Tracheobronchial Dilating Effect of High
Frequency Jet Ventilation
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Effect of high frequency jet ventilation (HFJV) on tracheobronchial tone was
examined in anesthetized dogs. Changes in intraluminal pressure of water-filled
endotracheal cuff (Pcuff) were used as an indicator of tracheal smooth muscle
tone. Animals were initially ventilated with conventional mechanical ventilation
{CMV) to maintain normal Pagg,. HFJV (2.0 Hz.) was then applied to each
animal in such a way to maintain the same mean airway pressure and Pacgo, as
in CMV.

Immediately after changing CMV to HFJV, Pcuff decreased significantly and
remained decreased during the period of HFIV. After changing HFJV ta CMV,
Pcuff gradually returned to its previous level. Histamine-induced tracheobronchial
constriction was partially released by HFJV as shown by a decrease in Pcuff and
airway resistance (Raw) and by an increase in static lung-thorax compliance (Cst)
measured immediately after the cessation of HFJV.

These resuits suggest that HFJV has a tracheobronchial dilating action, pre-
sumably mediated by pulmonary stretch reflex, and this may be ane of the mech-
anisms of an increase in mucous secretion and of other reported favorable effects
of HFJV in some types of respiratory failure. (Key words: high frequency jet
ventilation (HRJV), tracheal cuff pressure, tracheobronchial dilation.)

(Toyooka H, Amaha K, Yokoyama K.: Tracheobronchial dilating effect of high

frequency jet ventilation. J Anesth 4:206-212, 1990)

High frequency jet ventilation (HFJV),
which delivers small tidal volume at a fast
rate, is able to provide adequate ventila-
tion and oxygenation at lower peak airway
pressure and with less barotrauma and car-
diovascular depression. HFJV is reportediy
effective in both normal lungs and in lungs
with various injuries, including oleic acid-
induced pulmonary edema, bronchopleural
fistula, and aspiration pneumonitis'. Gas ex-
change mechanisms of this and other types
of high frequency ventilation have been
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studied exteusively®?, however, up t0 now,
no clinical or experimental study of the effect
of high frequency ventilation on tracheo-
bronchial tone has been reported.

Recently we have experienced several pa-
tients with severe asthmatic attack, who did
not respond to conventional ventilator treat-
ments, but were successfully treated with
HFJV. This prompted us to examine the
effect of HFJV on tracheobronchial tone.

In 1976, Himori and Taira® reported
a simple method using cuff pressure of
the endotracheal tube to measure tracheal
tone. Accordingly we studied, by using this
method, the effect of HFJV on tracheal tone
in dogs in an attempt to clarify the effect of
HFJV on airway smooth muscle tone.

Methods

Seven healthy mongrel dogs of either sex
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weighing between 10 and 16 kg were anes-
thetized with 15-20 mgkg™' of thiopental
i.v., and the trachea was intubated un-
der 2 mgkg ! of succinylcholine chloride
im. with a endotracheal tube (I.D. 8.0
mm) equipped with a rubber cuff of low
compliance (Igarashi B type). Special care
was taken to locate the whole cuff below
the vocal cord and also at the extratho-
racic portion of the trachea. Animals were
then placed on a volume-cycled ventilator.
Femoral artery was cannulated for obtain-
ing blood samples and for monitoring blood
pressure. Femoral vein was also cannulated
for continuous fluid administration (Ringer’s
lactate solution, 6 ml-kg !-hr~!). Anesthesia
was maintained with intramuscular adminis-
tration of 15 mg-kg™' of pentobarbital. The
cuff-inflating tube was cut at the proximal
end of the piict balloon and was connected
to a pressure transducer (Model P50, Gould
Inc.), an amplifier (Model 1236, San-Ei Inc.)
and a recorder (Rectigraph-8K system, San-
Ei Inc.). The cuff was then filled with water
to maximize pressure swing corresponding to
a given change in tracheal tone. The volume
of water in the cuff system was adjusted ini-
tially to give resting intraluminal pressure of
15-35 mmHg, which was suitable for the ob-
servation of both dilation and constriction of
trachea without causing ventilatory gas leak
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Fig. 1. Block diagram of the
circuits for alternative applica-
tion of conventional mechanical
ventilation (CMV) and high fre-
quency jet ventilation (HFJV).

during the experiment. A 18 gauge polyethy-
Jene catheter was introduced into the trachea
and advanced 5 cm below the outlet of the
jet injector, and airway pressure (Paw) was
continuously measured through this catheter
connected to another channel of the same
pressure recording system. The frequency re-
sponse of the Paw monitoring system was in
excess of 10 Hz.

Animals were initially ventilated with con-
ventional mechanical ventilation (CMV) by
a volume-cycled ventilator (Model 7200 A,
Bennett Inc.) with humidified 100% oxy-
gen, a tidal volume of 10-15 ml-kg™' and
a respiratory rate of 15-min~! for maintain-
ing Pago, between 35 and 40 torr. HFJV
was delivered by following method (fig. 1).
Oxygen were supplied under a pressure of
4 kg-cm™?, lowered to a driving pressure
of 0.7-1.0 kg-cm™? with a pressure regula-
tor valve, and puised by an electronically
controlled solenoid valve through a noncom-
pliant Teflon tube with a constant frequency
of 120-min~! and I/E ratio of 1:2. The Tetion
tube was connected to an injector cannula
with 1.5 mm in internal diamcter and 5 c¢cm
in length, inserted into a three-way adaptor
fixed to the endotracheal tube. Continuous
fow (8 I'min™") of humidified 100% oxy-
gen for possible entrainment was provided
by an open anesthesia circuit. During HFJIV,
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Fig. 2. Typical recordings of arterial blood
pressure (BP), endotracheal cuff pressure (Pcuff)
and airway pressure (Paw) before, during, and af-
ter high frequency jet ventilation (HFJV). The
animal was placed on volume-cycled CMV except
during the period shown by HFJV.

the mean airway pressure was maintained
at the same level as in preceding CMV by
adjusting driving pressure, as monitored by
electrically smoothed Paw value. This venti-
latory method usually resulted in a slightly
lower peak airway pressure than that in
CMYV. Because Pacp, usually showed a lower
value during HFJV in our preparatory study,
CO; gas {300-500 ml-min~!) was added con-
tinuously to imsufflation gas of HFJV to
maintain the same Pagg, level as in CMV.
The temperature of the inspiratory gas was
monitored in the eandotracheal tube and was
maintained at 30 * 1°C during both CMV
and HFJV by adjusting heated humidifiers.

After 30 min of stabilization of animals,
CMV was changed to HFJV by actuat-
ing HFJV controller and manually switching
swivel valves of both ventilatory circuits (fig.
1). Animals were kept on HFJV for 7 to
10 min, then were switched back on CMV.
Trials were carried out three times consecu-
tively on each animals. Thirty minutes were
allowed to elapse between each trials.

Pcuff was measured at the following 6
points (A to F) in each trial, at the time
before starting HFJV (A), 1 min (B) and
5 min (C) after the initiation of HFJV, 1
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min (D), 5 min (E) and 10 min (F) af
ter switching back to CMV. Arterial blood
gas analysis {Model 13064, Instrumentation
Laboratories Inc.) were performed immedi-
ately before starting HFJV and 5 min after
initiation of HFJV in each trial.

After these trials, an aqueous solution
of histamine diphosphate {10 mg-ml™) was
aerosolized to each animal by an ultrasonic
nebulizer {Model 2101, De Vilbiss Inc.) dur-
ing CMV to produce tracheobronchial con-
striction. The delivery of histamine aerosol
was stopped when Pcuff doubled its ini-
tial value and Peuff and Paw were further
observed while CMV was continued. When
both Pcuff and Paw were stabilized, CMV
was temporarily switched to HFJV for two
minutes and placed bhack on CMV again.
Measurement of airway resistance (Raw)
and static lung-thorax compliance (Cst) were
performed immediately before and after the
application of HFJV, and differences between
these two values were considered as the ef-
fect of HFJV. Raw and Cst were measured
during CMV with Bennett 7200 A ventila-
tor which utilized the technique described by
Don and Robson®. These histamine challenge
and HFJIV sequences were repeated up to
three times in some animals if both Pcuff
and Raw returned to their control values.

Data were analyzed by using analysis of
variance, Duncan’s multiple comparison test
and paired t-test when appropriate. A P
value of < 0.05 was considered to be signifi-
cant.

Results

Effect of HFJV on tracheal tone

Immediately after changing ventilation
from CMV to HFJV, Pcuff started to de-
crease rapidly and reached to its minimal
value within 1 min. This decrease in Pcuff
lasted during the whole period of HFIJV,
and gradually returned to its previous value
after switching back on CMV (fig. 2). This
decrease in Pcuff was consistently observed
in any trial on all of the animals. The dif-
ferences of mean Pcuff compared with the
control value (at point A) were statisti-
cally significant at points B, C, D and E
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Fig. 3. Changes in Pcufl before,
during and after HFJV

A: during initial CMV

B: 1 min after initiation of HFJV

C: 5 min after initlation of HFJV

D: 1 min after resumption of CMV

E: 5 min after resumption of CMV

F: 10 min after resumption of CMV

(mean * 1 SD, n=21)

* Significantly different from control
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Table 1. Arterial blood gas during initial
CMV and 5 min after initiation
of HFJV

pH Paco, Paq,

CMV  7.360 + 0.038 38.8 = 2.7 520.3 £ 56.9
HFJV 7.385 + 0.060 37.7 = 5.5 527.3 + 59.4

(mean = 1 5D, n=21)

(P < 0.01) (fig. 3).

A slight decrease in systolic arterial blood
pressure was observed during HFJV but
mean arterial pressure did not show any
change. Arterial blood gas analyses hefore
and 5 min after the initiation of HFJV were
shown in table 1. There was no significant
difference either in pl, Pago, or Pag,.

Effect of HFJV on histamine-induced tra-

cheobronchial constriction

Histamine inhalation produced a marked
transient rise in Paw and Pcuff. After the
cessation of nebulization both of these pres-
sures declined rapidly, and within 10 to 15
min stabilized at a sustained level higher
than pre-histamine level. The short appli-
cation of HFJV at this period dramatically
decreased the clevated Pcuff and Raw, and
increased Cst (fig. 4). These changes were
also statistically significant (table 2).

Discussion

The present study has shown that HFJV
significantly reduces the water-filled tracheal
cuff pressure (Pcuff) in normal dogs, and

values (A) (F < 0.01)

that histamine-induced tracheobronchial con-
striction can also be partially relcased by
HPFIV as shown by a decrease in Pcuff and
Raw.

Effects of various drugs and other factors
on tracheobronchial tone has been studied
by many investigators, but there has been
no previous reports concerning the effect of
HFJIV on it.

Himori and Taira reported a simple
method using endotracheal tube cuff pressure
(Pcuff) to measure tracheal tone*. In the
dog experiment, they demonstrated tracheal
constriction by acetylcholine and the tracheal
dilation by isoproterenol, epinephrine, and
norepinephrine. They concluded that the in-
crease and decrease of cuff pressures were
caused by bronchial constriction and dila-
tion, respectively.

Changes in arterial blood gas value such
as Pap, and Pagp, can influence tracheo-
bronchial tone®. Arterial blood pressure may
also influence Pcuff by changing perfusion
pressure of the tracheal mucosa. Since these
variables as well as mean airway pressure
and the temperature of the inspiratory gas
were kept constant during HFJV, changes
in Pcuff observed in our study are most
probably due to the ventilatory mode itself.

The exact mechanism of tracheobronchial
dilating effect of IFJV observed in our
study is unknown. The rapid and pro-
found decrease in Pcuff immediately after
initiation of HFJV suggests that the re-
sponse may be attributed to a reflex of
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Fig. 4. Typical recordings of arterial blood
pressure (BP), endotracheal cuff pressure (Peuff)
and airway pressure (Paw) in a histamine chal-
lenge study. Histamine was nebulized during the
period shown by NEB. HFJV was applied during
the period shown by HFJV, otherwise the animal
was placed on velume-cycled CMV. Spikes ab-
served every one minute in Paw daring CMV are
due to specific inspiratory waveforms for mea-
surement of Raw.
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Table 2. Endotracheal cuff pressure (Peunfl), airway resistance
(Raw) and static lung-thorax compliance {Cst} during
initial CMV, after histamine nebulization, and immedi-

ately after HFJV

Peuff Raw Cst
(mmHg) (cmHyO-{"lsec™!) (mlemH,0 1)
initial CMV 18.0 £ 5.7 7.5 + 1.4 25.0 £ 5.5
after histamine 28.5 + 5.8 20.6 + 10.4* 16.2 + 2.7*
after HIEJV 16.7 £ 4.3* " 13.1 = 4.0*F 19.1 £ 3.3°+

(rnean £ 1 SD, n=20)

* significantly different from corresponding values on initial CMV;

P 001

+ significantly different from corresponding values after histamine;

P < 0.01

the bronchopulmonary nervous system, and
pulmonary stretch or the speed of stretch-
ing induced by HFJV may be the main
factor to initiate the reflex mechanism.
Loofbourrow et al.” reported that, by us-
ing manual inflation, stretch of the lungs
produced a surprisingly prompt relaxation
of hypercapnia-induced tracheal constriction.
They concluded that it seems probable that
ling stretch initiates the relaxation by re-
flex inhibition and that the relaxed state
persists if ventilation is adequate to avoid
hypercapnia. Stein and Widdicombe® and
Widdicombe? also reported that increasing
ventilation caused reflex airway dilation even
if endtidal Pcos was held constant, and they
suggested that the reflex dilation was medi-

ated by pulmonary stretch receptors situated
in the airway. They also suggested that the
stretch of the lung caused reflex airway di-
lation via afferent and efferent pathways in
the vagus nerve. Hida et al.'” reported that
in healthy subjects with bronchoconstriction
induced by methacholine, a rapid deep in-
spiration reduced respiratory resistance (Rrs)
more strongly than a slow deep inspiration
did.

Thus, the trachecbronchial dilating effect
observed in HFJV is most probably due to
some physical characteristics of this type
of ventilation. More abrupt and frequent
changes in direction of flow, or larger inspi-
ratory flow rate of shorter duration in HFJV
may stimulate pulmenary stretch receptors
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and overall tracheobronchial dilating reflex
more effectively than in CMV.

The clinical implications of our observa-
tions have still to be clarified. The tra-
cheobronchial dilating effects of HFJV may
explain, at least in part, the favorable effects
of loosening the airway secretion’, which
play a great role in respiratory care of a
variety of patients. HFJV is generally consid-
ered contraindicated to asthmatic patients or
patients with chronic obstructive pulmonary
disease either because of possible difficulty
in maintaining adequate alveolar ventilation
in the presence of high airway resistance
or because of possible hyperinflation of slow
emptying units by augmenting auto-PEEP!?.
On the other hands, some reports suggest
that HFIV may be a good indication to
broncho-constricted states. Kuwasako'® ex-
amined she effect of HFIJV on four differ-
ent experimentally induced animal models
of respiratory failure, ie., 1) oleic acid-
induced pulmonary edema, 2) pneumoth-
orax, 3) methacholine-induced bronchocon-
striction, and 4) surfactant-depleted IRDS
model. He demonstrated, on the basis of
blood gas criteria, that among these, only
the methacholine-induced bronchoconstric-
tion was a good candidate of HFJV. Yoshi-
nari et al.'* reported three cases of severe
asthmatic patients who were deteriorating on
CMYV but dramatically improved after start-
ing HFJV superimposed on CMV. In these
patients, HFJV for 12 to 24 hr resulted in
marked improvement in both lung mechan-
ics and pulmonary gas exchange, and the
authors suggested that this technique might
be a choice for mechanical ventilation of
patients with severe status asthmatics.

Although our results show that HFJV has
a tracheobronchial dilating effects in normal
as well as in histamine-challenged healthy
animals, these results do not necessarily im-
ply that HFJV may have the same effects on
asthmatic patients.

Fish et al.’® demonstrated that a single
lung inflation transiently reduced airway re-
sistance in methacholine-challenged hay-fever
subjects, but such a reduction in airway
resistance was not observed in methacholine-
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challenged asthmatic subjects. Liu et al.l®
reported that immediately alter deep inspi-
ration, respiratory resistance (Rrs) decreased
in normal subjects, whereas, in asthmatic
subjects a significant increase in Rrs was
observed. These reports suggest that regula-
tion of bronchomotor tone by lung stretch
is different between asthmatic and nonasth-
matic patients. Further investigation may be
needed to determine whether or not the el
fect of HFJV on the tracheobronchial tone in
the asthmatic patients is similar to our ob-
servation in healthy and pharmacologically-
induced bronchoconstriction animal models.

In conclusion, a significant decrease of
tracheobronchial tone was observed dur-
ing HFJV both in normal and histamine-
challenged healthy dogs. The exact mecha-
pitsm is unknown, but certain types of pul-
monary stretch-reflex mechanisms may be
involved. This may be one of the mechanisms
of reported favorable effects of HFJV in some
types of respiratory failure.

(Received Feb. 8, 1990, accepted for publica-
tion Feb. 21, 1990)
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