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Effective Pulmonary Ventilation with Small-Volume

Oscillations at High Frequency

Abstract. At high oscillation frequencies (4 to 30 hertz), effective alveolar ventila-
tion can be achieved with tidal volumes much smaller than the anatomic dead space.
An explanation of this phenomenon is given in terms of the combined effects of dif-
fusion and convection and in terms of data consistent with the hypothesis. Theory
and experimental results both show that the significant variable determining the ef-
fectiveness of gas exchange is the amplitude of the oscillatory flow rate independent
of the individual values of frequency and stroke volume.

Gas exchange during normal tidal ven-
tilation is thought to involve two distinct
regions of the lung: (i) the dead space
volume, comprised of the conducting air-
ways, where gas transport is primarily
convective; and (ii) the alveoli, where
molecular diffusion is the predominant
mechanism of gas transport. In normal
ventilation, therefore, effective gas ex-
change is possible only if the tidal vol-
ume exceeds the dead space volume. Re-
cently, however, it was shown that ef-
fective alveolar ventilation can occur
“with tidal volumes considerably less than
the dead space volume if the respiratory
frequencies are sufficiently high (4 to 20
Hz) ().

To explain the gas exchange effected
by high-frequency, low tidal volume ven-
tilation, we present a theoretical model
based on the concept of augmented
transport, or diffusion coupled to con-
vection (2). We also present experimen-
tal data that confirm the observations of
others concerning the efficacy of this
technique and that are in general agree-
ment with the predictions of the theory.

Augmented mass transport in both
laminar and turbulent flow through a
long straight tube was originally ana-
lyzed by Taylor (2). Subsequently, Chat-
win, using concepts similar to those of
Taylor, provided a solution for oscilla-
tory laminar flow (3). The augmented
mass transport can be represented in a
way analogous to molecular diffusion by
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replacing molecular diffusivity Dy, by
effective diffusivity D.;. The effective re-
sistance to diffusion R (in units of inverse
volume flow) for a tube of length L and
cross-sectional area A may then be ex-
pressed as

R = L/(AD ) ey

The appropriate formula for Dg; de-
pends mainly on two parmeters: (i) the
Womersley parameter, a = dV/ (7/2)flv,
where d is the tube diameter, f the oscil-
lation frequency, and v the kinematic
viscosity; and (ii) the Reynolds number,
Re = ud/v, where u is the root-mean-
square velocity.

For this simple analysis we assume
that the stroke volume of oscillation is
less than the dead space volume and that
there exists a critical Reynolds number,
Re., such that the flow is laminar when
Re < Re. and well mixed when Re =
Re. (4). Given the theoretical results of
Chatwin (3) for laminar flow and the
theory of Taylor (2) and experiments of
Scherer et al. (5) for well-mixed flow, we
employ the following expressions for
Dy

Deg/Dpg =1 + K; ud/Dpg),
if Re = Re, ()
Dy/Dpg = 1 + (1/192) (ud/Dpa1)?,
ifRe < Re;and a <1 (3)
Deg/Dpg = 1 + (Ky/192)  (ud/Dpe)?a™,

ifRe < Recand a>1 (4)
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where K, and K, are dimensionless con-
stants of order unity.

Now consider the lung as a network of
branching tubes. As in the calculation of
resistance in an electrical circuit, the ef-
fective resistance to diffusion of the en-
tire bronchial tree, Ry, may be found by
summing the individual resistances.
Note that in a particular generation, the
area in Eq. 1 would be the total cross-
sectional area of that generation.

The rate of CO, removal from the
lung, Vo, is proportional to the dif-
ference between the volume fraction of
CO, present in the alveoli, F 5, co,, and at
the airway opening, F 50, co,, and can be
expressed as

Vcog = (Fa,co, — Fao, CO;)/RT (®)

To obtain the results shown in Fig. 1A,
we used the anatomic data from the dog
lung model of Horsfield and Cumming (6)
and K, = 0.7 [the mean value for in-
spiratory and expiratory flow given by
Scherer et al. (5)]. Results are shown for
three cases that bracket the anticipated
range of Re. and a., where o represents
the critical value of «; «, determines
whether Eq. 3 (for a < a.) or Eq. 4 (for
a> a) is used (7). The value of Re, is
not known, but is thought to be on the
order of 10 (8). The discontinuities in the
curve for Re. = 30 are an artifact of the
model caused by the abrupt transition
from laminar to mixed flow as the Rey-
nolds number in a given generation
changes through its critical value. In
reality these transitions are probably not
abrupt, but continuous, due to entrance
effects, secondary motions, and asym-
metries in the bronchial tree.

The model predicts that CO, output
will increase as the amplitude of the os-
cillatory flow increases, regardless of the
individual values of f and stroke volume,
as long as f is low enough for « to be
small in regions of laminar flow. In addi-
tion, theoretical results not shown in Fig.
1 indicate that the CO, output as a func-
tion of tracheal flow is relatively inde-
pendent of animal size or lung volume
for a single animal, provided the lung ge-
ometries are similar (9).

Experiments were performed on four
dogs in which we varied f and the stroke
volume and observed the effect on CO,
elimination. Our experimental setup
(Fig. 2) consisted of a standard animal
piston ventilator with the following add-
ed features: (i) a high-frequency oscilla-
tor (HFO), which consisted of four 12-
inch-diameter speakers sealed in a spe-
cial chamber, acoustically coupled in se-
ries, and driven by an amplifier con-
nected to a wave-form generator used to
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Fig. 1. (A) Predicted values of CO, elimination (V¢,,) versus root-mean-square tracheal flow for
three cases: (i) Re. = 0; (ii) Re, = 30, a, = »; and (iii) Re, = 30, a, = 1. For all cases the
oscillation frequency was constant at 30 Hz. (B) Experimental measurements of CO, elimina-

tion versus tracheal flow for four dogs.

provide a sinusoidal signal of varying fre-
quency and amplitude (/0); and (ii)) a
high-impedance bias flow of fresh air ad-
justed to maintain the mean pressure at
the airway opening to within 0.1 cm-H,O
of atmosphere while providing a flow of
700 ml/sec. The oscillatory volume flow
rate was measured by a pneumotacho-
graph (screen area, 7 in?) connected to a
pressure transducer (Validyne DP-45, 2
cm-H,0). This was calibrated prior to all
the experiments with a piston pump driv-
en in the range of 3 to 30 Hz with stroke
volumes varying from 20 to 100 cm®. To
obtain an index of gaé exchange, we
measured the rate at which CO, was re-
moved by the bias flow (bias flow rate
X CO, volume fraction). Since the bias
flow rate was constant to within + 2 per-
cent and there was no measurable CO, in
the tubing between the HFO and the
pneumotachograph, the bias flow CO,
removal was equal to the CO, output
from the lung.

Four dogs were anesthetized with pen-
tobarbital, vagotomized, fitted with tight
metal tracheostomy tubes, paralyzed
with intravenous succinylcholine chlo-
ride, and initially ventilated with the pis-
ton ventilator. Multiple measurements of
anatomic dead space were then made by

a modification of the Fowler technique.
(11), with the CO, measured at a tap just’

proximal to the tracheostomy. The addi-
tional dead space from the CO, tap to the
bias flow was determined by direct mea-
surement. The ventilator settings were
then adjusted to maintain the dog’s end-
tidal CO, partial pressure Pgr, co, at
40 = 1.5 mm-Hg, and baseline measure-

610

ments of CO, output were made with the
technique described above.

After these measurements, the dog
was ventilated by the HFO for 15 to 30
seconds while measurements of CO, out-
put were made (/2). After each measure-
ment, the dog was returned to the piston
ventilator and Pgr, co, Was measured. If
Pgr, co, had changed, the ventilatory rate
was adjusted transiently to allow it to re-
turn to its baseline value. Using this
technique, we systematically varied the
frequency from 4 to 30 Hz and the stroke
volume from about 20 to 85 percent of
the dead space volume. Each measure-
ment was obtained only after we had sta-
bilized Pgr, co, to = 1.5 mm-Hg of the
control value.

As frequency increased at a fixed
stroke volume, and as stroke volume in-
creased at a fixed frequency, the CO,
output also increased. However, at any
fixed product of frequency with stroke

Compressed air
source

Piston
ventilator

oscillator

Vacuum
source

Fig. 2. Experimental setup used in the experi-
ments (P o, pressure at the airway opening).

volume, the CO, output was approxi-
mately constant, irrespective of the fre-
quency of oscillation. In Fig. 1B the data
from all four dogs are plotted as CO, out-
put versus root-mean-square tracheal
flow (Vrus). A single relation is obtained,
although the dogs varied in size from 8 to
22.5 kg. These results generally agree
with the theoretical predictions (Fig.
1A), except that the experimental data
appear to cross the flow axis at positive
rather than zero flows.

In conclusion, effective gas exchange
can take place at tidal volumes as small
as 20 percent of the dead space volume if
the oscillatory frequency is sufficiently
high to maintain tracheal flow amplitude
above some critical level. The coupled
effects of molecular diffusion and con-
vection can account for the experimen-
tally observed gas transport.
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Vascular Permeation of Platelet Factor 4

After Endothelial Injury

Abstract. Antibody to platelet factor 4 was used to demonstrate permeation of this
factor into the blood vessel wall after endothelial injury in rabbits. The presence of
platelet factor 4 antigen in the vessel wall after removal of the endothelium was
shown by immunofluorescence 10 and 30 minutes after injury but not 240 minutes
afterward. This study demonstrates that factors carried by platelets can enter the
vessel wall and that the movement of these platelet products into the vasculature is a

short-lived, self-limiting process.

After vascular injury, platelets adhere
to exposed subendothelium, degranu-
late, and form aggregate masses (/). Fol-
lowing activation, they secrete numer-
ous biochemical mediators including
lysosomal enzymes, a potent vasocon-
strictor (thromboxane A,), and a mito-
genic protein [platelet-derived growth
factor (PDGF)] that stimulates growth of
cultured smooth muscle cells. Studies of
vascular injury have focused on the mor-
phology of platelet adhesion to the sub-
endothelium, the ensuing aggregation
@), and platelet turnover kinetics (3).
However, until now there was no direct
evidence that materials secreted by the
platelet enter the vessel wall. To estab-
lish that such materials do enter the ves-
sel wall and to follow their course in
vivo, we studied a well-known platelet-
specific alpha-granule protein, platelet
factor 4 (PF4), which is a 7800-dalton
polypeptide that can neutralize heparin’s
anticoagulant effect and may interact
with other sulfated glycosaminoglycans
«, 5). In our study, the indirect method
of immunofluorescence was used to
demonstrate (i) the presence of PF4 anti-
gen in the vessel wall within minutes of
platelet attachment to the site of endo-
thelial injury and (ii) the disappearance
of the antigen after 4 hours.

We isolated PF4 protein from rabbit
platelets (5) and then raised in sheep a
monospecific antibody to the purified
protein (6). Rabbit iliac arteries were de-
nuded of endothelium with a low-pres-
sure balloon catheter (/). At selected
times after injury, the animals were
killed by exsanguination and sections of
iliac artery were prepared for testing
with indirect immunofluorescence tech-
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niques adapted for the PF4 antigen (7).

The PF4 antigen was identified at the
luminal surface and in the tunica media
of the artery 10 and 30 minutes after re-
moval of the endothelium (Fig. 1). Im-
munofluorescent platelets were seen on
the vessel surface 240 minutes after in-
jury, although there was a marked dimi-

nution in immunofluorescent staining of
the vessel wall. These results are
consistent with those of morphological
studies (/) and provide additional infor-
mation about the reaction between plate-
lets and the vessel wall several hours af-
ter injury. They also agree with the re-
sults of recent studies of 5!Cr-labeled
platelet turnover (3). In those studies,
platelet interaction with the vessel wall
was evaluated in rabbits whose endothe-
lium was removed with a balloon cath-
eter. It was shown that only 0.2 percent
of the circulating platelets attached to
the damaged wall and that turnover was
almost undetectable. Similarly, we show
here that secretion of antigen by platelets
is a short-lived, self-limiting phenom-
enon, with apparently little secretion
occurring 4 hours after injury.

It has been well documented that the
subendothelium is covered by platelets
within minutes of endothelial injury. Af-
ter 10 minutes, the platelets spread out to
completely cover the exposed surface
(1). Platelets adhering to the subendo-
thelial surface lose 97 percent of their
alpha granules after 40 minutes, whereas
most of the platelets that aggregate onto
the adherent platelets retain their gran-
ules (2). Our results demonstrate, appar-
ently for the first time, the permeation of
a platelet-derived protein into the vessel
wall: the platelet-derived antigen ap-
pears in the vessel wall within minutes of
removal of the endothelium.

Since PF4 and other platelet-secreted
proteins like PDGF reside in the same
granule population and are secreted in
response to the same stimuli (8), it seems
likely that these proteins also enter the
vessel wall after removal of the endothe-
lium. Recent studies suggest that only a
transient exposure to PDGF is needed to
cause proliferation of cultured cells (9,
10). Previous studies in our laboratory
showed that the proliferative response of
vascular smooth muscle cells (SMC) is
self-limiting, with peak SMC synthesis of
DNA occurring after 48 hours, followed
by a dramatic decrease (/0). These stud-
ies suggest that the rapid increase.in se-
cretion by platelets after injury is fol-

Fig. 1. Localization of PF4 in the vessel wall
with sheep antibody to rabbit PF4 at (A) 10,
(B) 30, and (C) 240 minutes after endothelial
injury (x250). Note permeation of PF4 into
the vessel wall after 10 and 30 minutes, and its
exclusive presence in the luminal platelets af-
ter 240 minutes. (D) Control slide incubated
with antigen-absorbed antibody; immuno-
fluorescent staining did not occur (Xx250).
Slides containing hyperimmune sheep serums
incubated under the same conditions also did
not show immunofluorescence.
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