Fresh Gas Economics of the Magill Circuit

Martin L. Kain, M.D.,* and
John F. Nunn, M.B., Ch.B., PhD., FF.A, RCS.T

The fresh gas flow rate required to prevent re-
breathing in the Magill circuit has been deter-
mined in 16 sp ly-breathing patients an-
esthelized with nitrous oxide-oxygen-halothane.
Rebreathing was defined as an increase in minute

i or tidal in the p of an end-
tidal CO: concentration which rose or remained
unchanged, or cice versa. Rebreathing caused
substantial increases in ventilation, but observed

THE SEMICLOSED SYSTEM, popularly known as
the Magill cireuit, was improvised by Sir Ivan
Magill about forty years ago, as 3 practical
means of connecting an endotracheal tube to a
souree of nitrous oxide.»* ‘The circuit consists
of a reservoir bag, a length of corrugated tub-
ing, and a relief valve adjacent to the patient
(fig. 1). It is extensively used in Britain and
other parts of the world to supply gases to

rises in Poo, were seldom of clinical imp

The minimum flow of fresh gas adequate to pre-
vent rebreathing varied from 3.1 to 4.6 L/min.,
with a mean of 3.6 (S.D. 0.63) I./min. Minute
volumes of respiration at these levels of fresh gas
flow ranged from 3.4 to 8.8 L/min., with a mean
of 53 (S.D. 1.47) L/min. The mean value for
the ratio of minimum adequate fresh gas flow to
minute volume was 0.71 (S.D. 0.17). This find-
ing agrees well with the theoretical prediction of
Mapleson that rebreathing would be prevented by
fresh gas flow rate equal to the alveolar ventila-
tion.
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A preliminary presentalion of this study was made
1o the Royal Society of Medicine (London),™, and since
then a similar study® carried out with the Magill cir-
cuit on conscious subjects has confirmed our general
conclusions about the relalionship befwcen Brrcsh gas
flow rale and minule volums at the onset of rebreathing.
Using a mass spectromeler, these authors found changes
in PE'o, corresponding lo those of PE'cos-

1 Professor and Chairman, Department of Ana-
esthesia, University of Leeds.

Received from the Department of Anaesthesia,
University of Leeds, , England. Accepted for
publication March 4, 1968.

nesthetized patients who are breathing spon-
taneously.

Apart from general theoretical remarks on
semiclosed systems by Wynne® in 1941, the
Magill circuit had to wait until 1951 for the
first attempt at analysis of its function by
Molyneux and Pask.* The assumption by
these authors that avoidance of rebreathing
requires & fresh gas flow rate high enough to
prevent any expired gas from travelling back
towards the reservoir bag was refuted by
Domaingues in a letter which contained the
first explanation of the basis of the efficiency of
the circuit. However, there has been no study
of the efficiency of the Magill circuit under the
conditions in which it is actually used. There-
fore, we have examined factors infiuencing the
onset of rebreathing when the Magill cireuit-
patient system was used with spontanecousiy-
breathing patients under surgieal anesthesia.

Methods
THEORETICAL Basts

Rebreathing may be said to be present when
the mived inspired gas reaching the alveoli con-
tains a concentration of CO- greater than could
be accounted for by the alveolar gas reinhaled
from the patient’s anatomical deadspace.®
Measurement of mean inspired concentration
of CO- (with respect to volume inspired) is a
valid approach employed by Woolmer and
Lind® in & model system, but the measurement
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is far more difficult in the anesthetized patient,
although it could probably be carried out with
a proportional sampler.®
Another method of detecting rebreathing fol-
lows from examination of the simplified alveo-
lar air equation for COa::
Vco:
Faco, = Frco, + ~a

Initially, rebreathing will cause an increase in
the mean inspired CO- concentration (Frcoa).
Assuming that CO: output (Vco:) remains
constant, there must be a rise of either alveolar
ventilation (Va), alveolar CO: concentration
(Faco,) or both of these variables.
Simultaneous rises in Faco, and VA can only
be caused by the addition of CO: to the in-
spired mixture, or by an increase in total dead-
space (of which rebreathing from an anesthetic
cireuit is one esample), or by an increase in
CO: output. Incresses in ventilation due to
such factors as surgical stimulus cause an ap-
proximately reciprocal reduction in Faco,.
These relationships are shown graphically in
figure 2. The left-hand curve shows the effect
of ventilation on Pco. (without rebreathing),
and is based on experimental data from anes-
thetized patients breathing spontaneously.?

End-expiration
(high tiow)

Early
Expiration

Fresh Gas
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The right-hand curve is the predicted relation-
ship between ventilation and CO: when in-
spired COa has been increased to 2 per cent, as
by rebreathing. Ii ventilation is fixed, as with
controlled respiration or very deep anesthesis,
alveolar COs: rises 2 per cent (A to B). How-
ever, the usual response is an increase in both
variables (line AC), which is, in fact, the Pco:
ventilation response curve.

CRITERIA OF REBREATHING

Qur criteria of rebreathing were based on
observed changes in ventilation and end-ex-
piratory gas concentrations, and we required
one or more of the following conditions to be
fulfilled :

1. A rise in minute volume or tidal volume
of 10 per cent or more, not accompanied by a
corresponding fall in end-expiratory Pco:
(PE’co,) or

2. An increase in PE'co, (or a fall in PE'o,)
of 5 mm. Hg or more, which could not be ac-
counted for by a decrease in ventilation or

3. An incresse in ventilation of 5 per cent or
more, accompanied by an increase in Pe'co, of
2 mm. Hg or more.

End-inspiration

End-expiration
(tow flow)

Y Dead Space Gas Alveolar Gas

F1a. 1. Sequence of events during a single mpimtory.gvg]e with the Magill circuit (spontaneous

respiration). In I, the circuit is shown purged of expi
2, inspirati has leted and the circuit is filled with fresh gas. During the early part

gas as far forward as the relief valve.

In 2, insp been )s
of expiration (3) deadspace gas, followed by alveolar gas, passes into the wide-bore tubing until

the reservoir bag is full and the relief valve opens.
& relief valve while gas lying in the wide-bore tube

exhaled a.l\‘r)eoln.r gas passes directly through th
is purged by oncomin,
attgined when all the

t enter the reservoir bag. Maxi

fresh gas which cannof
veolar gas is vented but the patient’s deadspace gas is retained.

During the later part of expiration further

economy is
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Fie. 2. The left-hand curve shows the cffect of
changes of ventilation on alveolar Fco.. Inhalation
of 2 per cent carbon dioxide displaces the curve to the
right. If ventilation is fixed the change is 4 to B.
If ventilation is free to respond to the increased Fco,
the change B to C occurs. The overall response is
then A to C, which is the carbon dioxide/ventilation
response curve.

In fact, the trace of the inspired Pco: usu-
ally failed to return to zero when one of the
above criteria was fulfilled but, due to the great
difficulty of interpreting such a change in terms
of the mean Pco. of the inspired gas (in respect
to volume), these changes have not been
presented.

EXPERIMENTAL ARRANGEMENT

A pre-mixed cylinder of N20/O- fed through
a calibrated rotameter to 2 Fluotec vaporizer
(fig. 3). A number of cylinders were used;
these were prepared manometrically in our de-
partment: oxygen concentrations varied from
27 to 34 per cent. Halothane concentration
from the Fluotec was monitored with a Hook
and Tucker ultraviolet halothane analyzer.
The conventional Magill circuit consisted of 2
two-liter reservoir bag, a one-meter length of
corrugated tubing, and a spring-loaded relief
valve. The valve opened towards the end of
expiration at a pressure just above 1 cm. water,
which was the pressure conducted from the
reservoir bag to trigger the end-tidal sampler.!®

Expired minute volume was measured either
with a direct-reading Wright respirometer or
with an automatically-recording version of a
similar instrument!! placed between the patient

M. L. KAIN AND J. F. NUNN

Ancsthesiology
Sept—Oct. 1968

and the relief valve. Both instruments were
calibrated for eyclical, intermittent gas flows
and were found to show the errors introduced
by variations in minute volume and breathing
pattern previously deseribed by Nunn and Ezi-
Ashi.? JMinute volume measured by these in-
struments cannot be expressed under standard
physiologic conditions (ATPD or BTPS) be-
cause the effective temperature at which the
gas is measured is between body and ambient,
and depends on breathing pattern. No cor-
rection for temperature has been applied in our
data. The deadspace of each instrument
(measured by water displacement) is about 22
ml. Although this is not negligible, it was the
same for each measurement.

Gas from the patient’s airway was sampled
through a polyethylene catheter (length 60 em.,
1.5 mm. in diameter), the tip of which lay at
the tracheal end of an endotracheal tube, or at
the pharyngeal end of an oropharyngeal airway,
in patients who were not intubated. The
proximal end of the catheter was connected to
a tap, which allowed the gas to pass to a con-
tinuously-recording Hartmann and Braun
TRAS 4 rapid infrared CO: snalyzer. The
analyzer was calibrated with a specially-pre-
pared mixture of nominal 5 per cent CO:in an
N.0/0. mixture similar to the one adminis-
tered to the patient. The actual CO: concen-
tration of the calibrating gas was determined
with a Stow-Severinghaus Pco. electrode cali-
brated against CO2/O. gas mixtures analyzed
by the Lloyd-Haldane apparatus. The flow
rate of the analyzer sampling pump was de-
creased in each case to the lowest rate which
yielded a satisfactory alveolar plateau: this
level was 300 ml./min. in most cases. The
alveolar plateau was examined in the written
record early in each study. In patients in
whom the alveolar plateau was abnormal in
shape or slope, the study was abandoned. In
such patients, interpretation of the exhaled
COs record is difficult.

In some cases, gas was also passed by the
end-tidal sampler to a Servomex OA-150 para-
magnetic oxygen analyzer, for determination of
end-expiratory oxygen concentrations. Gas
withdrawn from the circuit-patient system for
analysis was not returned to the circuit, but the
nominsl fresh gas flow rate was corrected for
these losses in the analysis of the resuits.
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Signals from the infrared analyzer, oxygen
analyzer and minute volume meter were re-
corded on a Devices pen oscillograph. Res-
piratory frequency was obtained from the CO-
analyzer record. Tidal volume was derived
indirectly by dividing minute volume by fre-
quency. Fresh gas flow rate was initially set
at 2 level sufficiently high for small changes to
have no influence on ventilation or end-expira-
tory Pcos. The flow rate was then decreased
stepwise until one or more of the above criteria
of rebreathing were fulfilled. Each new level
of fresh gas flow was maintained until steady
values for ventilation and end-expiratory gas
concentrations were obtained, except when
gross rebreathing was precipitated by very low
fresh gas flow rates and it was evident that
ventilation and Pcos were rising rapidly.

PATIENTS AND ANESTHESIA

The study comprised 16 patients undergoing
superficial surgical procedures for which spon-
taneous respiration was appropriate (table 1).
Patients’ ages ranged from 18 {0 79 years (mean

- 50 years). No patient had symptoms or signs
of cardiac or respiratory disease. All patients
were premedicated with a belladonna deriva-
tive and a narcotic; nine received the tranquil-
jzer Droperidol (5 mg.) as well. Anesthesia
was induced with thiopental (200-300 mg.).
The 11 patients who were intubated received
succinylcholine chloride (50-100 mg.) as a
single dose prior to intubation. In the nine
patients in whom anesthesis was maintained

Fluotec

by face mask, an oropharyngeal airway was
inserted, and the head positioned in extension
to secure a clear airway.

Most of the studies were carried out during
the surgical operation, after the patient had
settled into a steady respiratory pattern breath-
ing & mixture of nitrous oxide, oxygen and
halothane (0.5 to 1.5 per cent). Observations
were not made during periods of changing or
intense surgical stimulation.

Data from patient C. L. were treated sepa~
rately from the other patients, since he ex-
hibited an unusual degree of ventilatory
depression and hypercapnia. He had received
morphine, 10 mg., intravenously shortly after
induction of anesthesia: this was in additien to
10 mg. given intramuscularly as part of the
premedication one hour earlier.

TasLe 1. Patients Studied

Weight ; Tube

Patient | Age | Sex Operation or
e) P Mk
EF. |60 |E 67 Lt, varicose veins Tube
EW. |6 | F 57 Rt. rad. mastectomy Tube
C.R. 159} M 77 | Lt. inguinal hernia Tube
MG.|79|F kel Lt simple mastectomy | Tube
D.O. |43 { M 84 Rt vancose vei Tube
W.R.[ 52| M 79 Lt. inguinal hernia Tube
P.C. |36 | E 61 Bilat, varicose veins Tube
LC |49 | F 59 t. partial mastectomy | Tube
Ww.P. |51 | M 69 Lt. inguinal h Tube
T.P. |2 | M 63 | Rt. inguinal hernin Tube
P.W.|18|F 57 | Rt varicose veins Mask
EP. |6t | M 62 | Lt in hernia Mask
D.W.|47 | F 82 Rt. varicose veins [ask
M.D.|52 | F 60 | Bilat. varicose veins Mask
EP |51 | F 55 Bilat. varicoss veins Mask
#C. L. | 46 | M 74 Rt. inguinal bernia Mask

* Patient with Not

i 4 jon due to
included in calculations and graphs. See text.
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Tasre 2. Messured and Derived Respiratory Data
7 Y Frequency . Piot -
" V (fresh v v Pr/ V (fresh gas)
Patient s | ey | Sy (@) @n. B9 | %o e
E.F. 6.6 41 16 256 414
53 4.2 16 263 414
36 4.5 16 281 414 0.80
28 54 16 338 428 0.52
23 64 15 427 45.7
E. W. 6.7 4.9 32 133 449
53 4.9 30 163 449
3.9 39 26 150 449
32 34 23 148 49.1 0.94
22 3.6 23 157 519 0.61
1.5 3.8 21 276 54.8
C.R. 6.6 58 17 341 354
3.1 58 19 305 38.2
26 54 18 300 41.1 0.49
23 103 18 572 423 0.21
M. G. 6.6 3.6 20 180 49.1
49 42 19 221 49.1
3. 3.8 17 224 51.9
3.1 3.8 16 238 51.2 0.82
21 4.7 15 313 49.8 0.45
1.7 8.4 14 600 51.2
D. 0. 6.6 4.6 26 177 388 26
4.6 5.0 25 200 38.5 30 0.92
3.6 12.8 23 557 50.6 40 0.27
W.R. 4.6 8.8 30 293 492 34
3.6 8.8 28 314 52.1 35 041
3.1 10.1 27 374 55.6 41 031
P.C. 6.6 6.1 28 218 472 2
4.6 6.0 28 214 49.2 29 0.77
3.6 81 28 289 53.5 36 0.41
I.C. 6.6 5.9 24 246 503
3.6 6.0 25 240 51.0 0.60
3.1 6.8 24 283 532 0.46
W.P 6.9 39 22 177 70.0
49 4.2 22 191 70.0
3.9 49 21 233 68.8 0.80
31 5.4 21 257 721 0.57
 Pio, is taken as “ideal inspired,” equal to Pos of fresh gas.
* Patient with respiratory depression due to narcotics. Not included in calculations and graphs.
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Taste 2. Measured and Derived Respiratory Data—(Continued)
8 V (fresh v Frequency v P Prost— | V (fresh gas)
Patient ((Lrlegmsa ! (L/n::in ) ;Sebrre:x::l;) (m‘lr.) (muieloixx) (mx:::‘ﬁg) ¢ + ‘_,lms
T.P. 6.9 3.7 19 195 4.9
4.9 43 18 239 64.2
39 4.6 19 242 64.1
34 4.7 19 247 61.7 072
27 5.8 19 305 63.4 047
P.W. 6.6 4.0 14 296 61.8
4.9 3.9 13 300 63.1
3.1 3.9 16 244 65.2 0.80
21 63 16 394 68.3 0.34
E.P. 6.6 7.5 22 341 54.8
3.9 6.8 24 283 55.5
3.1 7.0 22 318 M8 0.44
21 84 21 400 56.9 0.25
D. W. 5.6 7.1 24 296 50.3 47
39 6.3 25 242 5L7 50 0.62
3.0 6.9 26 265 52.4 60 0.43
1.9 143 24 596 55.2 64
M. D. 6.6 4.7 14 343 57.6
3.1 39 13 300 59.0 0.79
26 4.6 13 354 61.1 0.57
1.7 7.9 13 608 65.3
E. Pe. 6.5 6.4 22 201 46.5
45 5.7 21 271 50.1 0.79
3.5 7.2 19 379 51.6 0.49
C.L* 5.6 5.1 14 364 79.7 65
3.9 14 14 314 9.7 72
3.0 45 12 375 81.1 76
22 4.6 12 383 810 79
1.8 4.4 12 367 86.9 86 0.41
1.3 5.9 12 192 91.2 93 0.22
Results crease in ventilation was the first evidence of

Observations were obtained with fresh gas
flow rates down to values within the range 1.3
to 3.9 1./min., and evidence of rebreathing was
found in all patients. In the tabulation of
respiratory variables (table 2), the dotted lines
demarcate for each patient the flow rate below
which one or more of the criteria of rebreath-
ing were fulfilled. In 13 of 16 patients, in-

rebreathing.

Typical results are shown in figure 4. Satis-
factory records of end-expiratory Pos were ob-
tained in only five patients. Since inspired
oxygen concentrations varied from one pre-
mixed cylinder to another, values of end-
expiratory Po. are not directly comparable
from one patient to another. Therefore, the
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F16. 4. Changes of ventilation and Pco: in re-
sponse to reduction of fresh gas flow rate in five
Faﬁe.nts on whom observations were made at two
evels of rebreathing. The broken sections of each
curve indicate those sections in which rebreathing
was considered to have taken place.

differences between inspired and end-expira-
tory Pos have been presented in table 2.

There were no statistically significant differ-
ences of any values between intu.ited patients
and those breathing from masks. Taking the
group of 15 patients as a whole (excluding
patient C. L.) the mean minute volume before
the onset of rebreathing was 5.28 1/min.
However, rebreathing was not apparent at a
mean fresh gas flow rate of 3.59 L/min. Ac-
cording to our criteria there was evidence of
rebreathing when the fresh gas flow was re-
duced to a mean value of 2.83 1./min., and we
may assume that rebreathing actually com-
menced somewhere between these limits. The
mean ratio of fresh gas flow to minute volume
was 0.714 before and 0.426 after rebreathing
was apparent. The ratios showed consider-
able scatter, although this was not entirely
random and fresh gas requirement could be
related to respiratory frequency (fig. 5).

The onset of rebreathing caused a large in-
crease in minute volume and s small rise in
Pcos, both changes for both groups of patients
being significant (P < 0.05) (table 3). These
changes accord with Pcos/ventilation response
curves, with a mean slope of 0.66 1./min./mm.
Hpg for intubated patientsand 0.70 I./min./mm.
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Hg for patients breathing from a mask (fig. 6).
In spite of the very low fresh gas flow rates
obtained, in no patient (other than C. L.) did
the Pcos exceed 72.1 mm. Hg, and increases
attributable to rebreathing only exceeded 5
mm. Hg in one patient (D. 0.). Changes in
Pos tended to be larger (table 2) but falls of
end-expiratory Po. attributable to rebreathing
did not exceed 10 mm. Hg, equivalent to a
reduction in inspired oxygen concentration of
1.5 per cent.

Patient C. L. differed from the other patients
in the failure of ventilatory response to the
elevation of Pco. before the onset of rebreath-
ing. This was probably due to generous nar-
cotic dosage. No appreciable increase in ven-
tilation was seen until the fresh gas flow rate
was reduced to 1.3 L./min., but the steady rise
of Pcoa following previous decrements of fresh
gas flow suggests that rebreathing was already
present at a higher gas flow rate. This cannot
be defined on the basis of the criteria of re-
breathing which we have adopted.

Discussion
PreEDpICTED PERFORMANCE OF THE CIRCUIT

The erucial feature in explaining the effici-
ency of the Magill circuit is the fact that ex-
piration may be divided into two portions.®
The first part of the gas to be exhaled from the
patient comes from his anatomieal deadspace,
and has the same composition as fresh gas.
The remainder of the expirate consists of alve-
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F16. 5. Minimal adequate fresh gas flow rate
plotted t respiratory freq y. The cor-
relation is significant (r = +0.539; t = 2.61; 0.025
> P > 0.020).
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TasLe 3. Conditions Immediately before and after the Onset of Rebreathing

Endotracheal Tube Mask and Pharyngeal Airway
Mean 8.D. S.EM. Mean 8.D. S.EDM.
At minimal fresh gas flow without rebreathing
Minute volume (I./min.) 35.25 1.50 | 0475 5.34 1.41 0.631
Tidal volume (ml.) 241 490 [15.5 275 33.7 15.1
End-expiratory Pco: (mm. Hg) 50.4 932 | 2.95 56.2 6.09 272
Fresh gas flow (I./min.) 3.62 0.627 | 0.198 3.54 0.639 | 0.286
Fresh gas flow/min. vol. 0727 | 0.175) 00554 0688 0.158 [ 0.0705
At maximal fresh gas flow with evidence of
rebreathing
Minute volume (1. /min.) 7.30 294 1 0.930 6.68 139 0.622
Tidal volume (ml.) 345 129 40.8 358 55.1 247
End-expiratory Pco: (mm. Hg) 53.5 890 | 281 581 6.88 3.08
Fresh gas flow (I./min.) 2.86 0.540 | 0.171 2.66 0.602 | 0.269
Fresh gas flow/min. vol. 0431 0.130| 0.0410| 0416 0.115 | 0.0056

olar gas, which has been in contact with the
gas-exchange tissues of the lung. It is only
this latter portion of an expiration which must
raise the alveolar Pco. if rebreathing occurs.
Since it is unlikely that there is plug flow, there
is probably a tramsitional zone of mixed gas
between the two parts.

Figure 1 shows the sequence of gas flow rela-
tionships during a single respiratory cycle. In
the context of this simplified model, fresh gas
flow rate should be sufficient to ensure that
alveolar gas is purged from the circuit during
the latter part of expiration, which begins when
the bag has filled with fresh gas and the pres-
sure in the circuit has suddenly risen enough to
open the relief valve. If the fresh gas flow
rate is higher than necessary, fresh gas from
the patient’s deadspace and also from the an-
esthetic machine will be lost through the relief
valve. If fresh gas flow is too low, alveolar
gas will remain in the circuit at the end of ex-
piration, and be rebreathed. If fresh gas flow
is just right, all alveolar gas, but no deadspace
gas or fresh gas, will be eliminated from the
circuit. The Magill circuit is thus able to at-
tain maximal economy of fresh gas flow (with-
out using soda lime) without rebreathing, but
only during spontaneous respiration, when the
relief valve opens during the latter part of
expiration. 13 14

To take full advantage of the circuit’s effici-
ency, it is necessary to know what fresh gas

flow is needed in a particular case to cnsure the
optimal behavior shown in figure 1.  Woolmer
and Lind? studied this problem by means of a
pneumatic model system. They concluded
that “for the average adult patient with normal
metabolic rate and corresponding ventilation, a
flow of fresh gas of 7 liters per minute into a
Magill’s attachment will limit the percentage
of CO: rebreathed to a satisfactory level.”

Mapleson’s classical mathematieal analysis
of five semiclosed anesthetic systems included
the Magill circuit as Type AJt® Mapleson
made a series of simplifying assumptions, and
went on to show that of these the only one
likely to introduce serious error was the as-
sumption of “plug flow” or abscnce of longi-
tudinal mixing of gases. If this assumption is
accepted, Mapleson showed that the volume
of expired air remaining in the anesthetic cir-
cuit at the beginning of the next inspiration is
equal to

V (iresh gas)

Vr T

The volume of expired gas not containing
CO- is taken to be equal to the patient’s ana-
tomical deadspace, and thisis the volume which
may safely be rebreathed. Thus, under ideal
conditions of efficiency of the circuit,

T — Yﬁ{;@ = Vp (anat)
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ventilation occurring with minimal rebreathing.

Solving for the fresh gas flow,
V (fresh gas) = (VT — Vp (anat))f = Va*

that is, fresh gas flow must be equal to alveolar
ventilation or, as Mapleson concluded, “The
volume flow rate of anaesthetic mixture must
be not less than the patient’s effective minute
volume.” Because of the likelihood that longi-
tudinal mixing of gases will lead to less-than-
ideal behavior, Mapleson thought that the
actual performance might be less satisfactory
and, for the sake of safety, recommended em-
ploying a fresh gas flow rate equal to the
patient’s minute volume of respiration (VE).

Coxrparisox oF ResuLts wite THEORY

In deriving the relationships discussed above,
Mapleson used the calssical formula for alveo-
lar ventilation, VA = [Vr — Vb (anat)] f.
This formula is likely to be inapplicable to the
anesthetized patient, because of the increased
alveolar deadspace, presumably due to altera-
tions in the distribution of ventilation to per-
fusion.’ Expired gas coming from underper-
fused or unperfused alveoli will have a lower

* In this contest, Va is defined on the assumption
that alveolar deadspace is zero. The following
symbals are used: F = fractional concentration;
P = partial pressure or tension; V = gas volume;
V = volume flow rate of gas, or output of specific
gus; f = respiratory frequency or rate. A =
alveolar; p(anat) = anatomical deadspace; p(phy-
siol) = physiologic dead : E = expired; B =
end-expired or end-tidal; T = mixed inspimé; T =
tidal; 8 = barometric.

Anesthesiology
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CO: concentration than the remainder of alve-
olargas. Thus, alveolar deadspace gas can be
reinhaled with less effect on end-tidal Pco. than
gas from normally-perfused alveoli. The re-
sult is that it is not the anatomical, but rather
the physiologic, deadspace which should affect
the performance of the Magill circuit. The
central factor is still the effective alveolar ven-
tilation, but it is now determined from the
formula, Vo = [V — Vb (physiol) I{.

There are few studies of physiologic dead-
space in anesthetized patients breathing spon-
taneously under halothane anesthesia. In a
series studied by Nuan'® the mean value of the
ratio Vb (physiol)/VT was 0.32 for infubated
patients, the same figure being obtained in a
later study by Marshall.?* The mean effective
alveolar ventilation would thus be 0.68 VE.
The addition of a face maskin place of an endo-
tracheal tube results in an increase in both ana-
tomical and apparatus deadspace, so the effec-
tive alveolar ventilation would be a still-smaller
fraction of minute volume. These considera-
tions accord well with our observation that
rebreathing commenced when the mean value
of the ratio V (fresh gas)/VE was less than
0.714 but more than 0.426.

A further prediction arrived at by both
Mapleson® and Nunn and Newman® was that,
under conditions of rebreathing, Pco: would be
controlled by fresh gas flow rather than by
alveolar ventilation. That is, the equation

_.Vcos
Paco. = (Pn — 47) —\7\

would give way to
P P 47 __VCL_
aco. = (P t)\-, (fresh ga5)
and the patient would be unable to influence his
Pco: by hypertentilation.

This hypothesis is difficult to test, because
CO: output is likely to change with the onset
of rebreathing, and thus three variables rather
than two would need to be measured. The
present study, however, gives some support to
the prediction. In figure 4 values of PEco,
have been plotted against fresh gas flow for all.
the patients in whom readings were made at
more than one level of rebreathing. The sim-
ilarity in the slopes of the lines for the various
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cases suggests similar effects of changing fresh
gas flow in all cases.

ADEQUACY OF THE CRITERION
oF REBREATHING

The strict test of rebreathing applied to the
results was chosen to give the fairest compari-
son between theoretical predictions and experi-
mental findings. In practical terms, it was
observed during the study that those patients
in whom “first rebreathing” involved only small
changes in minute volume and P£'co, appeared
in clinically good condition, and the rebreath-
ing could be determined only by measurement.
In a preliminary com tion*? trat
ing on the practical performance of the Magill
circuit, the fresh gas flow at which a notable
increase in minute volume occurred was de-
scribed as an “end point” and it was noted that
this flow rate lay well below minute volume in
all cases. As seen in figure 4 and table 2, the
increases in Pco. caused by rebreathing were
relatively small, although some patients ex-
hibited moderate degrees of hypercapnia typi-

FRESH GAS ECONOMICS OF THE MAGILL CIRCUIT
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CLINICAL IMPLICATIONS

It is clear that the Magill circuit will indeed
prevent rebreathing with a fresh gas flow con-
siderably less than the patient’s minute volume.
The mean minute volume of respiration was
5.28 1./min. in the present series and, in an-
other series of intubated patients breathing a
similar gas mixture, the mean was 4.951./min.}?
In no patient was rebreathing evident at a
fresh gas flow rate of more than 3.6 1./min. and,
in a number of patients, the fresh gas flow rate
was reduced below 3 1./min. before rebreathing
was evident. These flow rates contrast with
the widespread use of a total fresh gas flow rate
of 7 L./min.

Even when our sensitive eriteria of rebreath-
ing were fulfilied, there was usually no obvious
sign of rebreathing. When the fresh gas flow
rate was further reduced, the increase in min-
ute volume was frequently apparent to the
unaided senses of the observer, but the in-
creases in Pcos were almost never of clinical
significance and were within the range of
patural scatter of Pcos values during halothane

anesthesia with unassisted spontaneous respir-

cal of halothane anesthesia with unassisted
spontaneous respiration.

Exp-TIDAL OXYGEN

The measurement of end-tidal oxygen proved
technically difficult, largely because the com-
bination of end-tidal sampler and paramag-
petic analyzer had a 90 per cent response time
of the order of two minutes, particularly when
the respiratory rate waslow. In the five cases
in whom satisfactory measurements were com-
pleted, the difference between inspired and end-
tidal oxygen concentrations rose progressively,
even before rebreathing began. The two pa-
tients breathing from masks (C. L. and D.W)
had notably higher values for inspired end-
tidal oxygen difference than the three intubated
patients, though in no case was end-tidal
oxygen low enough to be of clinical concern.
Further work is needed to account for these
findings. Norman, Adams and Sykes™ meas-
ured oxygen concentrations with a mass
spectrometer in conscious subjects breathing
via a Magill circuit. No fall in end-tidal oxy-
gen was noted until fresh gas flow reached a
level at which there was other evidence of
rebreathing.

ation. For example, the respiratory depres-
sion in patient C. L. produced Pco: values (in
the absence of rebreathing) which were in ex-
cess of any levels attributable to rebreathing in
the other patients.

1t appears that the customary fresh gas flow
rates used with the Magill circuit are in excess
of requirements and that the actual minimal
adequate fresh gas flow rate is of the same order
as the flow rate used by many anesthetists for
circle-absorbtion circuits. The Magill system
has, furthermore, the advantages of being
cheap, simple and easy to clean. Unfortun-
ately, it is unsatisfactory during artificial ven-
tilation, = and its use is confined to situations
in which it is anticipated that adequate spon-
taneous respiration will be maintained through-
out the operation.

The upper airway and apparatus deadspace
islarger in patients breathing from a mask than
in those who are intubated. It might be ex-
pected, therefore, that the former would have
higher values for ventilation and Pco: before
the onset of rebreathing. This has not been
found to the extent that might be anticipated,
but the observations were made on two rela-
tively small groups of patients who were not
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intentionally matched. A further study, not
completed, has been designed to measure the
magnitude of this effect with paired observa-
tions in the same patients.

The authors are grateful to the anesthetic staff of
the Leeds General Infirmary for their co-operation
during these studies. Particular thanks are due to
Professor J. C. Goligher and Mr. C. G. Clark and
their assistants, of the Department of Surgery,
University of Leeds, for permission to study patients
under their care.
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