening,
and the error was <0.5% of full-scale deflection. All ana-
lyses were based on digital recordings obtained using a
microcomputer. Two signals, tension (i.e. force.mm-2) and
length, were recorded. Software for calculating all of the
mechanical parameters was developed in the authors' labo-
ratory.

Mechanical indices

Muscles were studied: 1) under full isometric condi-
tions, in which total isometric muscle tension reflects both
the total number and the single force of actomyosin inter-
actions [13±15]; 2) at zero load, at which maximum
unloaded shortening velocity (vZL) is related to cross-
bridge kinetics and particularly to the rate constant for
cross-bridge detachment [13]; and 3) from zero load up to
isometry, where the characteristics of the tension/velocity
relationship (Hill's hyperbola), peak mechanical work
(Wmax) and peak mechanical efficiency (effmax) indirectly
reflect the energetic processes within the muscle.

Maximum isometric tension and unloaded shortening
velocity. Classic mechanical parameters characterizing the
contraction phase were measured from two contractions
under twitch and tetanic conditions. The first contraction
was loaded with preload only and was clamped to zero load
immediately after the electrical stimulus, using the zero load
clamp technique [16]. The second contraction was fully
isometric. The shortening length and tension/time curves
were recorded simultaneously. The following indices were
used to assess muscle performance during the contraction
phase: 1) measured vZL (in L0.s-1) (isotonic mode); and 2)
Pmax (in mN.mm-2) (isometric mode). In addition, in both
D and SH muscles, the time to peak tension in twitch
mode and the twitch to tetanus tension ratio were meas-
ured. A muscle contracting isometrically performs no work
nor does muscle shortening under zero-load conditions.
However, inefficient contractions may be physiologically
important when either Pmax or higher speed (vZL) are
required.

Peak mechanical work and tension/velocity relationship.
Wmax and the characteristics of the tension/velocity rela-
tionship were analysed under tetanic conditions only.
Contractions (8±10) were performed, in which the load was
regularly incrementally increased from zero up to isometry
(fig. 1). For each contraction, the maximum extent of
muscle shortening (DL), peak velocity (v) and total isotonic
tension level (P) were recorded. W(PxDL) was calculated
over the whole load continuum. Thus Wmax (in mJ.g-1) and
its corresponding tension (PW,max), expressed as a per-
centage of Pmax (fig. 1), were determined. PW,max reflects
optimal loading, i.e. the load level at which the contractile
system performs the greatest mechanical work. To ensure
that comparisons of W were made at similar relative loads,
each experimental W/P relationship was fitted using a
five-order polynomial function. The equations of the fitted
curves were entered into a computer running TransERA
HTBasic Advanced Math Library (TransERA Corpor-
ation; Provo, UT, USA), which calculated W at fixed
relative tension (Pi= 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100% Pmax). The P/v relationship was derived from
the v of afterload contractions plotted against P, from zero
load up to Pmax (fig. 1). Data were fitted using Hill's
equation [17]: (P+a)(v+b)=(cPmax+a)b, where cPmax is
the maximum calculated value of P and -a and -b are the
asymptotes of the hyperbola. The theoretical interest of
Hill's equation stems from the fact that the hyperbolic
form of the P/v relationship reflects the thermodyna-
mic properties of the muscle [17, 18]. The curvature of
the P/v relationship (Hill's hyperbola; G) is linked to
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myothermal economy and cross-bridge kinetics [18, 19].
It has been shown that G=cPmax/a=cvZL/b, where cvZL is
the calculated vZL. Effmax is the maximum ratio of the
rate of W to the rate of total energy [19]. It has been
shown that effmax=(G/(G+2))2 [20].

Fatigue protocol

Fatigue was induced by repeatedly stimulating each strip
with 75 trains.min-1 of 200-ms duration at a stimulation
frequency of 50 Hz under isometric conditions. Pmax was
monitored and progressively decreased. Stimulation conti-
nued until the muscle strip was fatigued to the point where
it generated only ~50% of baseline Pmax. Then vZL, G,
effmax, Wmax and PW,max were determined in tetanic mode
using similar methods to those used before fatigue.

Statistical analysis

Data were expressed as mean�SD. Student's unpaired t-
test was used to make comparisons between SH and D
muscles. In each muscle group, Student's paired t-test was
used to make comparisons between twitch and tetanus, and
between baseline and fatigue. Finally, percentage changes
in mechanical parameters induced by the fatigue protocol
were also calculated. A p-value <0.05 was required to
reject the null hypothesis.

Results

Control conditions

The cross-sectional area of the muscles was 1.14�0.19
mm2 in SH and 1.02�0.09 mm2 in D muscles.

Under both twitch and tetanic conditions, Pmax was
lower in SH than in D muscles (p<0.05). The twitch to
tetanus ratio was higher in D (0.50�0.06) than in SH
muscles (0.38�0.06) (p<0.001). In both SH and D muscles,
there was no difference in vZL between twitch and tetanic
modes (fig. 2). Under both twitch and tetanic conditions,
vZL was higher in SH than in D muscles (p<0.001). In
twitch, the time to peak tension was shorter in SH (52�3
ms) than in D muscles (70�6 ms) (p<0.001).

The W and P/v relationships were studied in tetanic
mode. In both muscles, the W versus P relationship was
bell-shaped (figs. 1 and 3), indicating a marked influence
of loading conditions on mechanical work. The Wmax was
higher in D than in SH muscles (8.0�2.1 versus 5.5�1.2
mJ.g-1; p<0.01). Moreover, PW,max was higher in SH
(41�2.4%) than in D muscles (34�3%) (p<0.001). The G
and effmax were higher in D than in SH muscles (G 7.8�
1.7 versus 6.1�1.4, p<0.05; effmax: 62.6�5.8 versus 56.0�
6.9%; p<0.05), indicating that contraction was more eco-
nomical in D than in SH muscles.
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Fig. 1. ± Typical recording of sternohyoid muscle under tetanic conditions: a) instantaneous length versus time; b) tension (P) versus time; c) peak
velocity (v) versus P and d) mechanical work (W) versus P expressed as a percentage of maximum (Pmax). L: muscle length; L0: initial muscle length
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Effects of fatigue

vZL was significantly reduced in SH and D muscles
(both p<0.001) (table 1) when muscles were fatigued to a
similar extent (~50% of Pmax). In both SH and D muscles,
fatigue also reduced Wmax (both p<0.001) (table 1). In D
muscles, PW,max was unchanged. Conversely, fatigue mo-
dified optimal loading in SH muscles as PW,max sig-
nificantly decreased (fig. 3 and table 1) (p<0.01). In D
muscles, fatigue improved the myothermal economy of
contraction, as indicated by the significant increase in the
G curvature of the P/v relationship and in the effmax (table
1). Conversely, fatigue did not modify G curvature and
effmax in SH muscles (table 1).

Discussion

This is the first report of the isotonic mechanical pro-
perties of pharyngeal dilator muscle throughout the overall
load continuum. Pharyngeal and D muscles contract and
relax in synergy, which is why it was decided to compare
their mechanical performance. The results of the present
study were as follows: 1) SH muscles had a higher vZL and
lower Pmax, Wmax and effmax than D muscles; 2) Wmax

occurred at a higher relative load in SH muscles (40%
Pmax) than in D muscles (30% Pmax); and 3) fatigue did not
modify effmax in SH muscles, whereas it improved effmax

in D muscles.
The ability to generate mechanical (i.e. external) work is

a key muscle property that determines, at least in part, phy-
siological activity. SH muscles differed from D muscles in
terms of Wmax and myothermal economy. Wmax was higher
in the D than in the SH pharyngeal muscle. Importantly
both the G curvature of the P/v relationship and the effmax

were higher in D than in SH muscles, attesting to more
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Table 1. ± Effects of fatigue on sternohyoid (SH) and
diaphragm (D) muscles

SH D

Muscles n 10 10
vZL -16�6*** -24�7***
Wmax -62�5*** -60�4***
PW,max -13�9** -2�16
G -8�22 29�26*
effmax -6�13 10�9*

Data are presented as mean�SD percentage change. vZL: max-
imum unloaded shortening velocity; Wmax: peak mechanical
work; PW,max: tension at which Wmax occurred; G: curvature of
Hill's hyperbola; effmax: peak mechanical efficiency. *: p<0.05,
**: p<0.01, ***: p<0.001 versus baseline.
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economical contraction in D than in SH muscles [18]. In
other words, as compared to SH muscles, greater W was
achieved in D muscles at a lower energetic cost. In both
muscles, W was strongly dependent on loading condi-
tions. Wmax occurred at a lower relative load (PW,max) in
D than in SH muscles (fig. 3). This suggests that subtle
changes in loading conditions may optimize work dif-
ferently in SH (PW,max ~40% Pmax) and in D muscles
(PW,max ~30% Pmax).

vZL was higher in SH than in D muscles. This is in
agreement with the fact that rat D and SH muscles have
different fibre-type composition. Rat SH muscle is com-
posed essentially of fast (type II) fibres (>90%) [21±23]
whereas rat D is a mixed fibre muscle, containing 40%
slow fibres (type I) [22, 23]. Moreover, time to peak ten-
sion was shorter in SH than in D muscles, in accordance
with results in the literature [10]. Pmax was higher in D
than in SH muscles. Even though there is some contro-
versy regarding the existence of differences in Pmax be-
tween type I and type II fibres, a higher Pmax in SH than
in D muscles would still have been expected [24]. Yet, the
contrary was observed. This could be explained by diffe-
rences in fibre orientation or in the number and/or unit
force of cross-bridges in the two different muscles. In-
deed, it is widely accepted that Pmax mainly reflects the
number of working actomyosin cross-bridges [13]. Thus,
the present results indirectly suggest differences in the
number of cross-bridges between isometrically contract-
ing SH and D muscles. Although further studies are nee-
ded to confirm this, the higher efficiency in D than in SH
muscles is also consistent with a higher single force of
cross-bridges in D muscles [14, 15].

The present study also compared mechanics and ener-
getics after fatigue. The fatigue experiments were carried
out when the decrease in Pmax was similar in the two mus-
cles (~50%). Fatigue induced similar falls in vZL (~20%)
and Wmax (~60%). Conversely, changes in myothermal
economy differed markedly between the two muscles. Fati-
gue improved the economy of contraction in D muscles, as
reflected by the increase in effmax and G (table 1). In con-
trast, fatigue did not modify effmax and G in SH muscles.
Previous studies have shown that fatigue improves the
economy of force generation in mixed-fibre muscle (e.g.
rat D), whereas it does not change economy in muscle
mainly composed of one fibre type [25, 26]. Differences
in myosin fibre composition between rat D and SH phar-
yngeal muscle are likely to explain the diferent effects of
fatigue on muscle energetics observed in this study. It is
well known that fast-twitch fibres fatigue more quickly
than slow-twitch fibres [27, 28]. Thus, increased effmax in
rat D could be explained by a predominant effect of
fatigue on fast (fatigue-sensitive) fibres, thus shifting the
overall characteristics of the muscle towards those of
slow (fatigue-resistant) fibres [25]. Conversely, in fast-
fibre muscles such as pharyngeal muscles, no preferential
fibre-type recruitment occurs, which might partly explain
why effmax and G did not change significantly during fati-
gue (table 1). Recently, it has been suggested that pharyn-
geal dilator muscles may fail in the presence of increased
load [23].

In fatigued D, PW,max did not change as effmax increased
(table 1). Thus, the fatigued rat D worked under more
economical conditions. In contrast, the present study
suggests less favourable mechanical behaviour of SH as

compared to D muscles. Indeed, in SH muscles: 1) effmax

did not increase during fatigue (table 1); and 2) PW,max

was shifted towards a lower load level. Thus, for a given
degree of fatigue, the SH pharyngeal muscle operated
under less favourable energetic conditions than the D,
especially when the load placed on the muscle was in-
creased. This might help explain why pharyngeal dilator
muscles may fail in the presence of increased load.

It is important to emphasize that the purpose of this
study was not to test the fatiguability of the two different
muscles. The fatiguability of pharyngeal muscles has been
studied in rat and cat [10, 11]. In these studies, the muscles
have been fatigued by using the protocol of BURKE et al.
[29], in which the decrease in Pmax is plotted as a function
of time. Fatiguability differs among species; as compared
to the D, the pharyngeal musculature is relatively fatigue-
resistant in cats and fatigue-sensitive in rats.

Limitations

The results pertain strictly to the animal species and
experimental conditions used. Species differences in mech-
anical properties of pharyngeal muscles have been care-
fully investigated under isometric conditions [9±11], and
the possibility that other species have different mechan-
ical and energetic isotonic properties cannot be excluded.
This study was carried out at 228C so as to improve the
stability of isotonic indices. The results can thus only be
extrapolated to in vivo conditions with great care, given
that temperature influences muscle performance [12].

Clinical implications

The co-ordinated activity of D and pharyngeal muscles
helps maintain normal pharyngeal patency during bre-
athing. The different responses to fatigue observed in D
and SH muscles may modify the mechanical equilibrium
between D and pharyngeal muscles and may promote res-
piratory disturbances. In sleep apnoea syndrome, occlu-
sions of the upper airways occur many times during sleep.
A relative decline in the activity of pharyngeal dilator mus-
cles seems to be associated with the occlusions [7]. The
end of occlusions is associated with large bursts of gen-
ioglossus activity. The acute effects of these repeated
episodes of pharyngeal dilator muscle recruitment are
unknown. The results obtained after fatigue suggest that a
vicious circle might be produced during fatigue-like peri-
ods, the hyperactivity of pharyngeal muscles placing them
under disadvantageous mechanical and energetic condi-
tions. This may precipitate pharyngeal muscle failure and
then promote occlusion of the upper airways. Further stu-
dies are needed to confirm this hypothesis. Lastly, elec-
trical stimulation of pharyngeal muscles during sleep has
been proposed in the treatment of sleep apnoea syndrome
[30]. The present approach may help to evaluate the
effects of electrical stimulation on the isotonic properties
of pharyngeal muscles.

Conclusion

To summarize, this study reports on the isotonic mech-
anical properties of rat sternohyoid and diaphragm muscles
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at baseline and during fatigue. Compared to the diaphragm,
the mechanical performance of the sternohyoid muscle was
lower and the economy of contraction was less efficient.
During fatigue, the sternohyoid pharyngeal muscle ex-
hibited unfavourable mechanical behaviour, from a ther-
moenergetic point of view, as compared to the diaphragm.
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