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Human Chest Wall Function while Awake and

during Halothane Anesthesia

II. Carbon Dioxide Rebreathing

David O. Warner, M.D.,* Mark A. Warner, M.D.*

Background: Changes in the distribution of respiratory drive
to different respiratory muscles may contribute to respiratory
depression produced by halothane. The aim of this study was
to examine factors that are responsible for halothane-induced
depression of the ventilatory response to carbon dioxide re-
breathing.

Metbods: In six human subjects, respiratory muscle activity
in the parasternal intercostal, abdominal, and diaphragm
muscles was measured using fine-wire electromyography
electrodes. Chest wall motion was determined by respiratory
impedance plethysmography. Electromyography activities
and chest wall motion were measured during hyperpnea pro-
duced by carbon dioxide rebreathing while the subjects were
awake and during 1 MAC halothane anesthesia.

Results: Halothane anesthesia significantly reduced the slope
of the response of expiratory minute ventilation to carbon
dioxide (from 2.88 + 0.73 (mean *+ SE) to 2.01 *+ 0.45
1-min ' -mmHg '). During the rebreathing period, breathing
frequency significantly increased while awake (from 10.3 +
1.4 to 19.7 £ 2.6 min ', P < 0.05) and significantly decreased
while anesthetized (from 28.8 + 3.9 to 21.7 + 1.9 min™', P <
0.05). Increases in respiratory drive to the phrenic motoneu-
rons produced by rebreathing, as estimated by the diaphragm
electromyogram, were enhanced by anesthesia. Anesthesia
attenuated the response of parasternal electromyography and
accentuated the response of the transversus abdominis elec-
tromyography to rebreathing. The compartmental response
of the ribcage to rebreathing was significantly decreased by
anesthesia (from 1.83 + 0.58 t0 0.48 + 0.13 1 min ' - mmHg "),
and marked phase shifts between ribcage and abdominal mo-
tion developed in some subjects. However, at comparable tidal
volumes, the ribcage contribution to ventilation was similar
while awake and anesthetized in four of the six subjects.
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Conclusions: Halothane anesthesia enhances the rebreathing
response of neural drive to the primary respiratory muscle,
the diaphragm. These findings provide direct evidence that,
at the dose examined in this study, halothane-induced respi-
ratory depression is caused by alterations in the distribution
and timing of neural drive to the respiratory muscles, rather
than a global depression of respiratory motoneuron drive.
(Key words: Anesthetics, volatile: halothane. Lung: breathing
pattern; diaphragm; functional residual capacity; intrathoracic
blood volume; ribcage. Measurement technique: electro-

myography; respiratory impedance plethysmography. Muscle:
diaphragm; external oblique; parasternal intercostal; respi-
ratory; transversus abdominis.)

RESPIRATORY depression produced by halothane and
other anesthetic drugs can be quantified by measuring
the response of minute ventilation (VE) to increases in
the arterial carbon dioxide tension (Paco,) produced
by the rebreathing of expired gas.' The carbon dioxide
response is consistently depressed by the volatile an-
esthetics.>® This depression could result from a pro-
portional decrease in the overall neural output from
respiratory centers to all respiratory muscles or an al-
tered distribution of this output to various respiratory
muscle groups.

A study by Tusiewicz et al.® favored the latter expla-
nation. They attributed a major portion of halothane-
induced depression of the carbon dioxide response to
a preferential suppression of intercostal muscle func-
tion, with a relative sparing of diaphragm activity. This
conclusion was based on measurements of ribcage and
abdominal dimensions in adolescents, and the absence
of activity in the parasternal intercostal muscle during
quiet breathing in a small separate group of anesthe-
tized adult subjects. However, because chest wall mo-
tion normally is determined by the complex interaction
of many muscle groups, chest wall motion alone cannot
be used to directly infer respiratory muscle activity.
For example, in an accompanying communication, we
showed that inspiratory ribcage expansion during quiet
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breathing was relatively well preserved during halo-
thane anesthesia in human subjects, despite the absence
of parasternal intercostal muscle activity.” Also, halo-
thane anesthesia consistently produces phasic activity
in abdominal muscles, so that measurements of ab-
dominal dimensions may not directly reflect diaphrag-
matic function. Finally, it is possible that the parasternal
intercostal muscles (and other extradiaphragmatic
muscles that affect chest wall motion) may be recruited
during rebreathing. Changes in the electrical activity
of the respiratory muscles in response to rebreathing
in anesthetized humans have not been studied, so that
the factors contributing to halothane-induced depres-
sion of the carbon dioxide response remain unclear.

This paper continues the presentation of results ob-
tained in our study of the effects of halothane anesthesia
on human chest wall function,” focusing on results ob-
tained during hyperpnea induced by carbon dioxide
rebreathing. Issues addressed include (1) whether
halothane-induced alterations in the pattern of respi-
ratory muscle use during quiet breathing persist during
hyperpnea induced by rebreathing, (2) how such al-
terations affect chest wall motion during hyperpnea,
and (3) how the neural activation of the diaphragm,
the primary muscle of respiration, adapts to provide
increases in Vi during wakefulness and halothane anes-
thesia.

Materials and Methods

This study was approved by the Institutional Review
Board. Six healthy male subjects were studied after in-
formed consent. The day before each experiment, each
subject was brought to the laboratory for familiarization
with experimental procedures, including one trial of
rebreathing. In the following section, procedures used
to instrument and anesthetize these subjects are sum-
marized (details are found in an accompanying
communication®), and methods used to produce re-
breathing are presented in detail.

All studies were performed with the subject in the
supine position. Instrumentation included (1) a radial
arterial line for arterial blood pressure and blood gas
sampling; (2) respiratory impedance plethysmography
(RIP) bands around the upper ribcage and the abdo-
men, calibrated by standard techniques'’; (3) bipolar
fine-wire electromyogram (EMG) electrodes placed
percutaneously into the parasternal intercostal, trans-
versus abdominis, external oblique, and diaphragm
muscles''; (4) esophageal and gastric balloons placed
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in the midesophagus and stomach, respectively, after
the induction of halothane anesthesia; and (5) a pneu-
motachograph to measure inspired and expired gas
flows, which were integrated to obtain changes in lung
gas volume, corrected to body temperature, standard
pressure conditions. Imaging of the thorax” was not per-
formed because of limits on allowable radiation exposure
of volunteers. We have shown in an accompanying com-
munication that RIP is a valid technique to measure chest
wall motion during anesthesia, even though it does not
measure actual volumes displaced by the surfaces of the
ribcage and the diaphragm.” All measurements presented
in this communication were performed while the subject
was breathing through a mouthpiece with a nose clip
(awake) or an endotracheal tube (anesthetized) with the
arms resting at the subject’s side.

After instrumentation, each subject breathed quietly
for several minutes to establish a stable pattern of
breathing. They were then quickly connected to a 7-1
bag containing 7% CO, and 93% O, (awake measure-
ments) or 8% CO; and 91% O,, plus 1% halothane
(anesthetized measurements). Carbon dioxide con-
centration in the bag was continuously monitored by
an infrared analyzer and expressed as carbon dioxide
tension (Pco,, Nelcor N-2500). The different initial
carbon dioxide concentrations were used to promote
rapid equilibration between blood and bag P, and to
standardize the rate of rise of P¢o, in awake and anes-
thetized conditions. Rebreathing continued until Pco,
in the bag increased by approximately 10-15 mmHg.
Arterial blood gases were obtained before and at the
conclusion of rebreathing.

After rebreathing while awake, other measurements
were obtained as detailed in the accompanying com-
munication. An inhalation induction of halothane
anesthesia was performed, and the trachea was intu-
bated with a 9.0-mm endotracheal tube under deep
halothane anesthesia. The subjects were allowed to
breathe spontaneously, and inspired halothane con-
centration was adjusted to provide end-tidal concen-
trations of 0.9 + 0.1% (equal to approximately 1 MAC).
Rebreathing was then repeated.

Data Analysis

All data were analyzed at 30-s intervals during re-
breathing.

EMG signals recorded on tape were processed with
a third-order Paynter filter to provide a 100-ms moving
time average (MTA).'? The diaphragm MTA tracings
were digitized, and the mean diaphragm MTA activity
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per breath (Ep,) was calculated as the area under the
MTA signal divided by the duration of the signal'? (fig.
1). If EMG activity persisted into expiration, only the
portion of the signal before the onset of expiratory flow
was used to calculate this mean (see Appendix for dis-
cussion of EMG analysis).

Changes in the duration of EMG activity could affect
Epis, even if the rate of increase in neural output over
the course of each breath remained constant. To ac-
count for these changes in duration, the average rate
of rise of MTA activity (Ep;x) was calculated'* (fig. 1).
This calculation aids in the distinction between alter-
ations in diaphragm activity caused by changes in the
duration of activity and alterations caused by changes
in the time course of EMG activity development. Only
the portion of the signal before the onset of expiratory
flow was used to determine the duration of activity and
to calculate Ey, (see Appendix).

Volume-motion coefficients were calculated for the
RIP data according to the method of Mankikian et al.'’
Calibrations were performed with the subjects awake
and repeated during anesthesia. With these calibrations,
tidal volume was partitioned into ribcage and dia-
phragm-abdomen (referred to hereafter as abdominal)
components. Displacements of these compartments
approximate but do not equal the actual volumes dis-
placed by motion of the ribcage and diaphragm.”'>
When used to calculate compartmental contributions
to tidal volume, changes in dimensions were measured
only over the duration of inspiratory flow. Thus, par-
adoxic motion of any compartment (e.g., ribcage ex-
pansion during early expiration) is not included in the
computation of compartmental tidal volumes. Phase
relationships between the ribcage and abdominal com-
partments were displayed as Lissajous plots of ribcage
versus abdominal dimensions as measured by RIP.

The validity of RIP calibration was assessed as follows.
For all subjects, the mean correlation coefficient during
rebreathing between tidal volume calculated as the sum
of ribcage and abdominal components (Vg gp) and tidal
volume measured with the pneumotachograph
(V1. pneumo) Was 0.972 + 0.012 while awake and 0.994
+ 0.003 while anesthetized. The relative difference
between Vi gip and Vy pcumo Was calculated for each pa-
tient as |(Vrrie — Vi pncumo)/Vrael X 100. The mean
relative difference for all data points during rebreathing
was 7.6 = 1.8% while awake and 3.4 + 0.9% while
anesthetized.

Variables were compared between awake and anes-
thetized states using paired ¢ tests. Linear regressions
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Fig. 1. Methods used to quantify electromyogram (EMG) ac-
tivity. Open and closed circles represent the beginning and
end of inspiratory gas flow, respectively. Activity was quan-
tified as either the mean moving time average (MTA) or the
average rate of MTA rise, analyzed only over the period of
inspiratory gas flow.

were used when appropriate to quantify the relation-
ship between two variables. P < 0.05 was taken as sig-
nificant.

Results

Ventilation and Timing

Halothane anesthesia significantly reduced the slope
of the response of expiratory minute ventilation (VE)
to carbon dioxide (from 2.88 = 0.73 to 2.01 + 0.45
l-min~'-mmHg ', fig. 2 and table 1). The V; at an
expired P¢o, of 55 mmHg also was significantly reduced
by halothane anesthesia (from 37.5 = 7.7 to 13.1 £
2.3 1/min). The initial Paco, (measured during quiet
breathing immediately before rebreathing) was in-
creased by halothane anesthesia (from 41 + 2to 51 =
3 mmHg). The increase in Paco, produced by rebreath-
ing did not differ significantly between awake and
anesthetized conditions (increases of 13 = 2 mmHg
and 13 + 4 mmHg, respectively). The initial V; was
not affected by anesthesia (table 2). The increase in Vg
produced by rebreathing also did not differ significantly
between awake and anesthetized conditions (increases
of 25.9 = 5.2 I/min and 19.5 = 2.1 I/min, respec-
tively).

Rebreathing changed ventilatory timing in both
awake and anesthetized states but in a markedly differ-
ent manner. The breathing frequency at the onset of
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Fig. 2. Response of total minute ventilation (measured with a
pneumotachograph) and the compartmental minute ventila-
tion of the ribcage and abdominal compartments (measured
with respiratory impedance plethysmography) to changes in
inspired carbon dioxide tension while awake and anesthetized
for one subject. Data points were obtained at 30-s intervals.
Solid lines = linear regressions.

rebreathing was significantly higher while anesthetized
(table 2). The inspiratory time (T;) and expiratory time
(Ty) were both significantly lower while anesthetized;
the ratio of T, to the total period of breathing (T,/Tyor)
was not different. During the rebreathing period,
breathing frequency increased while awake and de-

creased while anesthetized (table 2). In other words,
Tror (the reciprocal of breathing frequency) decreased
while awake and increased while anesthetized during
the rebreathing period. While awake, T, and Tg de-
creased and T,/Tror increased over the rebreathing pe-
riod. Thus, decreases in Tror over the rebreathing pe-
riod were caused by decreases in both T, and T;. During
anesthesia, Ty increased over the rebreathing period,
whereas T, and T,/Tror did not change significantly.
Thus, increases in Tpor over the rebreathing period
while anesthetized were caused by increases in Tg.

The response of tidal volume to rebreathing also dif-
fered among awake and anesthetized states. The tidal
volume at the onset of rebreathing was significantly
lower during anesthesia (table 2). As V; increased, tidal
volume increased both while awake and while anes-
thetized. The slope of the linear regression of tidal vol-
ume versus Vy was significantly greater while anesthe-
tized (0.053 £ 0.004 min) than while awake (0.038
+ 0.007 min). Thus, a greater increase in tidal volume
was necessary to produce a given change in V; while
anesthetized.

Respiratory Muscle Activation

Satisfactory diaphragm EMG data were obtained in
five subjects. Ep, at the onset of rebreathing, expressed
as a fraction of the maximum activity during rebreath-
ing while awake, was not significantly different while
awake (0.63 + 0.05) or anesthetized (0.49 + 0.13).
The effect of rebreathing on E,, was quantified by lin-
ear regression of Epua versus Pco, for each subject (fig.
3). The slope of this relationship was significantly

Table 1. Overall and Compartmental Responses to CO, Rebreathing

Awake Anesthetized
Slope (L-min~' -mmHg ") Vss (L-min~") Slope (L -min~"-mmHg ™) Vs (L-min~")

Patient No. Ve Vac Vas Ve Vac Vs Ve Vac Vas Ve Vac Vas

1 6.21 4.33 1.88 61.3 394 219 4.00 1.05 295 9.0 26 6.4

2 250 0.75 1.75 271 8.1 19.0 1.91 0.24 1.67 11.6 29 8.7

3 1.42 0.74 0.68 20.9 10.2 10.7 0.71 0.17 0.54 8.1 34 46

4 3.01 1.86 1.15 56.7 325 242 224 0.57 1.67 237 59 17.8

5 1.28 0.81 0.48 16.3 79 84 L5 0.53 0.99 116 44 7.2

6 2.83 249 0.34 427 359 6.8 1.68 0.31 1.37 14.4 29 115
Mean 2.88 1.83 1.05 375 223 15.2 2.01* 0.48* 1.53 13.1* 3.7 9.4*

SEM 0.73 0.58 0.27 7.7 6.2 3.0 0.45 0.13 0.33 23 0.5 1.9

Ve = total minute ventilation (sum of Ve and Vas); Vac = compartmental ribcage minute ventilation; Vs = compartmental abdominal minute ventilation; Vss =
calculated minute ventilation at a Peo, of 55 mmHg. All values obtained from linear regression of minute ventilations against Pco, measured in rebreathed gas.

* Significant difference from awake values.
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greater during anesthesia (0.185 *= 0.050 mmHg ')
compared with the awake state (0.052 = 0.013
mmHg ™ "). In other words, for a given increase in
Pco, during rebreathing, the increase in Epi Was con-
sistently greater during halothane anesthesia compared
with the awake condition. When this relationship was
used to estimate I—EDM at a Pco, of 55 mmHg, there was
no significant difference in this activity while awake
(1.11 = 0.11) and while anesthetized (1.07 £ 0.33).

The duration of inspiratory diaphragmatic activity
significantly. decreased over the rebreathing period
while awake (from 2.61 £ 0.95 to 1.66 = 0.61 s) and
significantly increased while anesthetized (from 0.95
+ 0.34 to 1.25 = 0.18 s). These changes in duration
could affect Ey,,, even if the rate of increase in neural
output over the course of each breath remained con-
stant. To account for these changes in duration, the
average rate of rise of EMG activity (ED[A) was calcu-
lated. EDM at the onset of rebreathing, expressed as a
fraction of the maximum EDM during rebreathing while
awake, was significantly greater during anesthesia (0.90
+ 0.37) compared with wakefulness (0.37 + 0.04).
The effect of rebreathing on Ep,;, was quantified by the
linear regression of this quantity and P, for each sub-
ject. The slope of this relationship was significantly
greater during anesthesia (0.199 + 0.064 mmHg™")
compared with wakefulness (0.084 = 0.011 mmHg ).
In other words, for a given increase in P, during re-
breathing, the increase in ED.A was 'consistently greater
during halothane anesthesia. When this relationship
was used to calculate EDM ata P.o, of 55 mmHg, there
was no significant difference between awake (1.12 =+
0.15) and anesthetized (1.58 = 0.506) states.

The temporal relationship of diaphragm EMG activity
to airflow also differed between awake and anesthetized

Table 2. Ventilatory Parameters during Rebreathing

250 g
@ ® Awake
'S'E 200} 0 Anesthetized |
= o
<™ 150 ¢ i
o E
3
> E 100} .‘)’. | /
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Fig. 3. Average moving time average of the diaphragm elec-
tromyogram (DIA MTA) in one subject during rebreathing,
expressed as a percent of the maximum value during re-
breathing while awake, as a function of expired carbon dioxide
tension (left) or tidal volume (right), while awake and anes-
thetized. Solid lines = linear regressions.

states. While awake, EMG activity persisted into the
early part of expiration (fig. 4). This postinspiratory
activity was present throughout the rebreathing period.
This activity was never observed during halothane
anesthesia; the cessation of inspiratory diaphragm EMG
activity and the onset of expiration were synchronous
(fig. 5).

Because the tidal volume at a given Po, differed
markedly between the awake and anesthetized states,
changes in diaphragm EMG activity during rebreathing
were analyzed as a function of tidal volume (fig. 3).
The slope of the relationship between Epis and tidal
volume during rebreathing was significantly greater
during halothane anesthesia (0.657 = 0.266 ™' awake
and 1.89 + 0.69 1" anesthetized). The Ep,, at a tidal
volume of 1.2 1 also was significantly greater during
halothane anesthesia (0.875 = 0.115 awake vs. 2.31
+ 0.81 anesthetized). These results indicate that a

Awake Anesthetized
Initial Final Initial Final
Breathing frequency (min) 103 =14 19.7 +26* 288 + 39t 217 -+1.9°
Period of breathing (T+or) () 6.52 + 1.06 3.36 = 0.48* 2.29 + 0.33t 2.88 + 0.27*
Inspiratory time (T)) (s) 242 + 0.36 1.65 £ 0.27* 0.95 +0.111 1.14 £ 0.12
Expiratory time (Tg) (s) 410+ 0.74 1.71 £ 0.24* 1.34 + 0.23t 1.74 £ 0.18*
TJTror 0.38 + 0.02 0.49 + 0.02* 0.43 +0.03 0.39 + 0.02
Tidal volume (V5) (L) 0.95 + 0.17 1.84 + 0.33* 0.28 + 0.03t 1.33 +£ 0.20*
Vy/T(L-s7) 0.39 + 0.03 1.18 + 0.19* 0.30 + 0.021 1.17 £ 0.09*
Minute ventilation (Vg) (L-min~") 90 +1.0 349 +6.2° 77—+ 07 272 +1.7°

* Significant difference from initial value.
1 Significant difference initial awake versus anesthetized values.

Anesthesiology, V 82, No 1, Jan 1995

20z Iudy 8| uo 3senb Aq 4pd*¥0000-0001} 0566 L-2¥S0000/76768€/02/|/28/4Pd-0]01E/ABOjOISBYISOUE/WOD JIEUDISA|IS ZBSE//:dRY WO} papeojumod



REBREATHING DURING HALOTHANE ANESTHESIA

25

INITIAL FINAL
o ° o e o e

Parasternal

e DO B e e
intercostal
Diaphragm - “M
Transversus i 4“ ‘ ‘b
abdominis

-

Rib cage I
—_—
Abdomen

Fig. 4. Electromyogram activity (fop) and the pattern of chest
wall motion plotted as changes in chest wall dimensions mea-
sured by respiratory impedance plethysmography (bottom)
in one awake subject at the onset (/eff) and conclusion (right)
of rebreathing. Open and closed circles denote the beginning
and end of inspiratory gas flow, respectively.

greater mean diaphragmatic MTA activity per breath
was required to produce a given V; while anesthetized.
Similar results were found for Ep, (data not shown).

Rebreathing significantly increased the average para-
sternal intercostal MTA activity while awake (fig. 4, a
3.4 + 1.0-fold increase over iritial values). Parasternal
intercostal activity developed in subjects 1 and 2 during
rebreathing while anesthetized shortly before the con-
clusion of the rebreathing period (fig. 5). The maxi-
mum mean MTA activity during anesthetized rebreath-
ing in these two subjects was relatively small compared
with awake values (13% and 16% of awake maximum
values in subjects 1 and 2, respectively). The onset of
this activity in these two subjects was not associated
with perceptible changes in chest wall motion. Like
the diaphragm, postinspiratory activity was present in
the parasternal intercostal muscle while awake (fig. 4)
but not while anesthetized (fig. 5).

Three subjects developed phasic expiratory activity
in the transversus abdominis muscle during rebreathing
while awake (fig. 4); no phasic activity was observed
in the external oblique. During anesthesia, phasic ex-
piratory activity was always present in the transversus
abdominis at the beginning of rebreathing and consis-
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tently increased throughout the period (fig. 5,2 2.8 +
1.1-fold increase over initial values). The duration of
activity did not change over the rebreathing period
(from 1.72 = 0.24 to 1.87 + 0.43 s). One subject
developed phasic activity in the external oblique dur-
ing rebreathing; otherwise, phasic activity in this mus-
cle was not observed while anesthetized. Phasic ex-
piratory activity in the diaphragm electrode, probably
reflecting activity in the adjacent internal intercostal
muscles, was consistently present at the conclusion of
rebreathing while anesthetized (fig. 5).

Compartmental Responses

Minute ventilation of the ribcage and abdominal
compartments was computed as the product of the
compartmental tidal volume (measured by RIP) and
breathing frequency. Halothane anesthesia significantly
depressed the ribcage response to carbon dioxide,
quantified as the slope of the linear regression of this
relationship between compartmental minute ventila-
tion and P, measured in the rebreathing bag but did
not significantly change the abdominal response (fig.

INITIAL FINAL RECOVERY
o K 0O e o e 0 e O e Oe O o
s et ol —8—8
P t |
intercostal -
Transversus M
abdominis - ;
s~ i LA
pressure
Esophageal
Basie W m
Rib
e s I St p Q
-

Abdominal area

Fig. 5. Electromyograms, gastric and esophageal pressures, and
chest wall motion in one anesthetized subject at the onset (lef?)
and conclusion (middle) of rebreathing. Open and closed cir-
cles denote the beginning and end of inspiratory gas flow,
respectively. Also shown (right) is a unique pattern of breath-
ing that developed in this subject during recovery from re-
breathing that demonstrates the possible importance of ex-
piratory muscle activity to ribcage expansion (see text for
discussion).
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2 and table 1). However, this analysis does not take
into account the fact that these responses were mea-
sured over different ranges of tidal volumes, with
smaller tidal volumes during halothane anesthesia (ta-
ble 2). To evaluate compartmental contributions at
comparable tidal volumes, compartmental tidal vol-
umes were expressed as a function of total tidal volume
(fig. 6). At comparable tidal volumes, the ribcage con-
tribution to inspiration was significantly depressed only
in subjects 1 and 6. When compartmental volume dis-
placements at a Vy of 1.2 | were estimated using linear
regression parameters, the ribcage contribution to tidal
volume tended to be less during halothane anesthesia
(27 + 3%) than while awake (42 + 6%) but not sig-
nificantly so.

Halothane anesthesia also affected the phase rela-
tionship between ribcage and abdominal motion (figs.
5 and 7). Immediately after the onset of rebreathing,
ribcage and abdominal movements were relatively syn-
chronous both while awake and while anesthetized (as
shown by the narrow loops in figs. 4, 5, and 7). At the
end of the rebreathing, all subjects exhibited paradoxic
ribcage motion during halothane anesthesia (i.e., the
ribcage expanded during the first part of expiration
(figs. 5 and 7)). This paradox was never noted in awake
subjects (fig. 4).

Discussion

The principal findings of this study are that (1) halo-
thane-induced alterations in the pattern of respiratory
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Fig. 6. Compartmental tidal volumes as a function of total tidal
volume for each subject while awake and anesthetized. Note
that, at comparable tidal volumes, the ribcage volume dis-
placement is decreased during anesthesia only in subjects 1
and 6. Solid lines = linear regressions. Some data points have
been omitted for clarity.
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Fig. 7. Chest wall motion during anesthesia, plotted as changes
in chest wall dimensions measured by respiratory impedance
plethysmography, at the onset (small loops) and the conclu-
sion (large loops) of rebreathing in each subject. Units for
dimensions are arbitrary and vary between but not within
subjects. Open and closed circles denote the beginning and
end of inspiratory gas flow, respectively. Note that, at the
conclusion of rebreathing, each subject exhibits paradoxic
ribcage motion, with ribcage dimensions continuing to in-
crease during early expiration.

Rib cage

muscle activity observed during quiet breathing persist
during rebreathing, (2) increases in respiratory drive
to phrenic motoneurons produced by rebreathing, as
estimated by the diaphragm EMG, were enhanced by
halothane anesthesia, and (3) ribcage expansion con-
tributed significantly to the tidal volume during anes-
thetized rebreathing, despite suppression of parasternal
intercostal activity by halothane.

Overall Ventilation and Timing

V; is a useful measure of overall respiratory output
that frequently is used to quantify drug-induced respi-
ratory depression. Our results confirm previous findings
that halothane, like the other volatile anesthetics, re-
duces the response of \"E to increases in Paco, produced
by the rebreathing of expired gas.”*>°® The magnitude
of this depression in our study was modest at this mod-
erate dose of halothane (a 26% reduction in slope).
We also confirm that halothane decreases the VE main-
tained at a given Paco,, as estimated by the P¢o, during
rebreathing. The V; at the onset of rebreathing was not
significantly changed by halothane anesthesia despite
a higher Pac,,, consistent with previous work showing
that halothane anesthesia increases physiologic dead
SpaCC.Z""'(’"(’
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V; depends on the intensity of respiratory motoneuron
output (7.e., the ventilatory drive) and timing of this
respiratory output. This relationship can be expressed
as

Ve = Vo X £ = Vo /Ty X Ty X 11/Tror

where f is the breathing frequency (equal to 1/Tror)."
V; reflects the net amount of gas displaced per breath
by the actions of the respiratory muscles. Vy/T,, the
mean inspiratory flow, is considered to reflect venti-
latory drive, whereas T, and 1/Tyor are measures of
ventilatory timing.

While awake, rebreathing affected ventilatory timing,
decreasing both T; and Tror. The ratio of T; to Tror
(often referred to as the “‘duty cycle’”) increased, in-
dicating that a greater portion of each breath was de-
voted to inspiration. These responses are consistent
with previous reports in awake humans.*'”'® Halothane
anesthesia affected these measures of timing at the onset
of rebreathing, reducing T, and Tyor, findings consistent
with previous reports.>*>® The responses of venti-
latory timing parameters to rebreathing were dramat-
ically affected by anesthesia; T, was unchanged over
the rebreathing period, whereas f decreased, because
of increases in the expiratory time (Tg). This result
differs from previous reports that found no change in
f with steady-state increases in inspired carbon dioxide
during halothane anesthesia®'??° or during rebreathing
with methoxyflurane.* This difference may reflect dif-
ferences in the experimental technique used to increase
inspired carbon dioxide (rebreathing vs. steady state)
or the anesthetic.

The mechanisms responsible for these effects on ven-
tilatory timing are unknown. Most information comes
from animal experiments; however, significant species
differences may limit application of these insights to
humans.?' During quiet breathing, halothane-induced
tachypnea appears to be centrally mediated.?? The im-
portance of vagally mediated input from pulmonary
stretch receptors in the termination of inspiration (the
Hering-Breuer reflex) in humans is controversial,**~*°
with at least one study suggesting that this reflex is
operative during quiet breathing in enflurane-anesthe-
tized humans.?® The fact that V; increased significantly
without changing T, suggests that vagal influences de-
pendent on V; have little influence on timing during
hyperpnea in halothane-anesthetized humans. Similar
results have been reported in subjects given intravenous
anesthetics.”*
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Respiratory Muscle Activation

As found in previous studies, the parasternal inter-
costal muscles contributed to the rebreathing response
while awake. In contrast, while anesthetized, paraster-
nal intercostal activity was noted during rebreathing in
only two subjects, with little apparent effect on the
pattern of chest wall motion. Thus, halothane-induced
suppression of parasternal intercostal muscle activity,
previously noted in quiet breathing,®” persists in most
subjects even at high levels of Paco, (mean value of 64
mmHg).

Although the abdominal muscles could contribute to
the rebreathing response both while awake and while
anesthetized, recruitment was more consistent during
anesthesia. Recordings from the diaphragm electrode
suggest a similar pattern of results for lateral ribcage
expiratory muscles such as the internal intercostal
muscles. De Troyer et al.'' found that the transversus
abdominis is the predominant abdominal muscle that
exhibits phasic respiratory activity in awake humans
and that this muscle can participate in the rebreathing
response.'' Our results extend this finding to the anes-
thetized state. The other abdominal muscle examined,
the external oblique, was recruited infrequently. These
clear differences in the respiratory activity of different
layers of abdominal muscles may be related to their
anatomy. Because of the circumferential orientation of
its fibers, the transversus abdominis is particularly well
suited to increase abdominal pressure and thus affect
chest wall motion.*’

If inspiratory drive to the phrenic motoneurons is
defined as the rate of rise of EMG activity over the
course of inspiration (Ep,,) (see Appendix), then drive
at the onset of rebreathing was greater during halothane
anesthesia. Furthermore, both the response of EDM to
increases in P, and the Epnata given Po, were greater
during halothane anesthesia, suggesting that the re-
sponse of phrenic motoneuron drive to rebreathing was
enhanced by halothane anesthesia.

There are several possible explanations for this result.
The duration of diaphragmatic activity was markedly
shortened by halothane, and phrenic motoneuron drive
(as defined by Epw) increased so that average EMG ac-
tivity (Epia) at the onset of rebreathing was unchanged.
Thus, increases in phrenic motoneuron drive could be
related to the profound changes in timing. Furthermore,
because of differences in the response of the breathing
frequency, greater increases in V; were required to
produce a given increase in V; while anesthetized. The
need for greater increases in V; should require greater
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increases in neural drive to the diaphragm. Finally, the
range of tidal volumes generated by respiratory muscle
activity was different among the two conditions. It is
apparent that, when drive was analyzed as a function
of Vi, significantly greater EMG activity was needed to
generate a given V; when anesthetized. Also, a greater
change in EMG activity was required to produce a given
increase in V; during anesthetized rebreathing. This
finding suggests a decrease in the efficiency of dia-
phragmatic contraction during halothane anesthesia,
i.e., a decrease in the volume of gas displaced for a
given neural input to the diaphragm.

Increased drive to the phrenic nerve during halothane
anesthesia may compensate for changes in the activity
of other respiratory muscles that normal assist respi-
ration. Although the diaphragm is the primary muscle
of respiration, even quiet breathing normally requires
the coordinated activity of several respiratory mus-
cles.?® For example, normal inspiratory ribcage expan-
sion requires activation of the parasternal intercostal
muscles.?”*° It is probably simplistic to think of the
increase in diaphragm activity as a response to the loss
of activity in any single muscle group produced by
halothane anesthesia. However, the profound effect of
halothane anesthesia on extradiaphragmatic respiratory
muscles raises the possibility that the increase in drive
to phrenic motoneurons may represent compensation
for the loss of normal respiratory muscle coordination.

Analysis of the response of average inspiratory flow
(V1/T)), previously mentioned as a parameter of overall
ventilatory drive, suggests that this compensation was
complete. Although V;/T, at the onset of rebreathing
was significantly lower during anesthesia (table 2), the
slope of the linear regression of inspiratory flow versus
Vi was significantly greater while anesthetized (2.82
+ 0.42) than while awake (1.80 + 0.12). Thus, re-
breathing produced a greater increase in inspiratory
flow for a given change in V; during anesthesia, despite
the lack of parasternal intercostal muscle activity.

Other aspects of phrenic motoneuron control were
altered by halothane anesthesia. While awake, activity
in the diaphragm and other inspiratory agonists per-
sisted into early expiration throughout the rebreathing
period. The physiologic significance of this postin-
spiratory inspiratory activity (PIIA) is not fully under-
stood, but presumably serves to regulate early expira-
tory flow and increase mean lung volume. This activity
was abolished by halothane. In animals, PIIA is limited
to a specific population of phrenic motoneurons that
begins to fire early in the phrenic discharge.®' These
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motoneurons can be selectively inhibited (e.g., by pos-
itive end-expiratory pressure,®?), and it is possible that
halothane could preferentially inhibit these motoneu-
rons. Because PIIA may play a role in producing the
normal respiratory rhythm, halothane-induced
suppression of PIIA may be related to the halothane-
induced changes in ventilatory timing. The absence of
PIIA could potentially affect changes in intrathoracic
pressure during early expiration, and subsequently,
motion of the ribcage (see below).

Compartmental Responses. Both the ribcage and
abdominal compartments contributed to increases in
Vr during awake rebreathing. As found in previous
studies,®'®33%* there was considerable variability in the
individual responses of these largely naive subjects.
We could not confirm an earlier report'® that the vari-
ability of the ribcage response exceeds that of the ab-
dominal response in humans (the coefficient of varia-
tion for ribcage and abdominal responses was 61% and
62% in awake and anesthetized subjects, respectively;
table 1). The motion of both compartments remained
well synchronized.

Although we previously observed that halothane
caused only small changes in the pattern of ribcage and
diaphragm motion during quiet breathing,” increases
in tidal volume produced by rebreathing in the present
study revealed more pronounced effects. Several of our
findings may be attributed to suppression of activity in
ribcage muscles with inspiratory actions. Both human
and animal studies show that muscles of the ribcage
such as the parasternal intercostals are essential for
normal ribcage expansion.??**#>3¢ Isolated contraction

of the diaphragm constricts the upper ribcage during :

inspiration, caused by decreases in intrathoracic pres-
sure unopposed by the normal expansive force pro-
duced by contraction of inspiratory ribcage muscles.
Consistent with the findings of Tusiewicz et al. in
adolescents,® the compartmental response of the rib-
cage, quantified as the slope of the relationship be-
tween compartmental minute ventilation and Pco,, was
significantly reduced by halothane anesthesia. Further-
more, asynchrony developed between ribcage and ab-
dominal motion in some subjects, with ribcage motion
lagging that of the abdomen. This asynchrony was most
pronounced in subjects 1, 4, and 5 (fig. 7). These three
subjects also had the greatest ribcage compartmental
responses while awake and experienced the greatest
decreases in response while anesthetized. These find-
ings are consistent with the suggestion of Tusiewicz et
al ® that patients with brisk ribcage responses to carbon
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dioxide while awake are particularly vulnerable to
halothane-induced respiratory depression. The factors
responsible for this variability in ribcage responsiveness
while awake are unknown.'®

The ribcage moved outward in early expiration during
anesthetized rebreathing in all subjects. This paradoxic
motion probably occurred because the expansile forces
exerted on the ribcage by inspiratory muscles were re-
duced during halothane anesthesia. Thus, unlike the
normal situation while awake, the position of the upper
ribcage (that portion monitored by the RIP) was de-
termined primarily by intrathoracic pressure. Intratho-
racic pressure rapidly increased in early expiration as
diaphragmatic contraction ended. Thus, although lung
volume was decreasing, the ribcage was passively ex-
panded by this increase in intrathoracic pressure until
equilibrium was reached between the outward elastic
recoil of the ribcage and the inward recoil exerted by
the lung. Thereafter, ribcage dimensions again de-
creased as lung volume and lung elastic recoil contin-
ued to decrease. The lack of PIIA activity in inspiratory
muscles during halothane anesthesia would accentuate
this sudden increase in intrathoracic pressure during
early expiration and thus may have contributed to this
paradoxic ribcage motion.

Although ribcage motion during halothane anesthesia
was not normal, in some respects its motion was well
preserved, given the lack of parasternal intercostal
muscle activity. The ribcage contributed to increases
in tidal volume produced by rebreathing in all subjects.
In four subjects, the ribcage contribution to tidal vol-
ume was remarkably similar when differences in tidal
volume between awake and anesthetized states were
considered (fig. 6).

At least two explanations for this partial preservation
of ribcage motion are possible. First, inspiratory activity
may have been present in other ribcage muscles not
monitored in these subjects. Candidates include the
levator costae, scalene, sternocleidomastoid, and ex-
ternal intercostal muscles. Although the activity of the
parasternal intercostal muscles and other inspiratory
agonists such as the scalene muscles often are linked,*’
we cannot exclude this possibility. Second, expiratory
activity in ribcage and abdominal muscles could affect
ribcage motion. Expiratory activity in the internal in-
tercostal muscles (suggested by phasic activity in the
diaphragm electrode during expiration) may actively
decrease ribcage dimensions during expiration. The
cessation of this activity at the onset of inspiration
would allow the ribcage to passively expand and thus
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contribute to inspiratory expansion. Other ribcage
muscles with expiratory actions not monitored in this
study, such as the transversus thoracis muscle, could
contribute to this action. The importance of similar
activity to ribcage expansion has been clearly estab-
lished in anesthetized dogs***” but is unknown in hu-
man subjects. The possible role of abdominal muscles
is less clear. These muscles may affect ribcage motion
by direct actions via their insertions on the ribcage and
by indirect effects via abdominal pressure on the rib-
cage through the area of apposition.”” Relaxation of
transversus abdominis muscle activity had a clear me-
chanical action, producing a transient decrease in gas-
tric pressure at the onset of inspiration (fig. 5); relax-
ation of expiratory ribcage muscles may contribute to
this decrease.>® However, this decrease in gastric pres-
sure would promote the inward motion of the lower
ribcage and tend to hinder inspiratory expansion. The
direct effect of transversus abdominis contraction on
the human ribcage is unknown. Thus, it is difficult to
predict the net mechanical consequences of the com-
bined activity of multiple expiratory muscles.

Two observations in individual subjects support the
importance of expiratory muscle activity to ribcage ex-
pansion during halothane anesthesia. Rebreathing in-
creased expiratory activity in the diaphragm and the
transversus abdominis electrodes in all subjects. How-
ever, in one subject, this expiratory activity was absent
in the diaphragm electrode and much reduced in the
transversus abdominis muscle for a brief period im-
mediately after the conclusion of rebreathing during
anesthesia (fig. 5). The reason for this marked transient
change in breathing pattern is unknown, but this finding
provides insight into the mechanical actions of these
respiratory muscles. Before the conclusion of rebreath-
ing, when expiratory activity was present, the ribcage
exhibited paradoxic motion during early expiration,
but expanded over the course of inspiration (fig. 5).
When this expiratory activity was absent (immediately
after rebreathing), ribcage dimensions decreased dur-
ing inspiration, and the paradox in early expiration was
exaggerated. Over time, expiratory activity redevel-
oped, and the pattern of chest wall motion returned to
its original pattern (data not shown). In another subject
(fig. 8), expiratory activity was absent for a period dur-
ing the course of anesthetic induction. In the absence
of this activity, the ribcage contracted during inspira-
tion. As induction proceeded, expiratory activity de-
veloped, first in the diaphragm electrode, then in the
transversus abdominis electrode. As activity developed,
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Fig. 8. Electromyograms and chest wall motion, measured with
respiratory impedance plethysmography, in one subject dur-
ing the induction of anesthesia, showing the effects of the
development of expiratory muscle activity on the pattern of
chest wall motion. Paradoxic ribcage motion in early expi-
ration lessens as expiratory muscle activity becomes more
prominent.

Transversus

the ribcage expanded with inspiration. Thus, in these
two subjects, preceding expiratory -activity appeared
to be required for subsequent inspiratory ribcage ex-
pansion. We suggest that cessation of this expiratory
activity at the onset of inspiration allows passive ex-
pansion of the ribcage and assists its inspiratory motion.
However, our present evidence is only suggestive. To
better establish this relationship, further studies are
needed to (1) document that expiratory muscle activity
constricts the ribcage below its passive configuration
and (2) determine whether other inspiratory muscles
(not monitored in the current study) are active during
anesthesia and could contribute to inspiratory ribcage
expansion.

Analysis of the effect of halothane on the ventilatory
response to carbon dioxide only in terms of changes
in V; obscures much of the complexity of its effects.
Halothane anesthesia enhances the rebreathing re-
sponse of neural drive to the primary respiratory mus-
cle, the diaphragm. These findings provide direct evi-
dence that, at the dose examined in our study, halo-
thane-induced respiratory depression is caused by
alterations in the distribution and timing of neural drive
to the respiratory muscles, rather than a global depres-
sion of respiratory motoneuron drive.
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Appendix

The diaphragm was active both while awake and while anesthe-
tized, so that diaphragm EMG response to rebreathing in the two
states can be compared. However, such comparisons must be made
with caution for several reasons. First, the electrode could have be-
come dislodged between the time of awake and anesthetized mea-
surements. Electrode activity was monitored carefully throughout
the experiment, and no sudden changes in activity were observed,
as would be expected if electrode position had changed. Second,
the electrical environment surrounding the electrode could have
changed during anesthesia, because of changes in muscle length or
chest wall geometry. These changes can alter the EMG produced for
a given neural input to the muscle.?®3° However, anesthesia had
little effect on the position of the diaphragm in these subjects,’ so
that muscle length and structures surrounding the electrode should
have changed little. Third, high concentrations of volatile anesthetics
can depress neuromuscular transmission and muscle contractility in
the diaphragm,*®*' although these effects are small or nonexistent
at physiologic frequencies of stimulation.**** Finally, we monitored
diaphragm activity at only one location. The diaphragm is composed
of costal and crural portions that may be differentially activated in
animals under some conditions,** although such difference are min-
imal for many respiratory behaviors. Regional differences in the ac-
tivation of the human diaphragm have not been studied. If regional
differences in activation exist, then our measurement in the costal
portion of the diaphragm may not be representative of the activity
of the whole diaphragm. However, in a study of dogs anesthetized
with various agents, we noted no differences in the responses of
costal and crural portions of the diaphragm during quiet or stimulated
breathing.?' Thus, although some caution is warranted, we believe
that our diaphragm EMG measurements are reasonable estimates of
the neural drive to phrenic motoneurons*® and the most direct method
possible in intact human subjects.

Many methods have been proposed to quantify EMG activity and
to estimate “‘neural drive.” Our technique uses an analog device to
provide a signal approximating the average of the rectified EMG
waveform for the preceding 100 ms.'? To quantify inspiratory drive
to the phrenic motoneurons, we chose to analyze signals only during
the period of inspiratory gas flow for two reasons. First, only this
activity contributes to inspiratory gas flow. Second, PIIA, present
while awake but not while anesthetized, would make comparisons
based on analysis of the entire diaphragm signal problematic.
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