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& hDSTRACT
Researoh rogress 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 nen airway pressure and lung volume
during high frequency low tidal volume ventilation (V). Patients
requiring mechanical ventilator7 support for treatment of respiratory
insufficiency were studied by lposing rapid (1-10 ks) oscillations with
low tidal volumes (50-150 al) at a constant mean airway pressure of 5 an
B20. ven though mean airway pressure was constant, lung volume
ino asd substantially during the oscillation period in 7 of 8 subjects
a cated both by an lnoreasoe In theraoo-abdominal dimensions and by an
inc e in respiratory system relaxation pressures after the oscillations
we stopped. For each patient in whom these changes occurred, the degree
of lung inflation ron progressively with increeses in either frequency or,
t al volume. Then results suggest that lung mechanics substantially

luenoe the lung volumes that are achieved# even at fixed airway
pr ures, during EFV. The implications of these findings to ventilatory
o t casualties are discussed.

In the model studies the pressure drop during slnusoidal man flows in
a four generation network of rigid, uniform dismiter, symmetrically
branching tubes was studied. The data obtained were analyzed via a
process of Fourier decomposition. The results showed that the pressure
sig4ls consiLst jainlyof a dominant oponent at the excitation frequency
(aridamsntalrInd a aifrst harmonicitor smaller magnitude. )te found the . -

magnitude and phase of the fundamental to correlate closely with classical
predictions as long as the paranteri .... Ox... ..... N, _ ms,
nambecJvWas less than 200. o values of this parameter greater than 200,
the observed pre e dops were considerably higher. We have attributed
this change In belvior to e onset of turbulence in the branching
network. These results wer employed in a theoretical model to predict
total airway resistance of t dog lung. The predictions were compared to
pbysiologloal measurements others and were found to be in excellent
agreement. These models may of value In predicting the pressure-drops
that will prevail under BIT Ircumstances.

W,0rrsm-
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I. X5TIMDCTIQU

The geal of Ohin contract Is to understand the Interactions between
pulmonary meobanies arnd as exchange under the conditions of low volume-
high frequency ventilation (MVY). In the first contract year we have made
prgee tward this goal in 2 areas, clinical studies,, and model
studios. The major thrust of the clinical studies bas bees to determine
the relaticonbipa wosn applied tidal volume and frequency and the mmn
lung volums about which these oscillations finally occur. Through our MIT
subcontract we have begun to develop a sound fluid dynamic basis for the
pressure-flow relationships that prevail during M~. Ve will review the
progress made In each of these areas separately.

11. CLINICAL STUDIRS: Til 3IPLUCS Of W9 ON FUNCTIOKAL ERIAL

CAPACITY

A. Iznnto

The tidal volumes used In the application of M~ are small In
comparison to those, used In conventional mechanical ventilation; as a
result It has been assumed that the average alveolar pressures during 31Y
will be lcwer than those during conventional mechanical ventilation.
These presumed lower pressures underlie many of the potential advantages
of Snl. For esample, lower alveolar pressures might reduce the frequency
of pneumothoraz and other types of barotrauma associated with mechanical
ventilation. Secondly, the lower pressures my minimize, the adverse
cardiovascular effects of mechanical ventilation, particularly the cyclic
reduction of venous return synohroscus with lung inflation during
conventional mechanical ventilation (1).

These potential advantages of M are based on the assumption that
mean airway pressure, alveolar pressure and lung volume correlate closely
and predictably during MR. lowever, several recent asnal studies (2-4)
have questioned the validity of this assumption. Ve examined the
relatlonship, between mean airway pressure and lung volume during DR InS
patients with respiratory insufficiency to provide Information about the
potential clinical implications of these animal studies. Our results
demonstrate that during DR thes mean airway pressure correlates poorly
with lung volume. Va found elevated lung volues during the application
of DR despite maintenance of a fixed mean airway pressure.

I . Patients

ligh Patients requiring mechanical. ventila tory support served as
subjects for this study. Table I gives the ae, soa, weight, diamosist
static respiratory system compliance (measured prior to DRV)q and
endotraoheal, tube aso of ech patient* Paients 1-7 required chro
mecanialI ventilatory support via cuffed titacheosty tubes. Patient go
an esthmatie, required ventilatory assistanol for s eve ral days and was
ventilated via a cuffed crotracheal tube. This study was approved byr the
Woe Subjects Comittee, and each patient or his/her guardian gave
informed esasnt prior to participation.



2. Ixperimental Apparatus

The apparatus ued Is Illustrated in Fiwre 1. The high frequency
ventilator was & servo-controlled linear magnetic motor with an attached
piston. V. Used this to deliver sinusoidal tidal volumes of 50-150 ml
over the desired frequency range. £ Flisob a2 pntemotaobovaph, coupled
to a differential pressure transducer (Valldyne + 50 am 820), calibrated
for each tidal volume and frequency used, was placed in the airway between
the MY piston and the patient. The output of the pneumotaohograph was
electronically Integrated to determine the tidal volume delivered to the
patient. The ventilator circuit Included a weighted 10 L water-aealed
spir et r tilled with oxygen which provided gs to the airway opening at
a constant pressure of 5 sm 320. The spirometer was connected via a
valve to the patient'a airway. A rapidly responding transducer (Ailtech
HS1-38) was used to measure airway pressure at the junction of the
endotracheal tube and the pneumotaabograph through a lateral port. The
tubing diameter at this point was 1.7 on. In patient 8, the spir"meter
circuit was not used to maintain a constant airway pressure during HFY.
Instead, a high impedance bias flow as previously described (5) provided
fresh gas to the systsm 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
airway pressure remained fixed at 5 cm 320.

Lung volume was monitored with a respiratory Inductance plethysograpb
(Respitrace 3) that was used to masure the cross sectional area of the
thorax and of the abdomen. This device was oalibratd by delivery of
known volumes of gas to the respiratory system of each patient. A
standard spirometer was used for this purpose and the patients were In the
posture assumed during FV.

3. Protocol

Prior to the trial of HF!, each subject received several large breaths
of oxygen (1000-2000 al) and was allowed to exhale passively until a
stable lung volu was reached (usually within 10 sonds). The
endotracheal tube was connected to the HF! circuit and the valve to the
weighted spirometer was opened. As a result of the 5 am 820 pressure,
lung volume rose slightly (usually 100-200 a). After the lung volums had
stabilzd (2-3 see), we turned on the oscillator at a preset frequenys.
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 plethymograp and the spirometer
was reached (usually 15-30 seconds). We then closed the valve to the
spirometer, discontinued the oscillatons, and measured the relaxation
pressure In the system. o did not use runs In which a steady relaxtion
pressure was not achieved. This protocol was repeated to determine the
changes In lung volume over a range of HF! frequencies (1-10 Hz) and tidal " ;
volumes (50-150 6l). Although arterial blood us tensions were not
seasured, the brief duration of these trials (approsimtely 30 seconds)
would probably not have resulted In a rise In the tension of C0 2 of awe
than 2 or 3 Twri even If no am transport occurred between the patient and
the oxyge-filled spirometer. onventiomal mnechanical ventilation was
used to support the subjects between trials.

* .S ~* . . J ' ~ .........--... *. . . . . .-..
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Despite maintnance of a onatant nn airway pressure, In T of 8

subjects man lg volum increased. The increse In lung volume above
functional residual capacity (FC) as a function of frequency Is given in
Figure 2. As the oscillatory frequency increased, lung volume rose
progressively In the 7 subjects. Further, tor a given frequency of
oscillation the lmg volum during oscillation Increased to a greater
extent at higher tidal volumes than at lover tidal volumes. The malgntude
of the lung volume increase differed substantially among subjects.
Subjoct S displayed a volume change at the lowest frequency (1 Nz) and
tidal volume (50 al) tested, while the other subjects displayed volume
ohangos only when higher frequencies or tidal volumes were used. Subject
I did not demonstrate a change In lung volume at any of the ventilatory
rates or tidal volumes studied.

Figure 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 M 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 sae
regardless of the frequency and tidal volume used to achieve that flow.

Figure 4 shows the relationship between the respiratory system
relaxation pressure after oscillation and the lung volume increment
measured by the Inductance plethymograph during each HV trial. The
relaxation pressure recorded after cessation of each HFV trial correlated
closely with the change In lung volume noted during the sne trial.

The presumre swings measured at the airway opening during oscillation
were symmetric around the mean airway pressure of 5 am B20 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 53 a
representative respiratory inductance plethysographic recording during
MFV is shown. This figure shows the Instrument output during several

large breathe, followed by disconnection from the ventilator And
exhalation to FRC. The lung volume change when the subject was attached
to the WY circuit (*a* In Figure 5) Is displayed, followed by a further
increment in lung volume during the ll trial itself (bw In Figure 5).

. -..

Our findings demonstrate that there can be a dissociation between lung
volume and mean airway pressure during BF". The increase In lung volume
cannot be explained by reflex or voluntary respiratory efforts, since
subjects 2 and 7 suffered from paralyzing neuromuscular disease that
limited their vital capaoities to less than 100 -l, a volume far less than
the measured Increases In the lung volume during HiV. The lung volume
ohange cannot be a measurement artifact since the respiratory system
relaxation pressure, determined after M trials In which the volume rose,
exceeded the airway pressure maintained before and during each trial.
Thus, mn airway pressure during MI! delivered In this manner Is lower
than mean alveolar pressure. These findings have Important Implications
for the see clinical use of this approach to mechanical ventilation.



10

A major clinical goal of low tidal volume ventilation is to provide
mechanical ventilatory support for patients at lower mean airvay pressures
(6-8), assuming that the Incidence of adverse side effects will diminish L
If the airway and alveolar pressures during mechanical ventilation can be
minimized. implicit In this muton is the belief that mean airway
pressure somehow reflect& alveolar pressure. Our results suggest that
this assumption Is not always valid during NFT. Specifloally, our
measurements at the airway opening confirmed that both the weighted
spirometer and the bias flow system successfully maintained mean pressure
constant throughout the trials of RIV. Despite this constant mean airway
pressure, lung volume Increased during HF!.

The system we used In these experiments Is similar to systems that we
(9) and others (10,11) have used to deliver HF! experimentally and
clinically. Although we made no attempt to monitor pulmonary gas exchange
during these short runs of HF!, we used frequency and tidal volume
combinations which were within the range required to achieve adequate
ventilatory support In adult human subjects (9,11). Thus, it seems quite
likely that there will be a dissociation between mean lung volume and mean
airway Pressure during clinical applieaton of HF!.

Dissociation of mean airway pressure and lung volume during F.
probably underlies certain observations made by other researchers In
animal experiments. For example, Simon and co-workers found that airway
relaxation pressures after K in dos exceeded the mean airway Pressure
measured during HF! (2). Further, Robertson and co-workers noted
Increases in the functional residual capacity of paralyzed dogs during WFY
(3), although their protocol does not clearly state whether mean airway
pressures remained constant. This study extends these observations to
humans, and documents that the extent of this hyperinflation may be great
enough to oause adverse effects, though none were noted during the brief
duration of thes trials.

-.' Even though this study was not designed to determine the precise
mecbanisms accounting for dynamic hyperinflation during M, we can

, suggest potential explanations for our observations. Dynamic hyper-
inflation will occur when the volume of gas entering the lung during
Inspiration exceeds the volume of gas leaving the lung during expiration.
For this to occur, the resistance to expiratory flow must be high enough
that the forces promoting exhalation are Inadequate to allow full
exhalation before the next breath is delivered. In this context, It does
not matter whether the expiratory resistance Is due primarily to airway
narrowing (find or dynamic) or to the resistance of the respiratory
pathwby of the WF circuit, or the patient's own airway. However, sinoe
our airway pressure recordings (Figure 5A) showed a marked asymetry, It
Is likely that dynic airay narrowing played a major role In lung
Inflation during high frequency oscillation. Regardless of the precise
reason that lung volume increases dynamically, when this does occur,
elastic recoil forces will increase and airway resistance will fall.
Thus, lung volume will Increase until a circustance Is reached where the
volume expired in the brief time allotted equals the Inspired volume.
This my explain why patient 1, who had very nonoompliant lungs, did not
demonstrate an incresn In lung volume; bar recoil pressures were adequate
to balans expiration and Ianspiration near FC at all frequencies
applied. The" airway and elaUti recoll ooaiderations will apply to all

,'_ ,:.--, --_-. _._-.:,.-, ,' , -,_, __,.'.' ,', . ." .."/ ." ..'. . .". . -. " . .- .'',-.. . . . .. .. .. I-. .-'. - '. '- ".



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 NFV may not be a suitable method of mechanical
ventilatory support for some patients. For example, three patients
manifested potentially dangerous inorements In lung volume (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 suoapnlc 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 al 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 my 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. 31iavIni~ttn

These findings may be of value In designing strategies to deal with
respiratory failure In field casualties In the event of nerve gas
poisoning. Specifically, If the nerve gas poisoning results in a loss of
pulmonary cmpliance In excess of an Increase in resistance, then HFV may
be applied without a substantial chance of dynamic hyperinflation
occurring. In contrast, If increase 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. HODUL 3TUDIRS AT M.I.T.

A. Yn'rad-antan

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-emprical methods have been
developed which are in reasonable agreement with physiologic measurement
(14,15). These mthods 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
decoleration), often tormd *the Bernoulli effect.'
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Experimental measurements of pressure drop across the airways are most
conveniently expressed in dimensionless terms a (15):

- fn(Re, a, geometry) (1)

B..

Here Reaud/V Is a characteristic Reynolds number, d is the airwy
diameter, u Is the cross-seotomal mean velocity, and au(d/2V/W/V Is a
measure of the unsteadiness 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 have examined flows that are intrinsically
unsteady. Jaffrin and liennessey (16) measured the pressure drop in a
model of the central airways for a purely sinusoidal flow. They reported
pressure 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 dimensionless frequencies (1< o&2.66) making it
difficult to infer the general behavior of unsteady flows.

Nore recently, Isabey and Chang (17) reported measurements of the
total pressure drop during periodic flow across a cast of the human
central airways (5 generations). They presented their results by
plotting A/puR/2) against Re, where bp is the pressure drop at any
Instant during the cycle and u and Re are the corresponding values (at the
same 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 e a L(du/dt)/u 2 . This parameter can be rearranged and
written as (2L/d)(a 2/Re)/tan wt. Expressed in this form, e 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 describe 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
airways over a wide range of oscillatory flow conditions. To accomplish
this we use a methodology for decomposing the pressure signal using
fourler analysis and apply this methodology to measurements of pressure
drop at various sites of a rigid four generation symmetric model of the
airways. This analysis results in universal curves capable of describing
all our data. Ve then use these general curves to predict the pressure
drop In a dog lung model and copare the predictions to experimental data.

- .. . . . . .. *......-. .- . . . . . . . . . . . . . . .'.

. . . . . . .. . . . . . . . ..
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The motivation for this study is derived from the need to better
* understand the pressure excursions associated with high frequency, low

volume ventilation (HFY). Knowledge of the pressures produced during Hf
could be important for assessing the dangers of barotrauma and Impaired
cardiac performance prevalent In other forms of ventilatory assist, and In
the design of high frequency ventilators. These pressure excursions also
Influence the distribution of Inspired gas and the mnaimum allowable -. -

volmo flow rate.

3. Ba'..21

o. k~L~anotatiaJtt on.All measurements were made on a four
generation (with the trachea being generation zero) sy.metrically
branching network assembled from commercial nalgene 'V connectors (Figure
6). Each generation had an Internal diameter of 1 =, a
length-to-diameter ratio of 3.5 and a branchin angle of 70 derees.

The syst= was excited at the 'trachea' with sinusoldal oscillations
produced by a motor and piston. At the 'alveolar' end, each of the
sixteen terminal branches was connected to a 30 cm long piece 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 brenching
network. Since these extensions posed a large overall impedance 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 mdial pathways (18) and minimizing the
effect of slight conitruction inaccuracies. Thus we will assume a
symmetric partitioning of flow between sibling branches in a given
generation. Evidence to support this assumption Is obtained by a
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 MP45 transducer with a 2 a B20 diaphrag) at a total
of six measurment locations as shown In Figure 6, namely:

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

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

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

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

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

fourth generation medial -- between stations (2,) and (2,5)

*--. - .. . ,. . . . ..... .. .. . . .*. .*... ... .... .. . . .. .. . ...*** . . .. .. . . . . .., ,..*
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Pressure taps were approximately 1 - in Internal diameter and were
mounted flat with the wall, perpendicular to the plane of the
bifurcation. The motion of the piston was measured with a displacement
transducer. Instantaneous values of these two parameters were digitally
processed using a mini-oomputer. Each measurement was repeated over 20 to
100 cycles and an ensemble average was calculated and stared for later
analysis.

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

2. Data reductian. The pressure difference between any two measurement
locations (e.g., (1) and (2) in Figure 7) Is caused by three effects:
instantaneous acceleration of the mas of fluid contained within the
control volume between (1) and (2), viscous dissipation due to friction,
and the change in dynmmic head as the fluid passes between the parent and
child vessels. This can be expressed in tems of an energy conservation
equation for the control volume of Figure 7:

-lq "+ +  --S; 2 2

jP , fA Q 211 22

where,

P2 and pl are weighted average values of pressure at stations (1) and
(2) defined by f u fpu.dA/Q

p is the density

Q is the flow rate, Q f fudA

D is the total rate at which mechanical energy Is dissipated by
viscosity in the region between (1) and (2)

u Is the cross-sectional average veloolty, u f fudA/A

8 is the ratio of actual energy flux to that associated with the same
flow rate, with a uniform velocity profile and Is defined an: 0 .f
u3dA/A3. Simlarly, Y represents the ratio of actual momentum flux
to that for a uniform velocity flow, y a fu2 dA/Ai 2 . Both have values
of unity for a flat velocity profile while for a parabolio profile, 8 .2
and y- V3.

hod
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In traditional linear analyses of small mplitude oscillatory notion,
the first term Is due to the fluid Inertia (1), 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
Dquation (2), being proportional to dQ/dt, appears at the ezcitation or
*fundamental" frequency. The last term, being proportional to the square
of the velocity, appears at twice the exltation frequency, as a Wfirst
harmonic. 0 As for the dissipation term D/Q, there Is no a priori
restriction on Its frequency content. If dissipation is mainly confined
to a viscous boundary layer it would appear at the fundamental frequency, F...
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 pbases corresponding to the various
harmonies: L

A D Pnsin(nwt + c (3)
n i

where Pn and E6 are the amplitude and phase of the nth harmonic of the
pressure signal.

In steady flows, the dynamic bead (pu 2 /2) Is conventionally used to
make pressure dimensionless; this oboice 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,

tP =P2 -Pl/L (/)--

where U is the local velocity amplitude in the parent branch, L L!
L2 /2 and L1 and L2 are the lengths of the parent and sibling
branohes, respectively. The quantity PLOw 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.

&Pom = P2 " P1 " [PV1 wL/ j0 (a)) sin(wt - - l1(a)) (5)

2 .
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The parameters N' 10 (m) and c10 (a) are the same as those used by
Womeraley (19) and are graphioally presented in Figure 8. For straight
tubes M'10 approaches unity and 10 approaches zero as Inertia comes
to dominate viscous dissipation as shown n Figure 8 for high c.

In a similar fashion, a mon-dinesional measure of the first harmonic
-( can be Introduced In the form of the ratio:

amplitude of the *lst harmonic' in the pressure signal
C1  * ..... (6)

amplitude of the '1st barmonic' for an invisoid stream
with blunt velocity profiles.

. As defined above, C1 Is generally referred to as a correction factor.
In a single bifurcation with an area ratio of 2 and a orose-sectional man
velocity in the parent tube of mplitude U16 the denominator of Equation
(3) would be equal to (3/I)(OU12I2).

C. l s""t

Experiments were conducted over frequencies ranging from 0.15 to 20 z
and tidal volumes In the range of 3 to 77 al. this corresponds to a range
of Reynolds numbers (Be spUd/v where U is the croam-sectional mean
velocity amplitude) in the most Immediate parent branch between 50 and
30,000 and dimensionless frequencies (CL) raning from I to 15. A
representative data set for two different values of frequency and
'tracheal' flow rate is shown in Figures 9A and 9B.

I Over the range of experiments, we observed generation-to-generation
pressure differentials ranging between 0.001 and 5 c B20. It was not
possible to directly calibrate our transducer for pressures as low as
0.0041 a 320. Therefore, we made several measurments In a long
straight tube under conditions In which we would expect VImersley's
prediction to be valid. At the lowest presures, the measurement was
nearly 50% below the theoretical prediction (Equation 5). Further, there
was a lack of linearity In the response of the pressure transducer In the
range of pressures below 0.1 cm 320. Since we wer unable to correct
for this error in a reliable manner, we anticipate errors approaching 50%
at the lowest pressures, those tests having both small a and small Re.
However, this also Is the rang where fluid acceleration dominates the
pressure signal and Is therefore of lesser Interest.

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 signals of
equal magnitude at medial and lateral positions within the same
generation. We sbow, in Figure 9, exaiples of two extreme cases, one with
nearly Identical pressure signals, the other with the greatest degree of
non-uniformity we observed. There are significant differences at the
higher Reynolds numbers tested In generations 2 to 4, but these tests
represent a relatively mall fraotion of our measurements. Furthereore,
differences between the lateral and medial measurements are privarily
associated with the first harmonic of the pressure signal. The mzimum
difference between two first harmonic signals for the same flow condition
was 30% while the average difference was about 5%.

..
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The aignals shown in Figu. 9 and moat of cur mesurionts were
obtained from the differential between top pressure taps. To obtain a
cross-sootio, we examined circumferential presure differenose at a
station In Several experiments. We found the pressure differential
between the inner and outer wall of the model to be greater than the
ressure differential between the top and outer location but neither

difference was over greater than 265 of the generation-to-goneration
differential. 7hereto.'. we expect this figur to be an upper estimate of
the eror between measured pressure and man cross-sectional values used
in Equation (2). .

Fourier analysis of the data revealed that the pressure signals were *..

mainly composed of a Ofundamental'0 and a *first harsonic,9 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
diminished as Be Increased. at the highest Reynolds numbers tested, the
first harmonic 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 a less than 12. Magnitudes of the first harmonic as represented
by the correction factor C1 (Equation 6) are shown as a function of 0 In
Figure 12. There was no clear dependence of C1 on Re although values
for C1 in generations two and three were generally greater than In one
and four.

D. Dj1•a,-.L.-

1. . daner1n results for ainha las than 12. Our
pressure recordings resble those of Jaffrin and Hennessey (16) and
confim their observation of a nonlinear pressure-flow relationship end
the existence of a phase shift between pressure and flow. Over m ac of
the range of our expalments, 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 canges In area ae not so severe (area ratios are about
1.2). Therefore, the effect of higher harmonies Is accentuated in our
results.

The normalized amplitude of the 'fundamentalO component of the
pressure signal Is given In Figure 10 as a function of Reynolds number for S
three values of c. The data on this curve re not restricted to any
particular measurement location or generation number and contain
measurements from each of the six different measurement altes. At higher
Reynolds numbers, some dfferences e evident between the medial and
lateral measurements.

Figure 10 shows that for low Reynolds numbers most of the pressure
signl Is due to fluid acleration. For each value of c, however, the
results exhibit a different character beyond a particular value of
Reynolds number which turns out to be approximately 200 times the
corresponding value of 06 This observation Is of particular Interest In
light of the fact that for oscillatory flow In a long straight pipe, onset
of turbulence as been reported at a Re/a of (200-500) (20t21). Note that
when a x , the break occurs at a Reynolds number of only 800.

. -~~~~~~~~~~~ . . . . . . . . . . . . . . . . . .. . . . . ...-.
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For Reynolds numbers above the break APfund (the magnitude of the
fundamental) is oonsiderably higher. This additional pressure drop could
be due to an increasing nonuniformity In the velocity profile, or a
dramatic Increase in dissipation. The latter In 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
presure relative to the mean flow arees reasonably well with values from
Womeraley's solution for a straight tube. nowever, it can also be seen in
Figure 11 that the phase difference follows a general trend even for
]Re/* )200 although on* which is no longer oonsistent with the laminar flow
solution in a straight tube.

Based on the observation that, at high *, transition is governed by
the parmeter Ne/C, we replotted, in Figure 13, P against Re/, wich Is
the Reynolds number based on boundary layer thickness. The plot suggests .
strongly that for U( c<12, the point of transition is determined prImarily
by the parameter 1e/06.

Data for the range Re/(0200 are best described by the correlation:

Ap = (0.20)ReO 6 2 /a' 3 5  for a < 12 (7)

This correlation was obtained from a double least-squares curve-fit of the
data with a good fit (r 2  0.64).

Thus, while it appears that a transition occurs at Re/c g200jL Jbe"
value of P above this transition varies approximately as (Rea/a 2) u . ,

Note inclusion of 02 /Re or the Strouhal number which Is the ratio of
temporal acceleration (proportional to Wu/at) to convective acceleration
(proportional to uau/Ax) (6). This relationship suggests the surprising
result that viscous effects re unimportant In determining the magnitude
of Ap/pu 2 despite the anticipated Importance of viscous dissipation.
This result has a crude analogue, however, in steady turbulent flow for
which hp/pOu2 is very weakly dependent on Reynolds number, thus
signifying that viscosity plays only a small role In establishing the
level of viscous dissipation.

2. le*ul& far. Q112. 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 oscillatory flow
in a curved pipe, Lyn* (22) has developed a theory which predicts
transition from a two-cell to four-cll secondary flow vortex pattern at
an 12.9. Likewise, Mullin and Created (23) observed experimentally the

appearance of two additional vortices and the development of the four
vortex system at C a 11.0. Anticipating qualitatively similar effects in
these studies, we made a separate plot for P vs Re/ for data points with
Ql>12 (Fligure 1). In this range, the pressure-flow relationship Is more

uniform 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 ca(less than 12), and therefore a double least-squares curve fit
of the data points in this range was not statistically meaningful.

'- .... -,-'. 'e ''-*-. .-.-, . . . - *.. "./ / . . , o"* *. . . . . . .." . . . .- .- * " " " ." " °
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3. i, Aitmt..i.For the sake of comparisoa with
existini studies, hich almost Invariably have normalized Ap using the
quantity (p U2 /2), we have Included in Figure 15 a plot of 1prund/(p
U2/2)vs. Be for aK12. The solid lines represent double least-square
curve fit* when the data are divided into two categories: Re/a <100 and
Re/a >200. For Re/a <200 the data ezbibit the form

/p/ (L Re -iAPfund/V2 (B) .

where the Stroubal number (Re/a 2 ) gain appears. Similarly, In the
Re/c)200 range all the regression lines have the form,

fund/pV./2 L Re-.4
(9) ''- "

Both expressions are consistent with the correlations given above.

o Viiat Kaimnio. As mentioned earlier, the fundamental and first
harmonls of the pressure drop were the major signals. The first harmonic
Is embodied In the correction factor C1 (see Equation 7) which accounts
both for convective acceleration and for the contribution of dissipation
to the first harmonic.

We expect the velocity profiles to be relatively insensitive to
changes in Reynolds number (as found in steady flow through a branching
network (21), but to become more blunted as the dionsionless frequency
increases due to the reduced tm for boundary layer growth. Accordlnly,.
C1 shoved no clear dependence on le, but exhibited a definite tendency
to increase with increasing a as demonstrated in Figure 13. This finding
suggests that dissipation contributes only to the first harsonic and that
the dependence of C1 on 09 apparently is due to a gradual rise n the
effects of dissipation. This tendency for C1 to increase, especially
for 012 may be assooiated with the development of a more coplez
secondary velocity pattern as discussed above. A double least-squares
curve fit yields the following forms for C1:

1.41 for Ms < 10 *~.

C1 -1.93 + 0.37 ca for o > 10

(10)

Our findings that the pressure signal can be adequately described by
the first two barmonios suggests that the hetbod of analysis proposed
her, while soewhat comparable to that of Chang and Isabey (17), has same
practical advantages. The differences between the two approaches can be
Illustrated by attempting to predict the pressure signal (as easured In
the trachea, for example) associated with a particular flow condition.

' -'.-:-
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Using the method of foura mion It en be shown that it Is
sufficient to consider the first two terms of the serles In Equation (3)
sines a11 higher harmonas are sall by comparison. Both the coefficients
of this series and the phases are simple functions of the twa
dimensionless groups, Re and a (which can be calculated from the airway
gometry and local flow conditions) and re given by the correlation for
pressure amplitude (Equation 7) and CI (Equation 10) and by assumng"
that the fundamental Is o the same phase as predicted for a straight tube
and the first harmonic is In phase with the square of the time-varying
flow rate. These coefficients can he used in Equation 3 to yield the
time-varying pressure amplitude and phase across each branch which can
then be sinned over all the Andividual airways to obtain the overall
pressure difference. With Isahey and Chang's approach (17)* It Is
necessary to perform a sufficient number of experiments so that a general
expression for dimensionless pressure P (or Ap/pu2 ) could be obtained.
The dependence of P on 9 will describe the time-variation of the pressure
during a single cycle.

5. CMm[arlso to Phvmilogl 3urpMants nn 0CM. As noted above, these
results are subJect to error due to differences between the model and the
pulmonary airways as they exist Ja-yi=. First, the area ratio between
parent and child vessels 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 my play a silnficant role by producing
changes In airway geometry.

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

The theoretical calculations were based on the 10 genratlon symmetric
model of the dog's bronchial tres of orafield and C ming (25). Ve
aasumed the airways to be rigid nd the gas to be incepressible. The
effects of inertia and viscous losses due to the motion of the gse were
modeled according to the expressions given above.

When a specific tidal volume and frequency are Imposed at the trachea,
the ass mption of symmetrio portioning of the flow between the sibling
branches In a given generation allows one to calculate local values of
Reynolds number. Once Re and a 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 tube at the corresponding
value of a, while the first harmonics were assumed In phase with the
flow. Calculation of total (tracheal-to-alveolar) pressure amplitude was
performed by adding up the contributions from the fundamental and first
harmonic oeamponents at each of the ten Vnerations of the model. In all
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cases conasidered# the overall contribution of the first harmonic, once
swued ever a11 the tern Wamatoms of the matwork, was negligible. Th.
cumative pressure amplitude due to both compornents mae negligible
beyond this P01st.

We also Inoriporated the effect of lung parenchyma and chest wall
Impedance. These effects were combined to farm a terminal Impedance,
Zend 8 Neff + I/ NCff. The inertaftce associated with the chest
wal was assmed to be smll. Values of left and Caff were estimated
by comparing total p'easue drop (due to air motions only) to measured
pressures at the two lowest values of frequency (2 and 4 Hz) and
attributing the entire difference to Zend. This calculation gave a
value for the effective compliance of lung tissue and thorax Ceff
0. 023/L/oW20, and an effective resistance of lung tissue and thorax

Nef 2.5 on 32/Usec, values which are comparable to the t

measurements of Crosfill and Viddicombe (26).

gsing these values of Neffg and Ceff the total transpulmonary
pressure drop In the dog lung was computed at each value of frequency and
tidal volume used In the experiments. The predictions of the theoretical
model and its comparison to AL-..zya seasuraments are shown In figure 16.
Further, In order to highlight the findings of this study, the
contribution to the total pressure amplitude due to parenchymal and chest
wall effects alone Is also shown. The gaph shows remarkable agreement
between the present model and the experiments and also demonstrates that
while the linear predictions (treating the airways as Individual straight
tube segents) ".y be adequate for very low tidal volume frequency
ocmbinations it underestimates the pressure drop over moch of the
practical range of-NYT. The model has obvious utility In calculating
pressure drops that my occur during HWY In the airways.
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.IT. TrOURm LEGEDS

Figure 1: Circuit for high frequency ventilation (F!).

Figure 2: Lung volume Increase during hlgh frequency ventilation as a
function of frequency at various tidal volumes. Raab symbol represents a
tidal volume: solid circle, 50 al; solid square, 100 al; and open circle,
I.1.
Figure 3: Lung volume Increase plotted as a function of tracheal flow
amplitude (f z V 78) during high frequency ventilation. Maoh symbol
represents a tidal volume: solid circle, 50 al; solid square, 100 al; and
open circle, 150 al.

Figure 4: Lung volume increase during high frequenoy ventilation (HFV)
plotted as a function of respiratory system relaxation pressure (P stat e )
after IFV In six 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 (HIF). 7he phasic tracing was apparent only when
the electrical averaging circuit ws switched off. Panel B show lung
volume during conventional ventilation and EF!. At wag the tracheal tube
Is connected to the weighted spirometer, and lung volume increases. At
"b" HF! begins and a further Increase In lung volume occurs.

Figure 6. Branching network used in the experiments. Measurement
locations are Indicated by numbers In parentheses. Vbre two numbers are
given, the first Indicates either medial (2) or lateral (1) location; the
second indloste generation number with the 'trachea' denoted as
generation 1. Long tubes added at the 'alveolar' end are not shown.

Figure T. Control volume used In the derivation of the energy
conservation equation (5) which is also given. The different components
which comprise A are shown to contribute eitber to the fundamental or
first harmonic in the fourier series representation.

Figure S. The parameters c0 and U, 1O from the solution for Ap given
by Vomeraley (1955). Note that over much of the range of these
experiments (W <14) H'10 Is close to unity and Flo Is les then 30".
H'lo represents the ratio PUIWJ/pVom.

Figure 9. Comparisons between the measured pressure signal between a
medial (solid line) and lateral (dashed line) location within the same
generation for the same flow conditions: (a) Res136, 0.7.27 in the third
generation. (b) e=1296, Q=T.23 In the third generation. (a) and (b)
represent the closest and poorest agreement, respectively, between the
medial and lateral locations.

Figure 10. Dimenasonless pressure plotted against the Reynolds umber
for a<12. 0p, m14 , 7, , 010. Open symbols Indicate lateral
measurements, closed symbols Indicate medial measurements or measurements
In the first or second generations.

.4.
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Figure 11. r he measured phase difference between the fundamental
copnn oftepesuesos and the flo velocit.u In the limit of

high frequency, pressure leads the velocity by 90 . Also shown is the
Shase, difference predicted for oscillatory flow of the sawe dimensionless

frequency In a straight, uiform diameter tube (19).

Figure 12. The correction factor plotted against dimmsionles
frequency. Rare represent one standard deviation from the man at each
value orf01.

Figure 13. 'Dineaslaolsspressure amplItude of the fundamental component
ploted ~plst eef fo ck12. 9 849a tMET A , 010.Open

* symbols indicate lateral usassuramnta, closed symbols Indicate medial
measurmnts or ssuremeats In the first or second generations.

Figur 14. Desias pressure amplitude of the fundamental component
plotted against ne/ol for 0>12. 0, Qu129 0, Oin14. Open symbols
indicate lateral measuremeents,, closed symbols Indicate medial usasuraments
or measuremmnts In the first or second generations.

Figue 15. Fundamental pressure suplitude made dimensionless by PUi2/2
plotted against Reynolds umber. A# 0810, No 0.7, 0,p abA. Lines
represent best least squares fit.

Figure 16. Comparison between measured pressure amplitude in the trachea
of asesthetized dogs Indicated as a mean and standard deviation of each
"et of measurementsa, and pressures predicted by these hardware experiments
(ld lime), by assuming that Vmrley's solution Is appropriate (dashed
line), and by neglecting airway resistance entirely (dot-dash line).
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Table 1

ClwactrisicsOf Patients

Trchal Static Omlio
Patient Sex Age Weight s T'be (1/c. H2o)

(yr) (W) (um i.d.)

1 F 64 41.6 M!! iecta&s, 10 .012
PubraiarY Fibrosis

2 F 55 40.1 c 7 .040
lateral
sclerosis

3 F 30 44.9 e 6 .045
Accident

4 F 34 46.1 Cerebrousula6 .059
Accident

5 1 50 61.2 Anoxc 8 .037

6 F 56 43.3 Astu, Hepatic 8 .032

7 F 64 49.9 sy.ngimali 4 .063

IL

8 F 75 49.8 Pats'c 7 .021 ..- "-

'.,:.,..
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Research progress has beeni made toward two goal s In the f irst contract
year, patient studies and model studies, In the patient studies we ..
Investigated the relationship between mean airway prassure and lung volume
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20. Abstract

during high frequency lo tidal volume ventilation (HFV). Patients
requiring mechanical ventliatory support for treatmant of respiratory
Insufficiency were studied by Imposing rapid (1-10 Hz) oscillations with
low tidal volumes (50-150 ml) at a constant men airway pressure of 5 cm
H20. Even though moan airway pressure was constant, lung volume,
Increased substantially during the oscillation period In 7 of 8 subjects
as Indicated both by an Increase in thoraco-abdominal dimensions and by an
Increase In respiratory systam relaxation pressures after the oscillations

were stopped. In the model studies the pressure drop during sinusoldal
mean flows In a four generation network of rigid, uniform diameter,
symmtrically branching tubes was studied. The data obtained were p
analyzed via a process of Fourier d-composition. The results showed that
the pressure signals consist "inly of a dominant component at the
excitation frequency ('fundamental") and a 'first harmonic" of smaller
magnitude. le found the miagnitude 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
values of this parameter greater than 200, the observed pressure drops
were considerably higher.
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