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Laboratory 
Investigation 
Amrinone improves 
contractility of fatigued 
diaphragm in dogs Yoshitaka Fujii MD~ Hidenori Toyooka M~* 

Keisuke Amaha MD* 

The effects o f  amrinone, a bipyridine derivative, on diaphrag- 
matic contractility and fatigue were examined in 36 anaesthe- 
tized, mechanically ventilated dogs divided into four groups. 
In Group la (n = 8), dogs without diaphragmatic fatigue were 
given a bolus injection (0.75 mg" kg -t)  followed by continuous 
infusion (I0 #g" kg -t" min - t )  o f  amrinone iv. In Group Ib 
(n = 8), animals without fatigue received infusion only o f  main- 
tenance fluid. In Group Ila (n = 10) and Group lib (n = 
I0), diaphragmatic fatigue was induced by intermittent supram- 

aximal bilateral electrophrenic stimulation at a frequency of  
20 Hz applied for 30 min. After producing fatigue, amrinone 
(0.75 mg" kg -I loading dose plus I0 #g" kg -t" rain - t  main- 
tenance dose) iv were administered in Group Ila. Only main- 
tenance fluids were administered in Group lib during this pe- 
riod. Diaphragmatic contractility was assessed in each group 
by measuring transdiaphragmatic pressure (Pdi). Compared 
with Group Ib, Pdi at any stimuli in Group la did not differ. 
After producing fatigue, in Group lla and Group lib, Pdi de- 
creased at low-frequency (10-30 Hz) stimulation (P < 0.05), 
whereas no change in Pdi was observed at high-frequency (50- 
I00 Hz) stimulation. In Group lla, Pdi to each stimulus in- 
creased during amrinone infusion compared with Group lib 
(P < 0.05). In Group lib, the speed of  recovery from fatigue 
was relatively slower at low-frequency stimulation. The inte- 
grated diaphragmatic electric activity (Edi) did not change 
throughout the experiment. These results indicate that amri- 
none improves contractility in the fatigued diaphragm. 
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L'activiM de l'amrinone, un ddriv~ de la bipyridine, sur la 
contractilit~ et la fatigue diaphragmatiques est dtudi~e sur 36 
chiens anesth$si~es et ventil~s mdcaniquement rdpartis en quatre 
groupes. Darts le groupe Ia (n = 8), les chiens sans fatigue 
diaphragmatique refoivent une injection en bolus d'amrinone 
(0,75 m g ' k g  -t)  suivie par une perfusion continue (10 
vg. kg -1. min -t)  iv. Le groupe Ib (n = 8), comprenant des 

animaux non fatigues ne refoit que du solut~ d'entretien. Dans 
le groupe Ila (n = 10) et le groupe lib (n = 10), la fatigue 
diaphragmatique est induite par stimulation ~lectrophrdnique 

bilat~rale intermittente supramaximale g~ la fr~quence de 20 Hz 
appliqu& pendant 30 min. Une fois la fatigue ~tablie, une dose 
d'attaque d'amrinone 0,75 mg" kg -I plus une perfusion de 10 
~g" kg -t" min -t  pour l'entretien sont administr~es au groupe 
lla. Des liquides d'entretien seulement sont administrds au 
groupe lib pendant cette p~riode. La contractilit~ diaphrag- 
matique est ~valube clans chaque groupe par la mesure de la 
pression transdiaphragmatique (Pdi). Comparativement au 
groupe Ib, la Pdi ne di~re pas du groupe la it tousles niveaux 
de stimulus. Apr~s la production de fatigue dam les groupe 
lla et lib, la Pdi diminue au cours de la stimulation it basse 
fr~quence (10-30 Hz; P < 0,05), alors qubn observe pas de 
changement de Pdi au cours de la stimulation it haute frdquence 
(50-100 Hz). Dans le groupe lla, la Pdi augmente it chaque 
stimulus pendant la perfusion d'amrinone comparativement au 
groupe lib (P < 0,05). Darts le groupe lib, la vitesse de rdcu- 
p~ration sur la fatigue est relativement plus lente g~ la stimulation 
it basse fr~quence. L'activit$ diaphragmatique int$gr$e (Edi) ne 
change pea au cours de l'exp~rience. Ces r~sultats montrent 
que l'amrinone am~liore la contractilitd du diaphragme fatigu~. 

Fatigue of respiratory muscles, especially of the dia- 
phragm, may contribute to the development of respiratory 
failure, l Several studies have demonstrated that methyl- 
xanthine compounds. ~]2 sympathomimetics, digoxin and 
dopamine have positive inotropic effects on fatigued dia- 
phragm. 2-5 In addition to these pharmacological agents, 
we have shown that dobutamine improves the contractility 
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of fatigued canine diaphragm.6 Amrinone, a recently in- 
troduced bipyridine derivative, is a positive inotropic 
agent to cardiac muscle, 7 similar in magnitude to dob- 
utamine. 8 However, to our knowledge, little is known 
about the effect of amrinone on the contractility of fa- 
tigued diaphragm. The hypothesis of this study was that 
administration of amrinone would improve contractility 
of fatigued diaphragm in dogs. 

Methods 
Institutional approval for the experiment was obtained 
from the Animal Care and Use Committee of Tokyo 
Medical and Dental University School of Medicine. 
Thirty-six healthy mongrel dogs weighing between 10 and 
15 kg were anaesthetized with ketamine 20 mg- kg -l im 
and with supplemental doses of pentobarbitone 2 
rag- kg -~. hr -~/v to abolish spontaneous movement. No 
muscle relaxants were used. Animals were placed in the 
supine position, their tracheas were intubated with a 
cuffed tracheal tube, and the lungs were mechanically 
ventilated with a mixture of O2 and air (F[O2 = 0.4) 
to maintain PaO2, PaCO2 and pH within normal ranges. 
The right femoral artery was cannulated to monitor ar- 
terial blood pressure and to obtain blood samples for 
measurements of arterial blood gas tensions. The right 
femoral vein was cannulated to allow administration of 
maintenance fluid (10 ml. kg -~. hr-~, Ringer's lactate 
solution), pentobarbitone and bicarbonate to keep plasma 
HCO3- concentration within the normal range. The left 
femoral vein was cannulated for administration of am- 
rinone. A pulmonary artery catheter was introduced via 
the right external jugular vein for measuring cardiac out- 
put by the thermodilution technique. Rectal temperature 
was monitored continuously with a thermistor and main- 
tained at 37 + I~ with a heating pad. 

The phrenic nerves were exposed bilaterally at the 
neck, and the stimulating electrodes were attached around 
them under mineral oil. Transdiaphragmatic pressure 
(Pdi) was measured by means of two thin-walled latex 
balloons; one positioned in the stomach, the other in the 
middle third of oesophagus. The balloons were connected 
to a differential pressure transducer (Pressure Head, 
Tokyo Keiki) and an amplifier (Attentuator Type 1212, 
Nihondenki San-ei). Supramaximal electrical stimili 
(10-15) volts of 0.1 msec duration lasting two seconds 
were applied at frequencies of 10, 20, 30, 50 and 100 
Hz with an electrical stimulator (Electronic Stimulator 
3F37, Nihondenki San-ei).The isometric contractility of 
the diaphragm was evaluated by measurement of the 
maximal Pdi after airway occlusion at FRC. Transpul- 
monary pressure (Ptp), the difference between airway and 
oesophageal pressures, was kept constant by maintaining 
the same lung volume before each phrenic stimulation. 

FIGURE 1 Animal preparation. Pga = gastric pressure, Pes = 
esophageal pressure, Paw = airway pressure, Pdi = transdiaphmg- 
matie pressure, Ptp = transpulmonary pressure, Ephr = phrenie nerve 
stimulation, EMGdi = electrical activity of diaphragm, PA = 
pulmonary artery. 

End-expiratory diaphragmatic geometry and muscle fibre 
length during contraction were kept constant by placing 
a close-fitting plaster cast around the abdomen and lower 
one-third of the rib cage. The electrical activity of dia- 
phragm was measured with needle electrodes inserted 
percutaneously in the upper abdominal area. The signal 
was rectified and integrated with a leaky integrator (Type 
1310, Nihondenki San-ei) with a time constant of 0.I 
sec, and was regarded as the integrated diaphragmatic 
electrical activity (Edi). The experimental design is sche- 
matically shown in Figure 1. 
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TABLE I Haemodynamic data and changes in Groups Ia and Ib 
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Amrinone 60 min after end of amrinone (Group la) 

Variable G r o u p  Pre-amrinone 30 min 60 min (Group Ib) 

HR Ia 145 -6 14 162 -t- 16"~" 149 -I- 13 
(bpm) Ib 145 + 10 146 -6 14 149 -6 10 

MAP la 122 -6 10 108 -6 7"1" 120 + 10 
(mmHg) Ib 121 + 9 118 +7 116 -6 5 

RAP Ia 5 + I  5-t-1 5-61 
(mmHg) Ib 5 + ! 5 5:1 5 + 1 

MPAP Ia 12 -4- 1 10 -t- 1"1" 12 -I- 1 
(mmHg) lb 12 -6 1 12 -6 1 12 -I- 1 

PCWP Ia 7 5:1 6 5: I'I" 7 -6 1 
(mmHg) lb 7 + 1 7 + 1 7 -6 1 

(~t la 2.1 5:0.4 2.6 -t- 0.5"1" 2.1 -I- 0.4 
(L" rain -~) Ib 2.1 -t- 0.2 2.1 -t- 0.2 2.2 -I- 0.2 

All values are expressed as mean + SD. HR = heart rate, MAP = mean arterial pressure. RAP = right atrial pressure, MPAP = mean 
pulmonary arterial pressure, PCWP = pulmonary capillary wedge pressure, Qt = cardiac output. Ia = amrinone, Ib = control. 
* P <  0.05 (vs pre-amrinone). 
I"P< 0.05 (Group Iavs Group lb). 

Thirty-six dogs were randomly divided into four 
groups; Group Ia (n = 8), Group Ib (n = 8), Group 
IIa (n = 10) and Group lib (n = 10). After the pre- 
amrinone (baseline) measurements of Pdi, Edi and hae- 
modynamic variables which included heart rate (HR), 
mean arterial pressure (MAP), right atrial pressure 
(RAP), mean pulmonary arterial pressure (MPAP), pul- 
monary capillary pressure (PCWP) and cardiac output 
(00,  dogs in Group Ia were given a bolus injection (0.75 
mg-kg -I) followed by a continuous infusion (I0 
~tg. kg -I- min -l) of amrinone /v with an electrical in- 
fusion pump (Terumo, Japan) for 30 min. At 30 rain 
after the onset of amrinone infusion and 60 min after 
the cessation of amrinone infusion, Pdi, Edi and hae- 
modynamic variables were measured, and Qt was eval- 
uated by the thermodilution technique. In Group Ib, an- 
imals who did not receive amrinone, these measurements 
were made at 30 and 90 min to verify the stability of 
this preparation. 

After measuring baseline values of Pdi, Edi and hae- 
modynamic variables in Group IIa and Group lib, di- 
aphragmatic fatigue was induced by intermittent supra- 
maximal bilateral electrophrenic stimulation applied for 
30 rain at a frequency of 20 Hz, an entire cycle of four 
seconds and duty cycle of 0.5 (low-frequency fatigue). 9 
In Group IIa, amrinone (0.75 rag. kg -t loading dose plus 
10 ~g. kg -~- min -! maintenace dose) were administered 
continuously/v with an infusion pump for 30 min after 
30 rnin of fatigue-producing stimulation. Thirty minutes 

after the start of amrinone administration and 60 rain 
after the end of amrinone infusion, Pdi, Edi, haemody- 
namic variables and t)t were measured. In Group lib, 
only maintenance fluid was administered, and these 
measurements were made at 30 and 90 min after the 
fatigue-producing period (recovery period). 

All values are expressed as mean -t- standard deviation 
(SD). Statistical analysis was by one-way analysis of var- 
iance (ANOVA) for repeated measurements, and Dun- 
can's multiple comparison was used for determining dif- 
ferent mean values. Student's t test was used for 
comparisons between two groups. A probability value 
<0.05 was regarded as a statistically significant difference. 

Results 
Haemodynamic results in the four groups are summa- 
rized in Table I and Table II. There were no haemo- 
dynamic differences (baseline) during the pre-amfinone 
period between Groups Ia and Ib, and no differences 
in those during pre-fatigue period between Groups IIa 
and lib. Compared with baseline values, in Groups Ia 
and IIa, increases in HR and 0 t  (P < 0.05), and de- 
creases in MAP, PAP and PCWP (P < 0.05) were ob- 
served during amrinone infusion. After the end of ad- 
ministration, these values returned to baseline values. In 
Groups Ib and lib, there were no haemodynamie changes 
throughout the experiments. 

All Pdi values (cm H20), in Groups Ia and Ib, ob- 
tained at each frequency stimulation, are shown in Table 
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TABLE II Haemodynamic data and changes in Groups lla and lib 
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Amrinone 60 min after end of amrinone (Group lla) 

Variable G r o u p  Pre-fatigue Fatigue Recovery 30 min 60 min (Group lib) 

HR lla 145 5:7 146 5:5 155 5: 7*t:~ 146 5:5 
(bpm) lib 147 5:7 148 5:5 145 + 8 147 + 9 

MAP lla 126 5:8 125 5:12 112 5: 10"~':~ 123 + 8 
(mmHg) lib 123 + 12 126 4- 8 127 + 12 124 5:11 

RAP lla 55:1  55: I 55:1  5-1- 1 
(mmHg) lib 5 5:2 5 5:2 5 5:2 5 + 2 

MPAP lla 12 5:1 12 + I 10 5: l*t:~ 12 5:1 
(mmHg) lib 13 5:3 13 5:4 14 5- 3 14 5:3 

PCWP lla 8 + 2 8 + 2 6 + 2"~:~ 8 5:2 
(mmHg) IIb 8 5:2 8 5:2 8 5:2 8 5:2 

Qt Ila 2.2 + 0.6 2.1 + 0.5 2.7 5: 0.6*~f~ 2.1 5:0.5 
(L" min -t)  lib 2.1 5:0.4 2.1 5:0.4 2.0 5:0.5 2.0 5:0.4 

All values are expressed as mean 5: SD. HR = heart rate, MAP = mean arterial pressure. RAP = fight atrial pressure, MPAP = mean 
pulmonary arterial pressure, PCWP = pulmonary capillary wedge pressure, Qt = cardiac output, lla = amrinone, lib = control. 
*P  < 0.05 (vs pre-fatigue). 
~'P < 0.05 (vs fatigue). 
:~P< 0.05 (Group lla vs Group lib). 

TABLE III Changes in Pdi (era H20 ) from pre-amrinone values 

Amrinone 60 rain after end of amrinone (Group la) 

Frequency G r o u p  Pre-amrinone 30 rain 60 rain (Group 11o) 

10 Hz Ia 9.0 5:1.3 9.0 + 0.9 8.9 5:1.0 
Ib 8.9 + 2.0 8.8 5:2.1 8.9 5:2.2 

20 Hz Ia 15.0 :t: 2.8 15.0 5:3.0 14.9 -I- 2.9 
Ib 15.1 + 3.0 15.1 5:3.1 15.1 + 3.2 

30 Hz la 17.6 5:2.8 17.6 5:2.7 17.4 5:2.4 
Ib 17.5 5:2.7 17.5 5:3.0 17.4 5:3.1 

50 Hz la 20.4 + 3.2 20.3 + 3.7 20.5 -I- 3.3 
Ib 20.4 5:3.3 20.3 5:3.5 20.5 5:3.3 

100Hz la 20.5 5:3.1 21.0 5:3.9 20.8 5:2.9 
lb 20.5 -I- 3.3 20.8 5:3.4 20.4 + 3.3 

All values are expressed as mean 5: SD Pdi = transdiaphragmatic pressure, la = amrinone, Ib = conU'ol. 
*P < 0.05 (vs pre-amrinone). 
t P < 0.05 (Group lavs  Group lh). 

IlL No change in Pdi was affected by amrinone infusion 
in Group Ia. Typical recordings of Pdi (20 and 100 Hz) 
are shown in Figure 2. 

Similarly, in Groups IIa and lib, all Pdi values (cm 
H20) are shown in Table IV. In both groups, after the 
fatigue-producing period, Pdi at low-frequency (10--30 
Hz) stimulation decreased from pre-fatigue values (P < 
0.05), but Pdi at high-frequency (50-100 Hz) stimulation 
did not change. During amrinone administration, in 
Group IIa, Pdi at each frequency of stimulation increased 

compared with fatigue values (P < 0.05). After the end 
of infusion, Pdi returned to fatigue values. Typical re- 
cordings of Pdi at 20 and 100 Hz stimulation are shown 
in Figure 3. In Group IIb, the speed of recovery from 
fatigue was relatively slower at low-frequency stimulation 
than at high-frequency stimulation. 

No change in Edi was observed between the groups 
throughout the experiments in both series. Typical re- 
cordings of Edi at 20 and 100 Hz stimulation are also 
shown in Figure 2 (Group Ia) and Figure 3 (Group IIa). 
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FIGURE 2 Typical recordings of Pdi and Edi at 20 and 100 Hz 
stimulation in Group la. 

Discussion 
The major findings of this study were; (a) the strength 
of contraction (as assessed by Pdi) in non-fatigued dia- 
phragm was not affected by amrinone infusion, (b) am- 
rinone improved the contractility of fatigued diaphragm 
without any change in Edi. 

In this study, contraction of the diaphragm was as- 
sessed by force-frequency characteristics. This method has 
been used extensively for evaluating contractih'ty of skele- 
tal muscle I~ and diaphragm in dogs 3A and humans. 1,2,s 
In these studies, including our previous study, 6 diaph- 
ragmatic contractility was assessed by measuring Pdi, 
which could be affected by the length and geometry of 
pre-contraction diaphragm .9 A major determinant of 
these is lung volume. In this study, lung volume was 
strictly controlled as end-expiratory transpulmonary pres- 
sure (Ptp) was monitored and kept constant before each 
stimulus. Furthermore, deformation of thoracoabdominal 
structures was avoided by placing a cast around the lower 
third of the thorax and abdomen. Thus, the change in 
Pdi observed can be regarded as the result of change 
in diaphragmatic contractility. 

It has been shown that hypoxaemia, hypercapnia and 
metabolic acidosis decrease contractility of the dia- 
phragm. II,j2 As PaO2, PaCO2, pH and HCO3- concen- 
tration were controlled within normal ranges in this study, 
these factors were excluded. 

As the dogs were anaesthetized with pentobarbitone, 
the combined effects of amrinone and pentobarbitone on 
diaphragmatic contractility were examined. However, it 
has been reported that pentobarbitone in doses used in 
this study does not affect contractility of the diaphragm, J3 
which is also in accordance with our results in Group Ib. 

The recommended method of administration of am- 
rinone for improvement of myocardial performanc is 0.75 
mg. kg -I bolus dose followed by a maintenance infusion 
of 10 0-g" kg -z' min-I-14 In this study, therefore, the drug 
was administrated/v in the same dosage. 

Low-frequency fatigue is of particular clinical impor- 
tance because the spontaneous, natural rate of phrenic 
nerve discharge is mainly in the low-frequency range of 
5-30 Hz.15 Therefore, the effect of amrinone on con- 
tractility was evaluated in fatigued diaphragm induced 
by low-frequency (20 Hz) stimulation (low-frequency fa- 
tigue). 

The results of Group lib showed, that Pdi at low- 
frequency stimulation had a tendency to recover more 
slowly than that of Pdi at high-frequency stimulation, 
and that Edi at any frequency stimulation did not change. 
This was in agreement with our previous study.6 

Our results demonstrated that amrinone increased the 
contractility of fatigued diaphragm although it did not 
affect the contractility of non-fatigued diaphragm. The 
precise mechanism of the improvement of contractility 
in the fatigued diaphragm by an infusion of amrinone 
remains unclear. However, the effect of amrinone on con- 
tractility of fatigued diaphragm could have been mediated 
by two mechanisms: a direct positive effect on diaphrag- 
matic contraction or an increase in blood flow to the 
diaphragm. 

It has been suggested that low-frequency fatigue is 
closely related to the impairment of excitation-contraction 
coupling. 16 This impairment is supposed to result from 
the alteration in movement of Ca ++ from the sarcoplas- 
mic reticulum. 17 Amrinone may inhibit cyclic AMP phos- 
phodiesterase, accumulate cyclic AMP intracellularly and 
thereby induce to activate Ca ++ transport from the sa- 
croplasmic reticulum. ~8 It is possible that amrinone aug- 
ments contractih'ty by improving the impediment of Ca ++ 
influx in fatigued diaphragm. In this study, however, con- 
tractility of the fatigued diaphragm was increased only 
during amrinone administration. On the basis of our find- 
ings, amrinone may have a potent positive effect on the 
fatigued diaphragm with an inhibited Ca ++ release from 
the sacroplasmic reticulum. 
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TABLE IV Changes in Pdi (cm H20 ) from pre-fatigue values in Groups lla and lib 
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Amrinone 

Frequency G r o u p  Pre-fatigue Fatigue Recovery 30 min 

60 min after end of amrinone (Group lla) 

90 rain (Group lib) 

10 Hz lla 9.3 • 1.5 6.9 + 1.1" 10.7 :k 2.1*~fJ; 
lib 9.3 • 1.7 7.0 • 1,1" 7.1 • 1,2" 

20 Hz lla 15.3 • 2.8 il.3 • 1,9" 17.5 4- 3.9"~'~ 
lib 15.2 • 2.8 11.5 • 2.0* 11,6 • 2.6* 

30 Hz lla 17.4 • 2.4 15.2 • 2.0* 19.2 -I- 2.9"~':~ 
llb 17.5 + 2.4 15.3 • 2,2" 15.2 + 2.3* 

50 Hz lla 20.1 5:2.1 19,7 • 2.1 21,8 • 2.7"t:~ 
llb 20.2 • 23 19.8 • 2.1 19.9 • 2.3 

100 Hz lla 20.7 • 1.7" 20.5 • 1.6 22.3 • 2.5"~':~ 
IIb 20.6 + 1.9 20.4 • 2,1 20.5 • 2,0 

7.2 • 1,3" 
7.1 • 1.2" 

11.8 • 2.7* 
11.6 • 2.5* 

15.6 • 2.1" 
15.6 • 2.0* 

19.9 • 2,2 
20.1 •  

20.8 • 2.0 
20.5 • 2.7 

All values are expressed as mean -b SD. Pdi = transdiaphragmafic pressure, lla = amrinone, IIb = control. 
* P <  0.05 (vs pre-fatigue). 
I'P < 0.05 (vs fatigue). 
:~P < (Group lla vs Group lib). 

FIGURE 3 Typical recordings of Pdi and Edi at 20 and 100 Hz 
stimulation in Group Ila. 

of amrinone. In addition, contractility of fatigued dia- 
phragm decreased as t)t returned to baseline values after 
the cessation of amrinone administration. Thus, it is sug- 
gested that an increase in diaphragmatic blood flow is 
one of the major factors of improvement of contraction 
of fatigued diaphragm during amrinone administration. 

Amrinone affected only the fatigued, but not the non- 
fatigued diaphram in this study. The precise mechanism 
underlying these findings is unclear. Diaphragmatic fa- 
tigue occurs when the energy consumption by the muscle 
is greater than the energy supplied by the blood, t9 There, 
fore, an augmentation of contractility in the fatigued dia- 
phragm may be attributed to an increase in diaphragmatic 
blood flow which augments energy supply during am- 
rinone administration. Consequently, an increase in blood 
flow to the diaphragm may not have led to an apparent 
augmentation of contraction in non-fatigued diaphragm. 

In conclusion, this study suggests that amrinone in- 
creases contractility in the fatigued, but not in the non- 
fatigued diaphragm. It can be assumed that amrinone 
has a potent positive effect on fatigued diaphragmatic con- 
traction and potentiating effects of the agent on the fa- 
tigued may be different from those on the non-fatigued 
diaphragm. Further studies are needed to elucidate the 
mechanism underlying these findings. 

Diaphragmatic contractility also depends on its energy 
supplies which are related to its blood flow. 19 In this study, 
the blood flow to diaphragm Was not measured. However, 
our previous study demonstrated that diaphragmatic 
blood flow changed linearly with the change of t)t.2~ An 
increase in 0 t  observed in this study may have led to 
an increase in diaphragmatic blood flow with an infusion 

References 
1 Roussos C, Macklem PT. Diaphragmatic fatigue in man. J 

Appl Physiol 1977; 43: 189-97. 
2 Aubier M, De Troyer A, Sampson M, Macklem PT, Rous- 

sos C. Aminophylline improves diaphragmatic contractility. 
N Engl J Med 1981; 305: 249-52. 

3 Howell S, Roussos C. Isoproterenol and aminophylline 

RETRACTED A
RTIC

LE



86 CANADIAN JOURNAL OF ANAESTHESIA 

improve contractility of fatigued canine diaphragm. Am 
Rev Respir Dis 1984; 129: 118-24. 

4 Aubier M, Viirbs N, Murciano D, Seta J-P, Pariente R. 
Effects of digoxin on diaphragmatic strength generation. J 
Appl Physiol 1986; 61: 1767-74. 

5 Aubier M, Murciano D, Menu Y Boczkowski J, Mal H, 
Pariente R. Dopamine effects on diaphragmatic strength 
during acute respiratory failure in chronic obstructive pul- 
monary disease. Ann Intern Med 1989; 10: 17-23. 

6 Fujii Y, Toyooka H, Ebata T, Amaha K. Contractility of 
fatigued diaphragm is improved by dobutamine. Can J 
Anaesth 1993; 40: 453-8. 

7 Benotti JR, Grossman W, Braunwald E, Davolos DD, 
Alousi AA. Hemodynamic assessment of amrinone. A 
new inotropic agent. N Engl J Med 1978; 299: 1373-7. 

8 Klein NA, Siskind S J,, Frishman WH, Sonnenblick EH, 
LeJemtel TH. Hemodynamic comparison of intravenous 
amrinone and dobutamine in patients with chronic conges- 
tive heart failure. Am J Cardiol 1981; 48: 170-5. 

9 Grassino A, Goldman MD, Mead J, Sears TA. Mechanics 
of the human diaphragm during voluntary contraction: 
statics. J Appl Physiol 1978; 44: 829-39. 

10 Edwards R H T  Physiological analysis of skeletal muscle 
weakness and fatigue (Editorial). (:fin Sci Mol Med 1978; 
54: 463-70. 

11 Esau SA. Hypoxic, hypercapnic acidosis decreases tension 
and increases fatigue in hamster diaphragm muscle in vitro. 
Am Rev Respir Dis 1989; 139: 1410-7. 

12 Howell S, Fitzgerald RS, Roussos C. Effects of uncom- 
pensated and compensated metabolic acidosis on canine 
diaphragm. J Appl Physiol 1985; 59: 1376--82. 

13 lde T, Kochi T, lsono S, Mizuguchi T. Effect of sevoflu- 
rane on diaphragmatic contractility in dogs. Anesth Analg 
1992; 74: 739-46. 

14 Sidi A, Pool JM, Rush W. Early administration of amri- 
none does not impair regional metabolism of 02 or lactate 
and, by improving myocardial performance, preserves my- 
ocardial blood flow in the ischemic canine heart. Anesth 
Analg 1993; 76: 1201-12. 

15 Roussos C, Macklem P T  The respiratory muscles. N Engl 
J Med 1982; 307: 786-97. 

16 Moxham J, Wiles CM, Newham D, Edwards R H T  
Contractile function and fatigue of the respiratory muscles 
in man. In: Human Muscle Fatigue: Physiological Mecha- 
nism. Ciba Foundation Symposium London: Pitman Med- 
ical, 1981; 82: 197-205. 

17 Aubier M, Farkas G, De Troyer A, Mozes R, Roussos C. 
Detection of diaphragmatic fatigue in man by phrenic stim- 
ulation. J Appl Physiol 1981;50: 538-44. 

18 Endoh M, Yamashita A, Taira N. Positive inotropic effect 
of amrinone in relation to cyclic nucleotide metabolism in 
the canine ventricular muscle. J Pharmacol Exp Ther 1982; 
221: 775-83. 

19 Robertson CH Jr, Foster GH, Johnson RL Jr. The rela- 
tionship of respiratory failure to the oxygen consumption 
of, lactate production by, and distribution of blood flow 
among respiratory muscles during increasing inspiratory re- 
sistance. J Clin Invest 1977; 59: 31-42. 

20 Fujii Y, Toyooka H, Amaha K. Diaphragmatic fatigue 
and its recovery are influenced by cardiac output. Masui 
1991; 5: 17-23. 

RETRACTED A
RTIC

LE




