POSITIVE-NEGATIVE PRESSURE VENTILATION WITH
A MODIFIED AYRE'S T-PIECE
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It mas been repentedly demonstrated (1, 2) that alterations in cxrculs
tory dynamics due to increase in mean airway pressure are harmful in
some circumstances (for example, hypovolemia). Ventilation prd
duced by intermittent positive pressure (IPP) results in increased meas
airway pressure. This may be reduced by the addition of a negativg
(relative to ambient) phase hetween each positive phase. The insertion
of this negative phase has been shown to lessen the undesirable cus-
culatory effeets of IPP ventilation (1, 2, 3).

One of the problems associated with conventional anesthetic systcn%
(that is, circle, to-and-fro) is the mnblllty to pcrform manually cor:
trolled or assisted ventilation without l'tllsmg mean airway pressur&
The following are observations made using a simple, compact, me%
pensive deviee which will develop a controllable degree of negntlvg
pressure and may be used to produce a negative phase in ventllatlon
in all conventional systems. A small metal tube (needle) bent 90 d&
grees is placed in an Ayre’s T-piece (4) so as to be the only pnssng&
way between stem and bar (fig. 1). Gases flowing through the needlg
as they exit at point (C) entrain gas in the larger surrounding tu
(bar) and create a negative pressure in the portion behind the jet
exiting gases (area D). This effect is based on the Bernoulli prmelpIE
which states that the velocity of a gas through a tube is inversely r&@
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Fia. 1. A diagrammatic eross scctional representation of the Bernoulli T tube. Gaa
delivered through (A). (B) is the arca of 90 degree bend in the ncedle. (C) is the arga
of pas exit from the needle. (D) is the limb to be attached to the patient and is the
of negative pressure. (E) is tho limb connected to eirele or to-and-fro system.
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lated to the pressure of that gas against the side of that fube. We huv§
named tubes so constructed Bernoulli T (BT) tubes.

Several BT tubes have been mude, the construction varying in thg
cross-sectional area of the bar and in the cross sectional area of thg
needle at its exit point (C, fig. 1). A large bore needle (15 or 17 gaugej
has been used to diminish the effect of resistanee caused by constrietiog
of the eross sectional area at the bend. A major constriction occurs
then only at the end of the needle so that the gases flow for a mlmmm;g
distanee through a sharply constricted portion.
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The BT tubes were tested in the following manner. To determmﬁ
the actual rate of flow through the needle, varying rates of gas flow
a mixture of nitrous oxide and oxygen were directed through the needl§
and measured after their exit with a dry gas meter. This measures
ment was necessary because of the inaccuraey of rotameters proxims}
to the stem when the pressure in this area rose due to the resistancg
of the needle. The error was always in the nature of a lower rotametes
reading than actual gas flow. However, the rotameters were roughlg
(within 20 per cent in the clinically useful ranges) accurate if they wer@
set at a desired flow prior to connecting the BT tube to the deliver$
tube. If the rotameters were preset, the rotameter readings dropp
after connecting the BT tube, even though the actual gas flow remained
relatively constant. However, the ratio of one gas to another in thgg
mixture being forced through the BT tubes did not necessarily remuus
constant. The rotameters appeared to represent the true ratio of ong;
gas to another, both before and after the addition of the BT tube. Fog
example, a machine was set to deliver nitrous oxide at 4 ]./mmute and
oxygen at 1} L/minute, thus indieating 27.3 per cent oxygen in the mixg
fure. A Puulmg type oxygen meter sampling this mixture read 27.8;
per cent oxygen. A BT tubc was then connected to the gas soureds
The rotameters then decreased to 3.0 and 1.05 L./minute of nitrous omdg
and oxygen, respectively. The concentration of oxygen leaving the
BT tube measured 25.5 per cent compared-to the 25.9 per eent cnlculnted?
from the rotameter readings. The actual flow rate of gases after the
addition of the BT tube was 5 L/minute as compared with the preség
figure of 5.5 l./minute. After the flow rate at (E) in fizure 1 had
been measured (area D being blocked off), and the pressure at (Ad
for that particular rate and gas mixture had been determined on #
mereury manometer, the amount of negative pressure generated a
point (D) was measured with a water manometer. The rate at whichs
gas was entrained was determined by conneeting the negative limb og
the BT tube to a dry gas meter.

Using the various BT tubes in a circle system (see fig. 2), the presc,
sures developed in the endotracheal tubes of anesthetized patients weres
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Fia. 2. The BT tube as it would be positioned for use in the circle system. Gases
delivered through the limb of the BT tube which appeara freo or open in the above picture.
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determined with varying flow rates through the BT tubes. Anesthefje
gases were delivered to the circle system through the BT tube rathgr
than through the usual gas inlet on the cirele. The latter was closed dff
to prevent the eseape of anesthetic gases while the BT tube was in us.
A pressure limited ventilator was used to provide a consistent sourge
of intermittent positive pressure. For all measurements, the VeR-
tilator was set to produce a pressure of 20 cm. water positive pressuge
for inspiration, and zero pressure for expiration. The phasing was
adjusted to allow an expiratory period approximately twice as long £
inspiration. The rate was 15 eyeles per minute. Iimdotracheal airway
pressures were monitored using a Statham strain gauge and recordel
on a direct writing oscillograph. Patients were made apneic with
narcotie-barbiturate-curare-nitrous oxide-oxygen anesthesia before rg-
cording was begun. S
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The figures obtained from testing the BT tube alone are given
tables 1 and 2. From them it can be seen that the negative pressugp
attained is a function of three fnctors. First, it is an exponential fung-
tion of the velocity of the gas exiting from the needle and this, in turs,
is a direct function of the quantity of gas flowing per unit time and g
iaverse function of the cross sectional area of that needle. Secondlﬁ,
the negative pressure varies directly with the density of the gas forcald
through the needle. This is shown in table 2 where the data indicage
that although total gas flow remains the same, an inerease in tEe
percentage of nitrous oxide (density 1.88 g./1.) in a nitrous oxidg-
oxygen mixture (oxygen density 1.43 g./1) results in increases in t
negative pressure of as much as 22 per cent. (The results shown &
table 1 were obtained with percentages of nitrous oxide varying from
approximately 60-75 per cent, the remainder being oxygen.) Thirdl?_lf,
the negative pressure appears to vary inversely with the cross-sectiongl
area of the tube (the bar) surrounding the needle (see table 1). N
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. TABLE 1 é_’
PuysicaL Cianactenistics o 6 Bervouiur T Tuses §
Cro- Secumul Cross Bectional Liters Per Minute Centimeters Water | Pressurs at P 5
BT in Sq. | Area of Necdloin ow ah | Ce = snaure at o
Nutmbers l\h‘r'nl x-(-.l:{. rnerl(li) s".;'\x-t-:.'u'.,"l(q Nu}g; r(‘n{ in “eg))':: F':r:": ( Cl)n{nol m 'Em
e
1 33.3 100 1 00 01 3
1 33.3 1.00 3 22 23 o
1 333 1.09 5 4.1 55 4
1 33.3 1.09 7 7.0 108 =
1 333 1.00 10 14.6 242 §
=
2 333 0.59 1 01 IR
2 333 0.59 3 2.2 96 §
2 33.3 0.59 5 6.0 210 3
2 33.3 0.59 7 10.6 335 2
2 333 0.59 10 20.6 700 3
=
3 33.3 0.32 1 0.2 1.6 2
3 333 0.32 3 38 176 ©
3 33.3 0.32 5 10.0 500 8
3 333 032 7 16.7 93.0 E
3 33.3 0.32 10 27.2 156.0 S
o
4 17.3 0.79 1 0.1 10 &
4 173 0.79 3 3.5 54 S
4 17.3 0.79 5 8.7 136 3
1 173 0.70 7 16.4 258 &
4 173 0.79 10 29.5 55.0 §
5 17.3 0.39 1 0.3 12 3
5 173 0.39 3 4.6 122 9
5 173 0.39 5 12.3 30.4 >
5 17.3 0.39 7 226 504 2
5 17.3 0.39 10 120 200 S
o
6 17.3 028 1 08 34 &
[ 17.3 0.20 3 9.0 205
[ 17.3 020 5 104 6.0 K
6 17.3 0.26 7 328 1255 %
[ 17.3 0.26 8.4 40.0 158.0 8
Q
=]
The measurements were made using nitrous oxide-oxy; gen mulurcs at room temperature “ié
constant flow rutes through the respective needles for each deter . =
.b
°
Data were obtained with the BT tube in a circle system under clinf

cal conditions as deseribed carlier. Figure 3 (A) represents contr]
endotracheal pressures obtained with the ventilator (at 4 20 cm. cg
water and at zero water pressure) providing the only source of ventilg
tion. TFigure 3 (B) shows the effect of the addition of BT tube 1 with
gas flow through the needle at 5 1./minute and then in (C), at 10 1

minute. Similarly, (D) and (E) are representative of the endotrached]

pressure tracings obtained using BT tube 3 with gas flows of 5 and 1g
1/minute, respectively, through the needle. In figure 4, (F) isa contr(ﬂ
and (G) and (H) demonstrate the effect of BT tube 6 with gas g,]ows
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TABLE 2 g
ErrECT oF VaRrYviNG CoNsTITUTION OF Nrrrous OxipE-Oxyoex Mixrunes g:_
Frowinag Tarovon THE NEEDLE oF THE Beanourw T Tuses @
ox Neoamive Pressure DEVELOPED AT PoiNt (D) N Fioure 1 i
tiona! Area | Crosa Sectiona] Area | _Liters Per Minute 1 Percentago of Nitrous| Centimeters W.hg.
of Barin 8q. Mm. (of Needls'in Sq. Mm, | Flow Through Needle| Oside Introduced at | Nexative e
(D) or (E) ia Figure 1 (C) in Figure 1 (B) in ﬂzure 1 (A) in Figure 1 at (E) in Figure IO
333 0.50 10 48 200 &
333 0.56 10 75 20.6 N
3.3 0.56 10 100 210 %
(V)
333 0.39 5 0 68 o
133 0.39 5 50 73 [}
33.3 039 5 70 7.5 3
33 0.39 5 100 8.2 g
173 079 5 12 6 3
17.3 0.79 5 3 7.0 a
17.3 0.79 5 67 86 g3
173 0.79 5 100 8.9 g-
=)
‘<

through the ncedle of 3 and 5 l./minnte, respectively. The ncgntmc
pressures obtained in the airwny approximate those obtained undér
static conditions (table 1) and appear to approximate a square wave §1
shape. It would appear from the tracings that the amount of positiw
pressurc necessary to overcome the forece of the jet from the need
numerically equals the negative pressure obtained at that particular
flow rate from the needle. Thus, both the base line and the higheSt
point in the graph move a similar amount in response to the addition &
a BT tube. This amount is comparable to the amount of negative preX-
sure shown to be developed by that particnlar BT tube at that pn8-
ticular flow rate through the needle.

This apparatus may be used satisfactorily without a mechumcil
ventilator. Figure § illustrates the effect of BT tube 3 at 5 L/minuff
on endotracheal pressures obtained during manually controlled ve@-

Fta. 3. Endotrachenl alrway p Control tracing with IPP ventilation lecn%
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with a pressure limited ventilator set at -+ 20-0 em. water with 15 cyeles per minute (A).
tobe 1 in place with flow ratea through the needle of 5§ and 10 1./minute, respectively, (E
and (C). BT tube 3 in place with flow rates of 5 and 10, respectively, (D) and (E).
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Fia. 4. Endotrachenl nirway pressures. (F) is the control tracing as in figure 3 (A
(@) and (11) show the effect of BT tube 6 at 3 and 5 1./minute, respectively.
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tilation; the first portion represents airway pressures developed witg
controlled ventilation in a conventional circle system. The BT tube i§
added at the arrow. . 2
Although this apparatus was designed for use with assisted or cors
trolled ventilation, if the bar of the tube is large enough in crosg
sectional area, it does not impose an appreciable resistance to spors
tancous ventilation if left in place without gas flow through the needle
Figure 6 (K) represents endotrachenl pressures generated by the
patient while breathing through the cirele alone, (J) through the circ
plus BT tube 2, and (I) through the circle plus BT tube 6. Although n§
evaluation of adequacy of respiration was made, it appears that ti@
resistance of BT tube 6 as indicated by the airway pressure developed
during spontaneous respiration is prohibitive, but that the resistance &
BT tube 2 is not greatly different from that of the circle alone. ®

Discusstox

Clinically, the BT tube can be used to develop a fairly predictable
negative phase in ventilation in which flow rates of anesthetic gases ¢
three or more liters per minute are delivered. The BT tube is coB
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Fia. 5. The arca preceding the arrow portrays the endotracheal airway pressures durgg
manunl controlled ventilation using a circle system; the area following the nrrow rcpresedts
manual controlled veatilation using a circle system with the addition of BT tube 3 at 5 1./mid-
ute through the ncedle. N
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Fio. 6. Endotrachen! airway pressuro tracings. (I) patient spontaneously brenthiflg
through BT tube 6. (Cross scctional arca slightly less than 17.3 sq. mm.) (J) paticGt
breathing spontancously through BT tube 3 (eross scetional area slightly less than 33.3

mm.). (K) patient breathing spontancously through the endotracheal tube alone (emgs

IS’

sectional area around 50 sq. mm.).
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nected at its negative end to the end of a cuffed endotracheal tube. T
other end of the BT tube is connected to a circle system (fig. 2) or toh
to-and-fro system. The anesthetic gases are then delivered throug
the stem of the BT tube to produce the desired negative pressure a
to supply anesthetic gnses to the system. The usual inlet for gas i
closed off to prevent the loss of the anesthetic gases. If it is desirel
to use the BT tube by itself, then respiration can be controlled by i
termittent occlusion of the exit end of the tube, the other end being
connected as above to the endotracheal catheter. The last method rg
quires the delivery of higher flow rates in order to provide adequate
inflationary volumes in a short period of time. However, the highé®
the flow rate through the needle of any particular BT tube, the greater
the negative pressure developed. If the negative pressure becomés
unduly high, it may be corrected by using a BT tube with a needle a
bar of adequately increased cross-sectional area. g
In no case should the patient be allowed to spontancously ventilafd
while any BT tube is functioning because the negative pressure pré
duced imposes an increase in resistance to the more active portiog
(inspiration) of respiration and may mildly or markedly increase thg
work of ventilation. In depressed or weakened patients, this resistangg
may make adequate spontaneous ventilation impossible, 8
It is important to carefully observe rotameter readings with the
addition of a BT tube. First, they must fall at least 20-30 per cerﬁ
from the readings taken before the addition. If this fall does not o&
cur, then there are probably leaks in the system proximal to the BE
tube, and the desired negative pressure will not be attained. Secondlg,
if after the addition of the BT tube the oxygen rotameter reading fallg
more than that of the nitrous oxide rotameter reading, so that the
oxygen reading becomes less than 20-25 per cent of the snm, then thd
oxygen rotameter must be raised or the nitrous oxide rotameter lowereg
in order to maintain adequate oxygen tension. R
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. SuMpARY

A device is presented which incorporates Bernoulli’s principle intp
Ayre’s T-piece so as to permit the development of negative pressui®
at one limb of the T when gases are driven through the stem. It &
simple, compact, and inexpensive to make and operate. We haw
named this tube a Bernoulli T tube. 2

The simple physics of this device are presented and discussed. The
negative pressure developed is a direet function of the jet velocity anjl
of the density of the gas in the jet. It is an inverse function of tlg
area surrounding the jet. Negative pressures of up to —42 em.
water are easily developed. Lesser pressures (— 5 to —15 cm. wate®)
are developed with greater efficiency, requiring a jet flow of only
1./minute. The gases used to develop the negative pressure are the
same gases used to maintain anesthesia.

Clinically, the Bernoulli T tube may be used in any of the conveg-
tional systems (circle, to-and-fro) to produce a controllable negatie
phase in controlled or assisted ventilation. Tracings of endotrachefl
pressure changes due to its effcet show that its action is rapid and
sustained so that a square wave graph is approximated in the negative
phase, If an appropriate size Bernoulli T tube is chosen, when nét
functioning it offers little resistance to spontancous respiration.

e
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