Respiration by Tracheal Insufflation
of Oxygen (TRIO) at High Flow
Rates in Apneic Dogs

Kenji UraTa, Kazufumi OKAMOTO and Tohru MORIOKA

Tracheal insufflation of oxygen (TRIO) is a technique in which oxygen is
introduced into the trachea at a constant flow rate via a catheter advanced to
the level of the carina. We studied the effects of flow rates (0.5, 1.0, 1.5 and 2.0
l'’kg~!l-min~1) on arterial blood gases during TRIO in 6 apneic dogs. The constant
flow was administered through the tip of a catheter (I.D. 2.0 mm) advanced to a
site of T cm above the carina. Afier 30 min of TRIO, the mean Pagg, at the flow
rates of 0.5, 1.0, 1.5 and 2.0 E-kg_l-min_1 were 88 = 20, 76 * 20, 64 x 23 and 52
=+ 18 mmHg, respectively. COy elimination increased as the flow rates increased
from 0.5 to 2.0 I-kg L-min™t.

Based on the above study, we examined the effects of TRIO at a flow rate of
3 I-kg~'-min~?! in another 5 apneic dogs. TRIO, at a flow rate of 3 lkg " -min~t,
was able to maintain normocarbia over 4 hr. The mean Pag, and Pacg, at 4.0
hr were 465 = 77 and 41 = 4 mmHg. Although the mechanism of pulmonary
gas exchange during TRIO is unclear, our study is the first to document that
normocarbia can be maintained by high-flow TRIO in apueic dots. {Key words:
apnea, artificial respiration, constant-flow ventilation, respiratory arrest, tracheal
insufflation of oxygen)

(Urata K, Okamoto K and Morioka T.: Respiration by tracheal insufflation
of oxygen (TRIO) at high flow rates in apneic dogs. J Anesth 5: 153-159, 1391)

respiratory arrest is a life-

via a catheter advanced to the level of the

threatening emergency, especially in patients
with upper airway abnormalities for whom
effective mask ventilation or endotracheal in-
tubation cannot be performed. Emergency
tracheostomy or cricothyroidotomy may be
attempted. However, these procedures are
associated with serious complicationst. In
addition, percutaneous transtracheal jet ven-
tilation, which may serve as an alternative
procedure, requires special equipment?.
Tracheal insufflation of oxygen (TRIOQ) is
a technique in which oxygen is introduced
into the trachea at a constant flow rate

Department of Anesthesiology, Kumamoto Uni-
versity Medical School, Kumamoto, Japan

Address reprint requests to Dr. Okamoto: De-
partment of Anesthesiclogy, Kumamoto University
Medical School, 1-1-1 Honjo, Kumamato, 860 Japan

J Anesth 5:153-159, 1991

carina®. We have recently shown that TRIO
combined with external cardiac compressions
can maintain adequate oxygenation and CO,
removal in dogs during cardiac arrest?.

Based on the gas transport theory of
high-frequency ventilation (HFV) proposed
by Slutsky et al.>®, adequate CO; elimina-
tion can be achieved if the jet of gas is
advanced further into the lungs simply by
increasing gas flow during TRIO. To exam-
ine this hypothesis, we studied the effects
of TRIO at high-flow rates {0.5, 1.0, 1.5
and 2.0 ['kg~!-min~!) on gas exchange in
anesthetized and paralyzed dogs. The final
objective of this study was to clarify whether
TRIO could maintain normal bleod gases for
several hours in apneic dogs.
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Fig. 1. Schematic diagram of experimental
setup.

Methods

Eleven adult dogs of mixed breed, weigh-
ing between 8.0 and 12.0 kg, were anes-
thetized with sodium pentobarbital (25
mg-kg~! IV). The animals were restrained in
the supine position on a V-shaped board and
tracheostomized. Catheters were placed in a
femoral vein for intravenous drug administra-
tion and in an artery for meonitoring blood
pressure and blood sampling. The arterial
line was connected to a pressure transducer
(P23ID, Gould Statham) and the systemic
arterial pressure was continuously recorded
on a polygraph (RM-6200, Nihon Kohden).
Lead II of the ECG was monitored con-
tinuously. Body temperature was monitored
with a rectal thermister (MGA-III, Nihon
Kohden) and maintained within the normal
range using a fluid-filled heating pad.

A single-lumen polyethylene catheter (2.0
mm ID. and 2.7 mm O.D.) was used for
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TRIO, as shown in figure 1. The insufflation
catheter had previously been fixed to two
parallel metal rods with a bifurcation. The
tip of the catheter had been fixed 1 cm prox-
imal to the bifurcation of the metal rods.
This device was inserted into the trachea
through the tracheostomy until the bifurca-
tion of the metal rods reached the carina.
Thus the tip of the insufflation catheter was
placed 1 cm above the carina. Metal rods
were used to facilitate the insertion of the
catheter and to keep it stable in a fixed po-
sition. A bronchoscope was used to confirin
whether the tip of the catheter was appro-
priately positioned. The insufffation catheter
was then connected to a tube from a gas de-
livery system consisting of an oxygen flowine-
ter (The British Oxygen CO.) and a heated
humidifier (MR 310, Fisher-Paykel Medical,
Inc.).

A tracheostomy tube with an inflatable
cuff was then inserted so that the insufflation
catheter rested on the posterior surface of
the trachea outside the tracheostomy tube,
and was connected to a ventilator (CV-2000,
McGaw Respiratory Therapy Co.). All the
animals were paralyzed with a bolus injec-
tion of pancuronium bromide (0.2 mg-kg™!
IV). Anesthesia and muscle paralysis were
maintained with a continuous infusion of
sodium pentebarbital (7 mg-kg~!-hr~!) and
pancuronium bromide (0.15 mg-kg™!-hr1).

Airway pressure was monitored through
a polyethylene catheter (1.5 mm ID. and
2.0 mm 0.D.) inserted into the endotracheal
tube through the side port of a tube connec-
tor. The tip of the catheter for monitoring
airway pressure was placed 4 cm proximal to
the carina. Then the catheter was connected
to a pressure transducer (TP-200T, Nihon
Kohden) for continuous recording of airway
pressure on a polygraph.

Arterial blood gas tensions and pH were
measured with a Corning 168 pH/blood gas
analyzer. The blood gas analyzer was recali-
brated immediately prior to each determina-
tion. All blood gas values were corrected for
body temperature.

Experimental protocol: In 6 dogs, we
studied the effects of 30 min of TRIO at
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Table 1. pH, Pag,, Paco, and mean airway pressure (Paw) before and during 30 min of TRIO
at 4 different flow rates

IPPV TRIO
5 min 10 min 15 min 20 min 30 min

pH 0.5 l-kkg hmin 7.37+£0.04 7.23%£0.05** 7.18£0.08** 7.17£0.04** 7.14£0.06** 7.10£0.08***

1.0 Ikg tmin™! 7.35+0.05 7.26£0.07% 7.22+0.10% 7.19%0.14* 7.18%0.12** 7.16+0.12***

1.5 [-kg tmin! 7.38:£0.05 7.30£0.09 7.26+0.10 7.26+0.13 7.22+0.14 7.24%£0.157

2.0 I'kg Lmin! 7.374£0.05 7.3520.06 7.32+0.08 7.33+0.08 7.32+0.11 7.31£0.117F
Pao, 0.5 l-kg lmin™! 444157  419%51 423+35 43522 391+39 405 +44
(mmHg) 1.0 lkgbmin 46018  458%21 446 £22 452+48 423+68 423+32

1.5 lkghmin ! 439+39  454=24 430415 43827 435+51 441%29

2.0 kg Lmin 448::40 449342 43636 447422 453428 446128
Paco, 0.5 kg imin™ 43£3 60ET7*" T0+14*  73x£13% §2+197*t  gg0*t
(hmHg) 1.0 lkgtmin™? 4243 553 10* 53+ 16% 68 = 22* 71E19%t  7aE20* T

1.5 kg tmin!  42+3 51%11 5615 58+18 64+22T  64+23"

2.0 lkglmin™  42+3 47+8 49+13 48+12 49167  s2+18"
Paw 0.5 l'kgtmin™' 3.3+0.8 05x0.2*F 0.62£0.3"F 0604 0.6+05*T 0.520.5"*"
(cmH20) 1.0 I'kg lmin™? 3.1+£0.8  1.3x0.5%% 142047 1.2£0.1%*Y 134037 1.3204*7

1.5 lkg lmin™ 3.320.9  2.010.6%T 2.010.6*T 2.1+0.6*7 1.9+0.4*T 2.0%0.4*F

2.0 l'kgtmin? 3.4+07 3.2%1.0t 29x1.0" 28+07F 27+08% 2.9x0.8t

Values are expressed as mean * SD. IPPV = intermittent positive pressure ventilation; TRIO =
tracheal insuffiation of oxygen. Significantly different compared with IPPV (paired t-test) *; P < 0.05
**. P < 0.01 Significantly different among the 4 different flow rates (one-way analysis of variance) +,
P < 0.05.

4 different flow rates (0.5, 1.0, 1.5 and 2.0 of TRIO was started and maintained for 30

I’kg~!-min~!) on arterial blood gases. The
flow rate of the insufflated oxygen was ad-
justed to the desired level by measuring
the expired flow from the animal with a
Wright respirometer (Haloscale, Ferraris De-
velopment & Engineering Co.) during the
experiment. Based on the instructions for the
respirometer, this device has the properties
of reading a few per cent low at low flow
rates (< 16 I'min~') and a few per cent
high at high flow rates (> 16 [-min~—!)". The
order of flow rate administration was ran-
domized. Before starting the initial run of
TRIO, the animals were mechanically ven-
tilated with pure oxygen at a tidal volume
of 10-15 mlkg ' and the ventilatary rate
of intermittent positive pressure ventilation
(IPPV) was adjusted to maintain Paco, at
35 to 45 mmHg for at least 15 min. When
Paco, was found within the predetermined
range, the ventilator was disconnected from
the tracheostomy tube, and the initial run

min. Arterial blood gas analysis and pH de-
termination were obtained 5, 10, 15, 20 and
30 min after the start of TRIO.

Before starting the next run of TRIO with
a different flow rate, dogs were placed on
IPPV with pure oxygen at the high rate
of 30 breaths:min™' for 5 min. Then the
ventilatory rate was decreased to the pre-
TRIO rate. Ventilation at this frequency was
maintained for at least 15 min and arterial
blood gas analysis were repeated until a
steady state was achieved. This technique
was used to return the body stores of CO; to
approximately the baseline values before the
next run of TRIO.

In another 5 dogs, we studied long-term
runs of TRIO. After the base-line values
were determined under TPPV, the effects of
TRIO at a flow rate of 3 I'’kg”' min~! on
arterial blood gases were investigated at 10,
20, 30, 60, 90, 120, 150, 180, 210 and 240
min after the start of TRIO. The constant
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CR )
E . :| Fig. 2. Effects of 4 different flow
e o R rates on Pago, during 30 min of TRIO.
S i Values are expressed as mean =+
o 80r SD. IPPV=intermittent positive pres-
50l i N sure ventilation; TRIO=tracheal insuf-
flation of oxygen. Significantly differ-
! ent compared with IPPV (paired t-test)
J * P < 0.05 *% P < 0.0l Signifi-
. . . . cantly different among the 4 different
IPPV T%IO 10 15 20 30 flow rates (one-way analysis of vari-
(minutes)  ance) +; P < 0.05.
Table 2. pH, Pag,, Pago,, BE and mean airway pressure (Paw) during 4 hr of TRIO at
3 Lkg l-min~?
IPPV TRIO -
10min 20min 30min 60min 90min 120min 150min 180min 210min 240min
pH 7.39 7.39 7.41 7.42 7.39 7.40 7.40 7.40 7.39 7.38 7.38
*£0.03 +0.05 +0.04 *0.04 £0.04 +0.04 +0.06 *0.02 *0.03 £0.03 =0.05
Pag, 480 506 491 476 495 494 493 489 483 495 465
(mmHg) +22 +23 +37 +76 +36 +85 +35 +46 +35 +44 7T
Pago, 37 37 36 36 40 39 37 39 39 38 41
(mmHg) £1 k4 *+4 4 2 £3  £4 =4 =5 2 4
BE —-1.9 —1.8 —0.5 -0.2 —-0.1 ¢ -09 -0.3 —0.6 -1.7 -0.1
{mEq-I_IJ +1.8 +2.5 £2.0 +3.2 +2.3 +3.7 *49 +3.4 +3.3 +2.5 +3.4
Paw 3.8 5.6 5.8 5.6 5.2 5.3 5.6 5.1 5.3 4.9 5.4
{cmH, 0} +0.8 +£2.2 £20 %19 £20 £20 £1.8 22 *1.7 =£1.6 =*1.9

Values are expressed as mean * SD. IPPV = intermittent positive pressure ventilation; TRIO =

tracheal insufflation of oxygen; BE = base excess. There was no significant change with time.

intratracheal pressure monitoring and care-
ful observation of the thorax during TRIQ
were carried out to ensure that the dog re-
mained apneic throughout this experiment.
The aforementioned dose of muscle relaxant
was enough to prevent spontaneous breath-
ing.

After 4 hr of TRIO, all 5 animals were
sacrificed by potassium chloride (10 mEq
IV). Autopsy was performed for a gross in-
spection of the lungs. At that time, the
position of the insufflation catheter was re-
confirmed to be in an appropriate position.

Statistical analysis: All values are ex-
pressed as mean = 5D. Statistical analysis
for the 4 groups of flow rates were performed
using a one-way analysis of variance. Com-
parisons between the base-line values under
IPPV and the values under TRIO were ana-
lyzed with a paired Student t-test. P < 0.05
was considered significant.

Results

Table 1 shows the effects of 30 min of
TRIO at 4 different flow rates {0.3, 1.0, 1.5
and 2.0 I'-kg~!min—!} on arterial blood gases
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Table 3. Hemodynamics and body temperature (BT) during 4 hr of TRIO at 3 I-kg~!.min !
IPPV TRIO

10min 20mis 30min 60min 90min 120min 150min 180min 210min 240min
SAP 184 186 187 188 187 188 187 183 183 174 165
(mmHg) +34 +36 36 +35 +34 +29 26 +30 +37 +39 +49
DAP 106 114%* 114* 117*%  119%* 120* 121%* 120* 118 110 103
(mmHg) +14 +t18 *+16 16 +14 *+10 +8 +12 +18 +25 +33
MAP 136 141%  143** 144%  145%* 143 143 141 142 135 126
{mmHg) +23 +25 +25 =24 +21 =17 15 +17 +25 32 *+39
HR 150 156 156 154 158 152 154 151 154 153 148
{beat-minél) 24 +28 +26 +25 24 +19 +16 =17 +18 +24 +23
BT 384 38.2% 38.0* 38.0 38.3 38.2 38.3 38.1 38.1 38.2 38.2
(OC) +07 =£0.5 %06 £07 0.7 X0.6 E0.8 =08 +X08 =09 =07

Values are expressed as mean * SD. IPPV = intermittent positive pressure ventilation; TRIO =
tracheal insufflaltion of oxygen; SAP = systolic arterial pressure; DAP = diastolic arterial pressure;
MAP = mean arterial pressure; HR = heart rate; BT = body temperature. Significantly different
compared with IPPV {paired t-test). *; P < 0.05 **; P < 0.01.

and mean airway pressure in 6 apneic dogs.
The significant flow-dependent changes were
observed in pH, Pagp, and mean airway
pressure. As the flow rates increased, the
Pacg, levels decreased significantly 20 min
after the start of TRIO (figure 2) and the
pH levels increased significantly 30 min after
the start of TRIO. The mean airway pressure
significantly increased 5 min after the start
of TRIO as the flow raies increased, but
the absolute values of mean airway pressure
remained consistently low.

Table 2 shows the mean values in pH,
Pag,, Paco,, base excess and mean airway

pressure before and during 4 hr of TRIO
at 3 l'kg~!l-min~!. As shown in figure 3,
individual values of Pacg, were within the
normal range throughout 4 hr of TRIO at 3
I'kg™!-min~!. Neither progressive respiratory
nor metabolic” acidosis was observed during
these long runs of TRIO. Moreover, in spite
of the very high flow TRIO, mean airway
pressure values were not elevated since the
tracheostomy remained open, allowing excess
gas flow to freely escape. No pulmonary
barotrauma was observed at autopsy after 4
hr of TRIO.

Table 3 shows the changes in hemodynam-
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ics and body temperature during TRIO at 3
I'kg "''min~}. Diastolic and systolic arterial
pressures tended to increase initially after
the start of TRIO, but the overall hemody-
namic changes were minimal to negligible.
No hemodynamic depression due to high-flow
TRIO was observed.

Discussion

We have demonstrated that CO; elimina-
tton during TRIO increased as the gas flow
rates increased and that TRIO at a flow rate
of 3 lkg~'-min~! maintained normocarbia
and adequate oxygenation without hemody-
namic impairment for over 4 hr in apneic
dogs.

The mechanisms of gas exchange during
TRIO are not well known. Based on the tra-
ditional concept of pulmonary gas exchange,
CO, elimination should not occur without
intermittent tidal gas movements. Also a
tidal volume greater than the dead-space
volume should be indispensable in achiev-
ing effective gas exchange during artificial
ventilation. However, this traditional concept
of pulmonary gas exchange has been chal-
lenged by observations demonstrating that
effective alveolar ventilation can occur with
a tidal volume less than the dead-space vol-
ume during HF V8. How can gas exchange in
the lungs be produced during TRIO without
tidal gas movements?

With the use of the technique of apneic
oxygenation®1?, it is possible to maintain ad-
equate oxygenation for prolonged periods of
time. However, Paco, increases progressively
at a rate of about 3-6 mmHgmin™' with
this technique. In our experiments, we did
not observe increases in Pace, during TRIO
at a gas flow of 3 kg !min~'. In this re-
gard, TRIO differs appreciably from apneic
oxygenation.

Burwen et al.!! have proposed that gas
transport during TRIO occurs in two dis-
tinct zones. Zone I is the region just distal
to the catheter where gas is transported by
jet flow. Zone II is the peripheral region of
the lungs free from any influence of the jet
flow where gas is transported by molecular
diffusion. In the latter region, Burwen et
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al.!! have demonstrated that cardiogenic os-
cillations play an important role in augment-
ing gas transport during TRIO in animal
experiments!!. We also commonly observed
fine oscillations of airway pressure corre-
sponding to the heart beat during TRIO.
These cardiogenic oscillations might have
contributed to CO, elimination in the pe-
ripheral region of the lungs in our apneic
dogs.

Slutsky et al.®>® suggested that the cru-
cial variable in determining CO; elimination
during HFV might be the magnitude of the
gas flow rate rather than the individual val-
ues of respiratory rate and tidal volume.
Based on this theory, CO;y elimination may
be enhanced by simply increasing the gas
flow rates without tidal gas movements. In
the present study, CO; elimination increased
linearly with the gas flow rates increase
during TRIO. These findings are consistent
with the theory of HFV proposed by Slutsky
et al.>%. Using the gas transport theory of
Watson et al.!?, it may be deduced that
increasing the gas flow rate of TRIO could
cause an imcrease in penetration depth of the
bidirectinal convective streaming in airways
closest to the jets as well as augmentation of
the turbulent diffusivity in the downstream
region’®. It is conceivable that an increase in
the gas flow of 'TRIO produced an enlarge-
ment of the region of zone I, resulting in an
increase in COy elimination in apneic dogs.

In our study, normocarbia was obtained
by insufffating gas at a flow rate of 3
I'kg~!-min~!. Lehnert et al.}* reported that,
in apneic puppies, normocarbia was obtained
by introducing a constant flow into both
main-stem bronchi at about 1 [-kg™!-min?!,
namely, constant-flow ventilation (CFV).
The reason why we required a gas flow
of about 3 times that mentioned above to
obtain normocarbia may be accounted for
by the difference in the catheter position
between TRIO and CFV. The tip of the
catheter position in TRIOQ was about 3 cm
closer to the mouth in comparison with that
in CFV reported by Lehnert et all%, Ac-
cording to the mathematical model of gas
transport studied by Ingenito et al.'®) such
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small changes in catheter position may pro-
duce large changes in the efficacy of CO,
elimination.

Although we insufflated the gases at flow
rates as high as 3 I'’kg~l-min~! into the low-
est part of the trachea in apneic dogs in this
study, mean airway pressure values were not
elevated since the tracheostomy remained
open in our animal models, allowing excess
gas flow to freely escape. No hemodynamic
derangement or progressive metaholic acido-
sis was observed during the 4 hr of TRIO,
nor was pulmonary barotrauma observed in
any of the dogs. However, since compliance
of the human chest wall is less than that
of dogs'®, the airway pressure may reach
dangerous levels if the same high flow rate
is used on humans. In addition, this tech-
nique may produce pulmonary barotrauma
and hemodynamic depression if the expira-
tory gas route is accidentally obstructed.

In conclusion, we have demonstrated that
CO; elimination during TRIO increases as
the gas flow rates increase, and that normo-
carbia can be maintained by high-flow TRIO
without hemodynamic derangement over 4
hr in apneic dogs. Further studies are needed
to clarify whether this technique can be used
as a temporary measure to maintain the life
of an apneic patient.

(Received Jun. 28, 1990, accepted for publi-
cation Sep. 28, 1990)
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