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ABSTRACT

Research progress has been made toward two goals in the first contract
year, patient studies and model studies. In the patient studies we
investigated the relationship between mean airwey pressure and lung volume
during high frequency low tidal volume ventilation (HFV). Patients
requiring mechanical ventilatory support for treatsent of respiratory
insufficiency were studied by imposing rapid (1-10 Hz) oscillations with
low tidal volumes (50-150 ml) at a constant mean airway pressure of 5 ca
Even though mean airway pressure was oconstant, lung volume
sed substantially during the oscillation period in 7 of 8 subjects
cated both by an inorease in thoraco-abdominal dimensions and by an
¢ in respiratory system relaxation pressures after the oscillations
stopped. For each patient in whom these changes occurred, the degree

luence the lung volumes that are achieved, even at fixed airway
ures, during HFV. The implications of these findings to ventilatory
cobat casualties are discussed.

In the model atudies the preasurs drop during sinusoidal mean flows in
a four generation petwork of rigid, uniform diameter, symmetrically
branching tubes was studied. The data obtained were analyzed via a
process of Fourier decomposition. The results showed that the pressure
s 1s consist painly,of a dominant onent at the excitation frequency
( amental a Sfirst bharmonic™ of smaller magnitude. We found the
sagnitude and phase of the fundamental to correlate closely with clasaical
predictions as long as the mmtcémmmum«/‘:\
was less than 200, /\For values of this parameter greater than 200,
the observed pressure drops)vwere considerably higher. We have attributed
this change in behavior to the onset of turbulence in the branching
network. These results werq employed in a theoretical model to predict
total airway resistance of the dog lung. The predictions were compared to
physiological measuremsnts others and were found to be in excellent
agreenent. Thess models may of value in predicting the pressure~-drops
that will prevail under HFV bircumstances.
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Foreword

a. Figures 1-16 have been submitted for publication at this time and
are not protected by copyright.

e. For the protection of human subjects the investigator(s) have
adhered to the policies of applicable Federal Law ASCFRAG.
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I. INTRODUCTION

The goal of this contract is to understand the interactions between
pulmomary mechanics and gas exchange under the oonditions of low volume-

high frequesncy veatilation (HFV). In the first contract year we have made

progress toward this goal in 2 areas, clinical studies, and model
studies. The major thrust of the clinical studies has been to determine
the relationships among applied tidal volume and frequency and the msan

lung volums about wvhich these oscillations finally ocour. Through ocur MIT

subcontract we bave begun to develop a sound fluid dynamic basis for the
pressure~-flou relationships that prevail during HFV. We will review the
progress made in each of these areas separately.

II. CLINICAL STUDIES: THE INFLURNCE OF HFV ON FUNCTIONAL RESIDUAL
CAPACITY

A. Introduction

The tidal volumes used in the application of HFV are small in
comparison to those used in conventionsl mechanical ventilation; as a
result it has been assumed that the average alveclar pressures during HFV
will bde lower than those during conventional mechanical ventilation.
These presumed lower pressures underlie many of the potential advantages
of HFV. For example, lower alveolar pressures Right reduce the frequency
of pneumothorax and other types of barotraums associated with mechanical
ventilation. Secondly, the lower pressures may minimise the adverse
cardiovascular effects of mechanical ventilation, particularly the cyclic
reduction of venous return synchronous with lung inflation during
conventional mechanical ventilation (1).

These potential advantages of HFV are based on the assumption that
mean airvay pressure, alveolar pressure and lung volume correlate closely
and predictably during HFV. However, several recent animal studies (2-8)
have questioned the validity of this assumption. We examined the
relationship between mean airway pressure and lung volume during HFV in 8
patients with respiratory insufficiency to provide information about the
potential clinical implications of these animal studies. Our results
demonstrate that during HFV the mean airway pressure correlatses poorly
with lung volume. We found elevated lung volumes during the application
of HFV despite meintenance of a fixed msan airway pressure.

B. Mathoda
1. Patients

Eight patients requiring mechanical ventilatory support served as
subjects for this study. Tadble 1 gives the age, sex, weight, diagnosis,
static respiratory systea compliance (measured prior to HFV), and
endotracheal tudbe sise of each patient. Patients 1-7 required chromic
sechanical ventilatory support via cuffed tracheostomy tubes. Patient 8,
an ssthmatic, required ventilatory assistance for several days and was
ventilated via a cuffed orotracheal tudbe. This study was approved by the
Busen Subjects Committes, and each patient or his/her guardian gave
informed comsent prior to participation.
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2. Experimental Apparatus

The apparatus used is illustrated in Figure 1. The high frequency
ventilator vas a servo-oontrolled linear magnetic motor with an attached
piston. Ve used this to deliver sinusoidsl tidal volumes of 50-150 ml
over the desired frequency range. A Fleisch #2 pneumotachograph, coupled
to a differential pressure transducer (Validyne + 50 ca E30), calibrated
for each tidal volume and frequency used, wvas placed in the airway between
the HFV piston and the patient. The ocutput of the pneumotachograph was
eslectronically integrated to determine the tidal volume delivered to the
patient. The ventilator cirocuit included a weighted 10 L water-sealed
spirometer filled with oxygen which provided gas to the airway opening at
a constant pressure of 5 ca Hy0. The spirometer was connected via a
valve to the patient's airway. A rapidly responding transducer (Ailtech
¥MS10-8) was used to measure airway pressure at the junction of the
endotracheal tube and the pneumotachograph through a lateral port. The
tubing diameter at this point was 1.7 ca. In patient 8, the spirometer
circuit was not used to maintain a constant airway pressure during HFV.
Instead, a high impedance bias flow as previously described (5) provided
fresh gas to the system at a point between the ventilator and
pneumotachograph. This system provided fresh gas to the airway and
removed mixed expired gas via an exit port in such a manner that mean
airvay pressure resained fixed at 5 c=s Hy0.

Lung volume was monitored with a respiratory inductance plethysmograph
(Respitrace R) that was used to measure the cross sectional area of the
thorax and of the abdomen. This device was calibrated by delivery of
known volumes of gas to the respiratory systems of each patient. A
standard spirometer was used for this purpose and the patients were in the
posture assumed during HFV.

3. Protocol

Prior to the trial of HFV, each sudject received several large breaths
of oxygen (1000-2000 m1) and was allowed to exhale pasaively until a
stable lung volume was reached (usually within 10 seconds). The
endotracheal tudbe was connected to the HFV circuit and the valve to the
weighted spirometer was opened. As a result of the 5 ca HyO pressure,
lung volume rose slightly (usually 100-200 ml). After the lung volume had
stabilized (2-3 sec), we turned on the oscillator at a presst frequency,
and adjusted the volume of oscillation to deliver the desired tidal volume
to the subject. Oscillations were continued until a stable lung volume as
recorded by the respiratory inductance plethysmograph and the spirometer
was reached (ususlly 15-30 seconds). We then closed the valve to the
spirometer, discontinued the oscillations, and measured the relaxation
pressurs in the system. Ve did not use runs in which a steady relamtion
pressure was not achieved. This protocol was repeated to determine the
changes in lung volume over a range of HFV frequencies (1-10 Hsz) and tidal
volumes (50-150 ml). Although arterial blood gas tensions were not
mesasured, the brief duration of these trials (approximately 30 asconds)
would probably not have resulted in a rise in the tension of CO2 of more
than 2 or 3 Torr even if no gas tramsport cccurred between the patient and
the oxygen-filled spircmster. Conventional sechaniocal ventilation was
used to support the sudjects between trials.
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Despite maintenance of a constant mean airway pressure, in 7 of 8
i subjects mean lung volume increased. The increase in lung volume above
K functional residual capacity (FRC) as a function of frequency is given in
Figure 2. As the oscillatory frequency increased, lung volume rose
oo progressively in the 7 subjects. PMurther, for a given frequency of
' oscillation the lung volume during oscillation increased to a greater
! extent at higher tidal volumes than at lower tidal volumes. The magnitude
- of the lung volume increase differed substantially among subjects.
- Subject 8 displayed a volume change at the lowest frequency (1 Hz) and
2 tidal volume (50 ml) tested, while the other subjects displayed volume
changes only when higher frequencies or tidal volumes were used. Subject
1 d1d not demonstrste & change in lung volume at any of the ventilatory
rates or tidal volumes studied.

y
K
)
N
N C. Reaulis
1

Pigure 3 gives the data shown in Figure 2 as a function of the product
of frequency and tidal volume. These graphs show that the increase in
lung volume during HFV was related more closely to the amplitude of
tracheal flow than to frequency or tidal volume alone. Thus, in patients
2,3,5, and T the change in lung volume at a given flow was the same
regardless of the frequency and tidal volume used to achieve that flow.

Figure ¥ shows the relationship detween the respiratory system
relaxation pressure after oscillation and the lung volume incremsent
measured by the inductance plethysmograph during each HFV trial. The
relaxation pressure recorded after cessation of each HFY trial correlated
closely with the change in lung volume noted during the same trial.

The pressure svwings measured at the airway opening during oscillation
vere symmetric around the mean airway pressure of 5 cm Hp0 during trials
in which lung volume remained constant. ' However, in trials when lung
inflation occurred, the pressure swings became asymmetric, with negative
deflections exceeding positive deflections (Figure 5A). In Figure 5B a
representative respiratory inductance plethysmographic recording during
BFV is shown. This figure shows the instrument output during several
large breaths, followed by disoconnection from the ventilator and
exhalation to FRC. The lung volume change when the subject was attached
to the HFV circuit ("a® in Pigure 5) is displayed, followed by a further
increment in lung volume during the HFV trial itself ("b" in Figure 5).

D. Discuaaion

Our findings demonstrate that there can be a disscciation between lung
volume and mean airwvay pressure during HFV. The increase in lung volume
cannot be explained by reflex or voluntary respiratory efforts, since
subjects 2 and T suffered from paralysing neurocsuscular disease that
limited their vital capacities to less than 100 ml, a2 volume far less than
the measured incresses in the lung volume during HFV. The lung volume
change cannot be a measurement artifact since the respiratory systea
relaxation pressure, determined after HFV trials in which the volume rose,
exceeded the airway pressure maintained before and during each trial. :
Thus, mean airvay pressure during HFV delivered in this manner iz lower NG
than sean alveolar pressure. These findings have important implications
for the safe clinical use of this approach to mechanical ventilation.

--------------------------------------------
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A major clinical goal of low tidal volume ventilation is to provide
mechanical ventilatory support for patients at lower mean airway pressures
(6-8), assuming that the incidence of adverse side effects will diminish
if the airway and alveolar preasures during mechanical ventilation can de
nininized. Implicit in this assumption is the belief that mean airway o
pressure somehow reflects alveolar pressure. Our results suggest that e
this assumption is not always valid during HFV. Specifically, our
ssasurenents at the airway opening oconfirmed that both the weighted -
" spiromster and the bias flow system successfully maintained mean pressure -
constant throughout the trials of HFV. Despite this constant mean airwvay )
pressure, lung volume increased during HFV.

-
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The system we used in these experiments is similar to systems that we
(9) and others (10,11) have used to deliver HFV experimentally and
clinically. Although we made no attempt to monitor pulmonary gas exchange
during these short runs of HFV, we used frequency and tidal volume

'Frv ¢ veaie s = -
B ML s
(R L R AL
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'l combinations which were within the range required to achieve adequate .jlj?;§
ventilatory support in adult human subjects (9,11). Thus, it seems quite
L likely tbat there will be a dissociation between mean lung volume and mean

airvay pressure during clinical applicaton of HFV,

Dissociation of mesd airway pressurs and lung volume during HFV
probabdly underlies certain observations made by other ressarchers in i
animsl experimenta. For example, Simon and co-workers found that airway GG,
relaxation pressures after HFV in dogs exceeded the msan airway pressure
measured during HFV (2). Further, Robertson and co-workers noted
incresses in the functional residual capacity of paralyzed dogs during HFV
(3), although their protocol does not clearly state whether mean airway -
pressures remsined constant. This study extends these observations to iy,
humans, and documents that the extent of this hyperinflation may be great !
enougk to cause adverse effects, though none were noted during the brief N
duration of these trials. i

. S & -
R A O ]

Even though this study was not designed to determine the precise B

- mechanisms accounting for dynamic hyperinflation during HFV, we can S
suggest potential explanations for our observations. Dymamic hyper- R
inflstion will ococur when the volume of gas entering the lung during L

d inspirstion exceeds the volume of gas leaving the lung during expiration. ;';-‘.:';
For this to occur, the resistance to expiratory flow must be high enough .

X that the forces promoting exhalation are inadequate to allow full e

, exhalation before the pext breath is delivered. In this context, it does e

s not matter whether the expiratory resistance is due primsrily to airvay L

A narroving (fixed or dynsmic) or to the resistance of the respiratory
pathway of the HFV circuit, or the patient's own airway. However, since
our sirway pressure reocordings (Figure 5A) showed a marked asymmetry, it

1s 1ikely that dynsmic airway narrowing played a major role in lung R
5 inflstion during high frequency oscillation. Regardless of the precise ‘ o]
. reason that lung volume incresses dynamically, when this does ocour,
. elastic recoil forces will increase and airway resistance will fall.

Thus, lung volume will increase until a circumstance is reached where the
volume expired in the brief time allotted equals the inspired volume.

This may explain why patient 1, who had very nonoompliant lungs, did not
demonstrate an increase in lung volume; her recoil pressures were adequate
to balance expiration and imspiration near FRC at all frequencies

applied. These airway and elastic reocoil oomsiderations will apply to all

...................................
....................................
......................................




types of mechanical ventilation, regardless of whether exhalation is an
active or a passive process; thus a dynamic increase in lung volume is a
potential risk of all types of rapid ventilation, including both high
frequency oscillatory ventilation and high frequency jet ventilation.

Our findings show that HFV may not be a suitable method of mechanical
ventilatory support for some patients. For example, three patients
manifested potentially dangerous increments in lung voluse (over 1L)
during these HFV trials. On the other hand, some patients showed little
or no evidence of dynamic lung inflation, at least at modest tracheal
flows. In previous studies of HFV in human subjects (9,12,13), we and
others have demonstrated that eucapnic gas exchange can be achieved at
tracheal flows in the range of 5 to 15 L/min. In the current study, 5 of
the 8 patients had dynamic shifts in FRC of less than 500 ml at these
flows. Thus, in these patients, it seems likely that HFV could be used
without undue risk of barotrauma. The failure of mean central airway
pressure to reflect peripheral pressures in the lung implies that mean
airway pressure monitoring alone may not ensure safe use of HFV. However,
until the clinical settings in which HFV can be safely employed are
defined more precisely, lung volume or another index of alveolar pressure
should be monitored to minimize the risks of adverse side effects.

E. Military Implications

These findings may be of value in designing strategies to deal with
respiratory fsilure in field casualties in the event of nerve gas
poisoning. Specifically, if the nerve gas poisoning results in a loss of
pulmonary compliance in excess of an increase in resistance, then HFV may
be applied without a substantial chance of dynamic hyperinflation
occurring. In contrast, if incresse in airway resistance is prominent,
then dynamic hyperinflation may occur. Further, given knowledge of the
relative change in the various parameters which may occur, one could
select possible optimal frequencies and tidal volumes to use.

III. MODEL STUDIES AT M.I1.T.
A. Iniroduction

Various approaches have been used to develop methods for predicting
pressure differences in the pulmonary airways. In the case of normal
tidal breathing, theoretical and semi-empirical methods have been
developed which are in reasonable agreement with physiologic measurement
(14,15). These methods of analysis, however, are typically confined to
inspiratory flow and are purposely restricted to situations analogous to
tidal breathing. In such cases, the pressure change is due to the
combined effects of wall shear stress within the boundary layers that
develop at each new bifurcation, and of fluid acceleration (or
decelsration), often termed "the Bernoulli effect.®




Experimental measurements of pressure drop across the airwvays are most
conveniently expressed in dimensionleas terms as (15):

17%5;7 = fan(Re, 0, geometry) )

Here Reszud/V is a characteristic Reynolds number, d is the airwa
diameter, u is the cross-sectional mean velocity, and as(d/2)/w/v is a
measure of the unsteadinesa of the flow where w is the oscillation
frequency and v is the kinematic viscosity of the fluid. In all studies
mentioned thus far, the dependence upon o was deemed unimportant.

Relatively few studies bhave examined flows that are intrinsically
unsteady. Jaffrin and Hennessey (16) measured the pressure drop in a
model of the central airways for a purely sinusoidal flow. They reported
presaure signals that possessed both a nonlinear character and a phase
shift with respect to the flow. Their experiments, however, were limited
to a narrow range of disensionless frequencies (1< a<2.66) making it
difficult to infer the general behavior of unsteady flows.

More recently, Isabey and Chang (17) reported measurements of the
total pressure drop during periodic flow across a cast of the husan
central airwvays (5 generations). They presented their results by
plotting Ap/pu2/2) against Re, where Ap is the pressure drop at any
instant during the cycle and u and Re are the corresponding values (at the
sape instant in time) of tracheal flow velocity and Reynolds number. They
found that to completely describe their data it was necessary to introduce
a new parameter g = L(du/dt)/u2. This parameter can be rearranged and
written as (2L/d)(a2/Re)/tan wt. Expressed in this form, € is seen to
be dimensionless time and, as such, clearly establishes that the phase of
oscillation is of importance in understanding the physics of the flow.
However, it is possible to completely descridbe the dimensionless pressure
drop using a function of the form of Equation (1) without the need for
introducing e.

In this report we submit experimentally derived generalized laws that
could be used to predict /Ap across either the entire lung or individual
airvays over a wide range of oscillatory flow conditions. To accomplish
this we use a methodology for decomposing the pressure signal using
fourier analyais and apply this methodology to measurements of pressure
drop at various sites of a rigid four generation symsetric model of the
airvays. This analysis results in universal curves capable of describing
all our data. We then use these general curves to predict the pressure
drop in a dog lung model and compare the predictions to experimental data.
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The motivation for this study is derived from the need to better
understand the preasure excursions associated with high frequency, low
volume ventilation (HFV). Knowledge of the pressures produced during HFV
could be important for assessing the dangers of barotrauma and impaired
cardiac perforsance prevalent in other forms of ventilatory assist, and in
the design of high frequency ventilators. These pressure excursions also
influence the distridbution of inspired gas and the maximum allowable
volume flow rate.

B. Mathods

1. Data acquisition. All measurements were made on a four
generation (with the trachea being generation zero) symmetrically
branching network assembled from commercial nalgene 'Y' connectors (Figure
6). Each generation had an internal diameter of 1 cm, a
length-to-diameter ratio of 3.5 and a branching angle of 70 degrees.

The system was excited at the *trachea' with sinusoidal oscillations
produced by a motor and piston. At the 'alveolar' end, each of the
sixteen terminal branches was connected to a 30 cm long pisce of tygon
tubing which was open to atmosphere. The terminal branches were extended
in this way to produce a more uniform flow distribution in the branching
network. Since these extensions posed a large overall impedancs as
compared to individual branching sections they helped to uniformly
distribute the flow to all branches, negating the tendency for flow to be
preferentially directed down the medial pathways (18) and minimizing the
effect of slight construction inacouracies. Thus we will assume a
symmetric partitioning of flow between sibling branches in a given
generstion. Evidence to support this assumption is obtained by &
comparison of pressure drops at analogous medial and lateral locations and
will be discussed later.

Two parameters were recorded during each run: the motion of the
piston (from which flow rates were deduced) and the pressure difference
between successive generations. Differential pressures were measured
(using a Validyne MPAS transducer with a 2 om H20 diaphragm) at a total
of six measurement locations as shown in Figure 6, pamely:

first generation - between stations (1) and (1,2)

sscond generation lateral -- between stations (1,2) and (1,3)

third generation lateral - between stations (1,3) and (1,8)

third generation medial - between stations (2,3) and (2,8)

fourth generation lateral -- between stations (1,4) and (1,5)

fourth generation medial - between stations (2,4) and (2,5)
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UR Pressure taps were approximately 1 mm in internal diameter and were i~
-, sounted flat with the wall, perpendicular to the plane of the S
bifurcation. The motion of the piston was measured with a displacemsent -
tranaducer. Instantaneous values of these two parameters were digitally

' processed using a mini-computer. Each measurement was repeated over 20 to
N 100 cycles and an ensemble average was calculated and stored for later {-','7
o analysis. L

To ascertain the effect of secondary motions we also examined the
presaure differences at a number of points around the circumference at LN
.. station (1,2) in some experiments. .

» 2. Data reduction. The pressure difference between any two measurement e
locations (e.g., (1) and (2) in Figure T) is caused by three effects: e
. instantanecus acceleration of the mass of fluid contained within the ‘

control volume between (1) and (2), viscous dissipation due to frictionm, %
= and the change in dynamic head as the fluid passes between the parent and -
. child vessels. This can be expreassed in terms of an energy conservation
equation for the control volume of Figure T:

A A d 1 D -2 -2 P
Py - B = -vY(;%)[xdx + 3t 58t - 8u) (2 o

where,
y p2 and pq are weighted average values of pressure at stations (1) and o
(2) defined by D = Spu.da/Q

p is the density

Q is the flow rate, Q = JudA el

D is the total rate at which mechanical energy is dissipated by ' =
visocosity in the region between (1) and (2) —

u is the cross-sectional average velooity, u = JudA/A ‘ ,

B 1s the ratio of actual energy flux to that associated with the same e
flow rate, with a uniform velocity profile and is defined as: B ) v
= u3da/ku3. Similarly, Y represents the ratio of actual momentum flux —y
< to that for a uniform velocity flow, Y = fu2dA/Au2. Both have values R
'3 of unity for a flat velocity profile while for a parabolic profile, 8 =2 o
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In traditional linear snalyses of amall amplitude oscillatory motion,
the first tera is due to the fluid inertia (I), the second is the flow
resistance (R), and the third is omitted since it represents a nonlinear
effect. For sinusoidal flow, the first term on the right hand side of
Equation (2), being proportional to dQ/dt, appears at the excitatiom or
"fundamental®™ frequency. The last term, being proportional to the square
of the velocity, appears at twice the excitation frequency, as a "first
barmonic.” As for the dissipation term D/Q, there is no & priori
reatriction on its frequency ocontent. If dissipation is mainly confined
to a viscous boundary layer it would appear at the fundamental frequency,
while dissipation due to secondary flows would have both a fundamental and
first harmonic contribution. Therefore, it is possible to obtain
information concerning the contribution of each effect by reducing each
signal to a set of amplitudes and phases corresponding to the various
harmonics:

Ap = Z [pnsin(nmt + en)] (3)
n=1

where pp and €, are the amplitude and phase of the nth harmonic of the
pressure signal.

In steady flows, the dynamic head (puzlz) is conventionally used to
make pressure dimensionless; this choice is by no means unique. In
particular since the fundamental represents both fluid acceleration and
viscous dissipation, it is of interest to study the ratio,

o = p, ~ p;/PLUL %)

where U is the local velocity amplitude in the parent branch, L = Lq
L2/2 and Ly and L are the lengths of the parent and sibling

branches, respectively. The quantity OLUw is the amplitude of PL(dU/dt),
the pressure drop due to fluid acceleration alone if the velocity profile
were blunt. Hence, a value of P close to unity would indicate the
dominance of inertial effects over viscous dissipation.

It is also of interest to compare the fundamental to the predictions
of laminar oscillatory flow in a straight pipe (19) applied separately to
each of the child and parent tubes:
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The parameters M'yo(a) and €1g(a) are the same as those used by

Womersley (19) and are graphically presented in Figure 8. For straight

tubes, M'qo approaches unity and €;9 approaches zero as inertia comes
to dominate viscous dissipation as shown in Figure 8 for high «a. ——

In a similar fashion, s non-dimensional measure of the first harmonic ;;‘-‘:4",
can be introduced in the fora of the ratio: %

amplitude of the "tat harmonic® in the pressure signal
R Cq = (6)
smplitude of the "1st harmonic® for an inviscid stress
o with blunt velocity profiles.

As defined above, Cq is generally referred to as a ocorrection factor.

In a single bifurcation with an area ratio of 2 and a cross-sectional mean
velocity in the parent tube of amplitude Uy, the denominstor of Equation
(3) would be equal to (3/3)(pU42/2).

C. Reaulta

Experiments were conducted over frequencies ranging froa 0.15 to 20 Rz
and tidal volumes in the range of 3 to 77 ml. This corresponds to s range
of Reynolds numbers (Re =pUd/v where U is the cross-sectional mean
velocity amplitude) in the most immediate parent branch between 50 and
30,000 and dimensionless frequencies (@) ranging from 1 to 15. A
representative data set for two different values of frequency and
"tracheal™ flow rate is shown in Figures 9A and 9B.

Over the range of experiments, we observed generation-to-generation
pressure differentials ranging between 0.001 and 5 o H50. It was mot
possible to directly calibrate our transducer for pressures as low as
0.001 cm Hy0. Therefore, we made several measurements in a long
straight tube under conditions in which we would expect Womersley's
prediction to be valid. At the lowest pressures, the measurement was
nearly 508 below the theoretical prediction (Equation 5). PFurther, there
was a lack of linearity in the response of the pressure transducer in the
range of pressures below 0.1 ca Hy0. Since we were unable to correct
for this error in a reliasble manner, we anticipate errors approaching 50%
at the lowest pressures, those tests having both small o and small Re.
However, this also is the range where fluid acceleration dominates the ——
pressure signal and is therefore of lesser interest. L

As noted earlier, we assumed, for the purpose of determining flow =
amplitude in each vessel, that the flow was uniformly distributed. To the _
extent that this is true, we would expect to find pressure signmls of Ve
equal magnitude at medial and lateral positions within the same —
generstion. Ve show, in Figure 9, examples of two extreme cases, one with ) e
nearly identical pressure signals, the other with the greatest degree of o
nop-uniforasity we observed. There are significant differences at the i
higher Reynolds numbers tested in generations 2 to 4, but these tests T
represent a relatively small fraction of our measurements. Furthermore,
differences between the lateral and medial measuresents are primarily —

associsted with the first harmonic of the pressure signal. The saximum o
difference between two first harmonic signals for the same flow condition ol
was 30§ while the average difference was about 5%. e
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The aignals shown in Figure 9 and most of our measurements were
obtained from the differential between top pressure taps. To obtain a
cross-section, we examined circumferential pressure differences at a
station in several experiments. Ve found the pressure differential
between the imner and outer wall of the model to be greater than the
pressure differential between the top and outer location but neither
difference was ever greater than 265 of the generation-to-generation
differential. Therefors, we expect this figure to be an upper estimate of
the error between measured pressure and mean cross-sectional values used
in Equation (2).

Fourier analysis of the data revealed that the pressure signals were
mainly composed of a "fundamental® and a *first harmonic,® with the sum of
the higher harmonics at least an order of magnitude smaller. While the
fundamental was typically greater than the first harmonic, the difference
dininished as Re increased. At the highest Reynolds numbers tested, the
first barmonic was at times larger than the fundamental. Plots of the
magnitude (expressed as the dimensionless ratio defined in Equation 4) and
phase of the fundamental are provided in Figures 10 and 11, for the three
values of @ less than 12, Magnitudes of the first harmonic as represented
by the correction factor Cy; (Equation 6) are shown as a function of © in
Figure 12. There was no clear dependence of Cy on Re although values
for Cy in generations two and three were generally greater than in one
and four.

D. Diacuasion

1. Gansral description of the resulta for alpha leaa than 12. Our
pressure recordings resemble those of Jaffrin and Hennessey (16) and
confirm their observation of a nonlinear pressure-flow relationship and
the existence of a phase shift between pressure and flow. Over much of
the range of our experisents, the pressure traces show clear evidence of
the presence of higher harmonics. It must be recognized, however, that
the total child-to-parent area ratio in our hardware model was 2 while in
the lung the changes in area are not so severe (area ratios are about
1.2). Therefore, the effect of higher harmonics is accentuated in our
results.

The normalized smplitude of the "fundamental®™ component of the
pressure signal is given in Figure 10 as a function of Reynolds number for
three values of a . The data on this curve are not restricted to any
particular measurement location or generation number and contain
Beasuresents from each of the aix different measurement sites. At higher
Reynolds numbers, some differences are evident between the medial and
lateral measurements.

Figure 10 shows that for low Reynolds numbers most of the pressure
signal is due to fluid acoeleration. PFor each value of &, however, the
results exhidbit a different character beyond a particular value of
Reynolds number which turns out to be approximately 200 times the
corresponding value of & This observation is of particular interest in
light of the fact that for oscillatory flovw in a long straight pipe, onset
of turbulence has been reported at a Re/a of (200-500) (20,21). Note that
when o =i, the treak ocours at a Reynolds number of only 800.
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Por Reynolds numbers above the break Apfund (the magnitude of the
fundamental) is consideradly higher. This additional pressure drop could
be due to an increasing nmonuniformity in the velocity profile, or a
dramatic increase in dissipation. The latter is more likely and can
probably be attributed to the onset of turbulence as suggested above.

As shown in Figure 11, the phase of the fundamental component of
pressure relative to the mean flow agrees reasonably well with values from
Womersley's solution for a atraight tube. However, it can also be seen in
Figure 11 that the phase difference follows a general trend even for
Re/a >200 although one which is no longer consiatent with the laminar flow
solution in a straight tube.

Based on the observation that, at high &, transition is governed by
the parameter Re/q, ve replotted, in Figure 13, P against Re/C, which is
the Reynolds number based on boundary layer thickness. The plot suggests
strongly that for 4< <12, the point of transition is determined primarily
by the parameter Re/C.

Data for the range Re/©200 are beat described by the correlation:

0.62/a1.35

Ap = (0.20)Re for a < 12 (¢))

This correlation was obtained from a double least-squares curve-fit of the
data with a good fit (r2 = 0.6%).

Thus, while it appears that a transition occurs at Re/C =200 gho
value of P above this transition varies approximately as (Rc/aa)b' .
Note inclusion of a2/Re or the Strouhal number which is the ratio of
tempcral acceleration (proportional to 3du/dt) to convective acceleration
(proportional to wu/ox) (6). This relationship suggests the surprising
result that viscous effects are unimportant in determining the magnitude
of Ap/pu? despite the anticipated importance of viscous dissipation.
This result has a crude analogue, however, in steady turbulent flow for
which Ap/pu? is very weakly dependent on Reynolds number, thus
signifying that viscosity plays only a small role in establishing the
level of viscous dissipation.

2. Reaulta for 0>12, Based on studies of oscillatory flow in curved
pipes we had reason to expect more complicated flow patterns and therefore
a different scaling pressure for a>12. For example, in oacillatory flow
in a curved pipe, Lyne (22) has developed a theory which predicts
transition from a two-cell to four=cell secondary flow vortex pattern at
az 12.9. Likewise, Mullin and Greated (23) observed experimentally the
appearance of two additional vortices and the development of the four
vortex system at & = 11,0. Anticipating qualitatively similar effects in
these studies, we made a aeparate plot for P vs Re/0 for data points with
a>12 (FPigure 14). In this range, the pressure-flow relationship is more
unifors throughout the range of Re with no abrupt transition between the
low and high Re range. Unfortunately, we were confined to a rather narrow
range of G(less than 12), and therefore a doudle least-squares curve fit
of the data points in this range was not statistically mesningful.
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3. JAn Aliscnative Norsalization, For the sske of comparison with
existing atudiu. which almost invariably have norsmalized Ap using the
qmttty (P U2/2), we bave included in Figure 15 a plot of oeune/ (p
U2/2)va. Re for a<i2. The solid lines represent double least-square
ourve fits when the data are divided into two categories: Re/qa <100 and
Re/a >200. For Re/a <200 the data exhibit the fora

bpgya/oV22 = Gy EHT

(8)

where the Strouhal number (Re/o?) again appears. Similarly, in the
Re/>200 range all the regression lines have the form,

bp g oalovi2 = B

9)

Both expressions are consistent with the correlations given above.

4, Firat Harmonic., As mentioned earlier, the fundeamental and first
barmonics of the pressure drop were the major signals. The first harmonic
is embodied in the correction factor Cy; (see Equation T) which acoounts -
both for convective acceleration and for the contribution of dissipation
to the first harmsonic.

We expect the velocity profiles to be relatively insensitive to
changes in Reynolds number (as found in steady flow through a branching
network (28), but to become more blunted as the dimensionless frequency
increases due to the reduced time for boundary layer growth. Accordingly,
Cq showed no clear dependence on Re, but exhibited a definite tendency
to increase with increasing ¢ as demsonstrated in Figure 13. This finding
suggests that dissipation contributes only to the first harmonic and that
the dependence of Cy on & apparently is due to a gradual rise in the
effects of dissipation. This tendency for Cq to increase, especially
for 12 may be associated with the development of a sore complex
secondary velocity pattern as discussed above. A double least-squares
curve fit yields the following forms for C4:

1.41 for a < 10
-1.93 + 0.37 @ for a > 10
(10)

Our findings that the pressure signal can be adequately described by
the first two harsonics suggests that the method of analysis proposed
here, while scmevhat comparadble to that of Chang and Isabey (17), has some
practical advantages. 7The differences between the two approaches can be
illustrated by attempting to predict the pressure signal (as weasured in
the traches, for example) associated with s particular flow condition.

........................
........................................................
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Using the method of fourier summation, it can be shown that it is
sufficient to consider the first two terms of the series in Equation (3)
since all higher harmonics are amall by comparison. Both the coefficients
of this series and the phases are simple functions of the two
dimensionless groups, Re and o (which can be calculated from the airwvay
geometry and local flow conditions) and are given by the correlation for
pressure amplitude (Equation 7) and Cq (Equation 10) and by assuming

that the fundamental is of the same phase as predicted for a straight tubdbe
and the first harmonic is in phase with the square of the time-varying
flow rate. These coefficients can be used in Equation 3 to yield the
time-varying pressure amplitude and phase across each branch which can
then be summed over all the individual airways to obtain the overall
pressure difference. With Isabey and Chang's approsch (17), it is
necessary to perform a sufficient number of experiments so that a general
expression for dimensionless preassure P (or Ap/puz) oould be obtained.

The dependence of P on € will describe the time-variation of the pressure
during a single cycle.

S. Comparison to Physiologic Experiments on Doga. As noted above, these

results are subject to error due to differences between the model and the

pulmonary airvays as they exist in vivo. PFirst, the area ratio between

parent and child veasels was higher in our experiments than in the lung.

This would tend to overemphasize the effects of convective acceleration

and, in combination with the sharp corners within the bifurcation, would

promote separation and the onset of turbulence. Second, in situations of .
high flow rate, compliance may play a significant role by producing

changes in airway gecmetry.

To test the applicability of the present results to the airways, and
in particular to examine the improvement obtained by this approach over
the linear theory, a simple model was developed to estimate total airway
resistance in a dog lung under typical HFV conditiocns. In this section we
compare the predictions of thia model to the measurements of total
transpulsonary pressure drop in five dogs msasured at the Harvard School
of Public Health.

The theoretical calculations were based on the 10 generation symmetric
model of the dog's broanchial tree of Horsfield and Cuaming (25). Ve
assumed the airways to be rigid and the gas to be incompressidle. The
effects of inertia and viscous losses due to the motion of the gas were
modeled according to the expressions given above.

When a specific tidal volume and frequency are imposed at the traches,
the assumption of symmetric partioning of the flow between the sibling
branches in a given generation allows one to calculate local values of
Reynolds number. Once Re and & in each generation are known, the
correlations obtained in this study can be used to determine the
magnitudes of the fundamental and first harmonic of the pressure
difference across that generation. The fundamental was assumed to have
the same phase as would exist in a straight tudbe at the corresponding
value of a, while the first harsonics were assumed in phase with the
flow. Caloulation of total (tracheal-to-alveolar) pressure amplitude waa
performed by adding up the ocontridutions from the fundamental and first
harsonic components at each of the ten generations of the model. In all
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cases coasidered, the overall contribdution of the first harmonic, once
summed over all the ten generations of the network, was negligible. The
cumsulative pressure amplitude due to both components was negligidle
beyond this point.

Ve also incorporated the effect of lung parenchyma and chest wall
inpedance. These effects were combined to form a terminal impedance,
Zopd * Rerr ¢ 1/ WCepe. The inertance associated with the chest
vall wvas assumed to be small. Values of Repe and Cyre were estimated
by comparing total pressure drop (due to air motions only) to measured
pressures at the two lowest values of frequency (2 and 4 Hg) and
attributing the entire difference to Zgpg. This calculation gave a
value for the effective compliance of lung tissue and thorax Cere =
0.023/L/cull20, and an effective resistance of lung tissue and thorax
Rere = 2.5 cm H0/L/sec, values which are comparable to the
seasuresents of Crossfill and Widdicombe (26).

Using these values of Ryrp and Cope the total transpulmonary
pressure drop in the dog lung was computed at each value of frequency and
tidal volume used in the experiments. 7The predictions of the theoretiocal
model and its comparison to in vivo measurements are shown in Figure 16.
Furtber, in order to highlight the findings of thia study, the
contribution to the total pressure amplitude due to parenchymal and chest
vall effects alone is also shown. The graph shows resarkable agreesent
between the present model and the experiments and also demonstrates that
while the linear predictions (treating the airways as individual straight
tube segments) Luay be adequate for very lov tidal volume frequency
oombinations it underestimates the pressure drop over much of the
practical range of HFV. The model has obviocus utility in calculating
pressure drops that may occur during HFY in the airways.

...........
......................................................
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IV. FIGURR LEGENDS
Figure 1: Cirocuit for high frequency ventilation (HFV).

Figure 2: Lung volume increase during high rnqnonci ventilation as a
function of frequency at various tidal volumes. Each symbol represeants a
tidal volume: s0lid circle, 50 ml; solid square, 100 ml; and open circle,
150 ml.

Figure 3: Lung volume increase plotted as a function of tracheal flow
amplitude (f x V T°) during high frequency ventilation. Each symbol
represents a tidal volume: solid circle, 50 ml; solid square, 100 ml; and
open circle, 150 ml.

Figure §: Lung volume increase during high frequency ventilation (HFV)
plotted as a function of respiratory system relaxation pressure (P stat®)
after HFV in aix patients. Relaxation pressures were not obtained in
patient 8 and no change in lung volume was noted in patient 1.

Figure 5: Panel A displays a recording of airway pressure during high
frequency ventilation (HFV). The phasic tracing vas appareant only when

.the slectrical averaging circuit wvas switched off. Panel B shows lung

volume during conventional ventilation and HFV. At "a® the tracheal tudbe
is oonnected to the weighted spirometer, and lung volume increases. At
"b® HFV begins and a further increase in lung volume ocours.

Figure 6. Branching network used in the experiments. Measurement
locations are indicated by numbers in parentheses. Where two numbers are
given, the first indicates either medial (2) or lateral (1) location; the
second indicates generation nusber with the "trachea® denoted as
generation 1. Long tubes added at the "alveolar®™ end are not shown.

Figure 7. Control volume used in the derivation of the energy
conservation equation (5) which is also given. The different components
which comprise /p are showm to contribute either to the fundamental or
first barsonic in the fourier series representation.

Figure 8. The parameters €jp and M'¢g from the solution for Ap given
by Vomersley (1955). DNote that over much of the range of these
experiments (A< <14) M'yg 1s close to unity and € is less than 30°.
M'40 represents the ratio oULW/Apyeq.

Figure 9. Comparisons between the measured pressure signal between a
medial (s01id line) and lateral (dashed line) location within the same
generation for the same flow conditions: (a) Rex136, 0=7.27 in the third
generation. (b) Re=1296, a=7.23 in the third generation. (a) and (b)
represent the closest and poorest agreement, respectively, between the
medial and lateral locatioms.

Figure 10. Dimensionless pressure plotted against the Reynolds number
for a<12. @, a=h, B, as7, A, a=10. Open aymbols indicate lateral
measurements, closed symbols indicate medial measurements or measurements
in the first or second generations.

22




3“* 5. - Foorpes” M Y SO I R 20K it S A A W SR RS IO USRIV S uee i bt Dl Tl Vil i e Py YA Y TR )-
P,

\ ‘.

i 23 i
e B R
3 i
2 Figure 11. The measured phase difference between the fundamental
b component of tbe pressure signal and the flow velocity. In the limit of c S
! high fregquency, pressure leads the velocity by 90 . Also shown is the
phase difference predicted for oscillatory flow of the same dimensionless b

A frequency ia a straight, unifors diameter tube (19). s
: Figure 12. The correction factor plotted against dimensionless ;-.Ei;i
N frequency. Bars represent one standard deviation from the mean at each R
R value of & ok

Figure 13. Dimensionless pressure ssplitude of the fundamental component
plotted against Re/o for a<12. @, asd, B, C7, A, Ce10. Open
symbols indicste lateral messurements, closed symbols indicate medial
asapuresents or ssasurensnts in the first or second generations.
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Figure 1A, Dimensionless pressure smplitude of the fundamental compovent
plotted against Re/a for a>12, |, o=12, ©, G118, Open symbols S
indicate lateral measurements, closed symbols indicate medial msasuresents TRy
or measuresents in the first or second generations. y
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Pigure 15. Pundamental pressure smplitude made dimensionless by PU2/2
plotted against Reynolds number. A, 0s10, @, 0=7, O, Celi. Lines

represent best least squares fit.
Figure 16. Comparison between measured pressure amplitude in the trachea

of snesthetised dogs indicated as a mean and standerd deviation of each R
sst of measurements, and pressures predicted by these hardware experiments Ly
(s0l1d 1ine), by assuming that Womersley's solution is sppropriste (dashed ]

1ine), and by neglecting airway resistance entirely (dot-dash line).
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Table 1
Characteristics of Patients

Patient Sex - Age Veight Diagnosis Tube
(yx) (kg) (m i.d.)

1 F 64 41.6 Bronchiectasis, 10

2 F 55 40.1 Amyotrophic ?

3 F 30 44.9 Cerebrovascular 6

4 F 34 46.1 Cerebrovascular 6

5 M 50 61.2 Anoxic 8

6 F 56 43.3 Asthma, Hepatic 8

7 F 64 49.9 Syringomelia 4
8 F 75 49.8 Asthma 7
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ABSTRACT

Research progress has been made toward two goals In the first contract
year, patient studies and mode! studies. (n the patlient studles we
Investigated the relationship between mean airway pressure and lung volume
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during high frequency low tidal volume ventilation (HFV), Psatients
requiring mechanical ventiiatory support for treatment of respiratory -
Insufficlency were studled by Imposing raplid (1-10 Hz) osclllations with
low tidal voiumes (50-150 mi) at a constent mean alrway pressure of 5 cm
H20. Even though mesn alrway pressure was constant, lung volume

Incressed substantially during the osclllation period In 7 of 8 subjects
as Indicated both by an Increase in thoraco-sbdominal dimensions and by an
Incresse In respiratory system relaxation pressures after the oscillations
were stopped. In the model studlies the pressure drop during sinusoldal
mean flows In a four generation network of rigld, uniform diameter,
symmotrically branching tubes was studled. The data obtained were
analyzed via & process of Fourler decomposition. The results showed that
the pressure signals consist mainly of a dominant component at the
excltation frequency (“"fundamental®™) and a "“first harmonic® of smaller
magnitude. We found the magnitude and phase of the fundamental to
correlate closely with classical predictions as long as the parameter
[Reynolds number divided by Womersley number] was less than 200. For
vaiues of this parameter greater than 200, the observed pressure drops
were considerably higher. :
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