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GRANT, BRYDON J. B., LINDA J. PARADOWSKI, AND JAMES
M. FITZPATRICK. Effect of perivascular electromagnetic flow
probes on pulmonary hemodynamics. J. Appl. Physiol. 65(4):
1885-1890, 1988.—We determined the effect of perivascular
electromagnetic flow probes (EMF) on pulmonary hemody-
namics in acute experiments. In seven dogs placement of the
EMF on the main pulmonary artery (MPA) increased pulmo-
nary arterial pulse pressure by 256% (17.8-21.9 ¢cmH,0, P <
0.005) and mean right ventricular pressure by 12% (23.2-25.9
c¢cmH,0, P < 0.001) but did not alter heart rate, systemic blood
pressure, mean pulmonary arterial pressure, or right ventricular
end-diastolic pressure. This response was not abolished by local
application of lidocaine to the MPA. In three cats input imped-
ance was calculated from measurements of pressure and flow
in the MPA. Impedance was calculated with flow measured
using an EMF and ultrasonic volume flow probe (USF), which
avoids the constraining effect of the EMF. When flow was
measured with an EMF rather than a USF, there was a signif-
icant difference in the impedance spectra (P < 0.001), but it
was only apparent in the moduli greater than six harmonics.
We conclude that the EMF does affect right ventricular after-
load in acute experiments and alters the measured input imped-
ance.

cats; dogs; ultrasonic flow probe; input impedance; mathemat-
ical models

PERIVASCULAR ELECTROMAGNETIC FLOW probes (EMF's)
have been used for many years to measure instantaneous
blood flow without requiring the vessels to be cannulated
(10, 12, 17). The rigid cuff containing the electrodes and
magnet is molded with a cylindrical center so that it can
be placed around the vessel. As a result, lateral wall
excursion of the vessel due to pulsatile flow is limited
because the probe effectively stiffens the vessel over the
area to which it is applied. In acute preparations, it is
necessary to use a flow probe that slightly constricts the
vessel at the site to which it is applied because the silver
electrodes must maintain close contact with the vessel
wall. Although this constriction has little effect on re-
sistance, it decreases compliance by reducing the cross-
sectional area and increases local inertance. These prob-
lems are well recognized (3, 13, 14, 16) and are thought
to be minor (12) but difficult to investigate because there
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had been no readily available alternative to the cuffed
EMF for measuring instantaneous blood flow directly.

Recently, an ultrasonic transducer for measuring flow
rather than velocity has become available commercially;
the ultrasonic flow probe (USF) can be used without
distorting the vessel wall or constraining lateral wall
motion (5). The USF has been validated against blood
flow measurements made with an EMF in systemic ar-
teries (7, 9), an indicator dilution method (6), and a
microsphere technique (2). We predicted from a mathe-
matical model that the constraining effect of the EMF
would alter input impedance. The predominant effect
would be an increase in the moduli at high frequencies.
As a result of these changes, we predicted that there
would be an increase of pulmonary arterial pulse pressure
and mean right ventricular pressure.

To test these predictions, two groups of experiments
were performed. The first group of experiments was
conducted in dogs in which we compared pulmonary
hemodynamic measurements made with and without an
EMF around the main pulmonary artery. The second
group of experiments was conducted in cats in which we
compared pulmonary arterial input impedance when flow
was measured by an EMF with impedance measured by
a USF. In the APPENDIX we describe the mathematical
model and the predicted changes of the impedance spec-
trum that are expected when flow is measured with an
EMF rather than a USF. In addition, we estimated the
extent to which these changes are due to constricting the
diameter of the vessel and to stiffening of the vessel wall.

METHODS

Experimental preparation in dogs. Anesthesia was in-
duced in dogs weighing 15-20 kg with thiamylal sodium
(6 mg/kg iv, Bio-Ceutic) and a-chloralose-borate solution
(2 ml/kg). The solution contained a-chloralose (60 mg/
ml, Sigma Chemical), sodium tetraborate decahydrate
(46 mg/ml, Sigma Chemical), and sodium bicarbonate
(25 mg/ml). Anesthesia was then maintained with a
continuous infusion of a 1:1.85 dilution of that solution
at a rate of 1.32 ml/kg body wt/h. The animals were
ventilated with a Harvard pump through an endotracheal
tube at a rate of 12-14 breaths/min with a tidal volume
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of ~20 ml/kg. A femoral vein catheter was inserted for
administration of pancuronium bromide (0.1 mg/kg) to
induce muscular paralysis, which was repeated as re-
quired. A left thoracotomy was performed at the fifth
intercostal space. The pericardium was incised, and the
trunk of the main pulmonary artery and the left lower
lobe pulmonary artery were dissected free from surround-
ing tissues. EMFs (Statham SP7515 series) were placed
around both these vessels, with the largest probe used to
produce a flow signal throughout the respiratory cycle.
Probes that are too large may transduce a flow signal
during inspiration but not during expiration when elec-
trical contact is lost because of a decrease in pulmonary
arterial pressure and diameter. An EMF was placed
around the pulmonary artery to the left lower lobe to
estimate the proportion of pulmonary blood flow to the
left lower lobe (QLiy) during diastole and to measure
mean Qrr1, which was used as an indicator of changes of
cardiac output. For measurement of blood flow in the
main pulmonary artery, we used one of the following
sizes of EMF: 1) 14-mm luminal diam, 12-mm length,
22.3-g wt, 2) 16-mm luminal diam, 12-mm length, 23.3-
g wt, or 3) 18-mm luminal diam, 12.5-mm length, 24.7-g
wt. For measurement of the pulmonary blood flow to the
left lower lobe, we used an EMF of either 5-mm luminal
diam, 4-mm length, 17.3-g wt or 6-mm luminal diam, 5-
mm length, 18.8-g wt. A catheter pressure transducer
(Millar model PC-330) was inserted through a purse-
string suture in the pulmonary conus, and the transducer
tip was positioned as close as possible to the midpoint of
the EMF on the main pulmonary artery. All electrical
signals were passed directly to an analog-to-digital con-
version board (Data Translation DT2801A) in a Wells
American A Star computer and displayed on an eight-
channel Gould recorder. The hemodynamic variables
that we calculated were mean pulmonary arterial pres-
sure, mean pulmonary blood flow, mean pulmonary ar-
terial pulse pressure, heart rate, mean systemic blood
pressure, mean right ventricular pressure, right ventric-
ular end-diastolic pressure, and mean Q1. In addition,
the proportion of Quiy during diastole was estimated
from the contour of the flow waveform of Q1. The
integral of flow between the dicrotic notch and end
diastole was expressed as percent of the integral of flow
throughout the cardiac cycle. Because of the different
effects of wave propagation at different frequencies, this
calculation can only be considered as an approximation
of the true proportion of Qr;, during diastole. Each of
these measurements was obtained by averaging over 10
cardiac cycles. Each cycle was selected at end expiration
of 10 successive breaths.

Protocol. The protocol in these experiments was to
make pulmonary hemodynamic measurements with,
without, and again with the EMF around the main
pulmonary artery. The EMF around the pulmonary ar-
tery to the left lower lobe remained in position through-
out the experiment.

Because the presence of an EMF may excite a change
in smooth muscle tone locally and thereby alter the right
ventricular afterload, we conducted additional experi-
ments in a second group of three dogs. We compared the
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changes in pulmonary hemodynamics that occur with
placement of the EMF before and after load application
of 4% lidocaine solution to the main pulmonary artery.
We made repeated hemodynamic measurements with
and without the EMF probe in place. A gauze square
soaked with 4% lidocaine was then applied for 15 min
around the wall of the main pulmonary artery where the
EMF has been positioned. We then repeated the se-
quence of measurements with and without the EMF. The
effect of the EMF on hemodynamic variables was as-
sessed by analysis of variance with a four-factor experi-
mental design. The four factors were 1) the presence (or
absence) of the probe, 2) the application of local anes-
thetic, 3) experimental preparation (between dog vari-
ance), and 4) an interaction effect to determine whether
local anesthesia had any influence on the hemodynamic
effects of the probe. In a third group of three dogs, we
measured the diameter of the main pulmonary artery
with a pair of ultrasonic crystals sutured to the adventitia
(15). The crystals were then removed, and an EMF was
placed at the same site to determine the reduction in
mean diameter that is required to obtain a satisfactory
flow signal in the main pulmonary artery.

Experimental preparation in cats. Anesthesia was in-
duced with ketamine (20 mg/kg im, Parke-Davis) and
maintained with a-chloralose (0.67 ml/kg iv). A midline
thoracotomy was performed, pericardium was opened,
and the main pulmonary artery was dissected free of
surrounding tissue. Pancuronium bromide (0.1 mg/kg iv)
was used for muscular paralysis. The animals were ven-
tilated through a tracheal cannula at ~12 breaths/min
with a tidal volume sufficient to maintain an arterial
Pco; of 40 Torr. The animals were ventilated with 100%
O, through a Harvard ventilator (model 618) to which
was attached a microswitch producing a 5-V pulse to
signal end expiration. Additional simultaneous injections
of chloralose and pancuronium bromide were given as
needed throughout the experiment through a femoral
venous catheter. Pulmonary arterial blood flow was
measured with a flow probe around the main pulmonary
artery. Two types of flow probes were used, a USF and
an EMF. The USF that we used (Transonics, Ithaca,
NY) is comprised of an ultrasound transmitter receiver
unit (21 X 15 X 7 mm). It was not possible to use the
USF with the EMF in situ because of the large size of
this unit relative to the length of the feline main pul-
monary artery. The unit was positioned over, but not in
contact with, the main pulmonary artery by means of a
13-mm square bracket around the artery. The USF was
activated with a Transonics Systems (T201) flowmeter.
The USF was coupled to the vessel with acoustic jelly.
We used the largest EMF that provided a flow signal
throughout the respiratory cycle. One of the following
sizes was used: 1) 6-mm luminal diam, 5-mm length,
18.8-g wt, 2) 7-mm luminal diam, 5-mm length, 19-g wt,
or 3) 8-mm luminal diam, 5.5-mm length, 19.7-g wt.
Pulmonary arterial pressure was measured with a cath-
eter pressure transducer (Millar model PC-330). The
electrocardiogram was monitored throughout the exper-
iment. All electrical signals were digitized at a sampling
rate of 500 Hz. Single heart cycles were selected from 10
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successive breaths at end expiration so that impedance
could be estimated from the fourier series of the flow
signal corrected for the phase lag due to the Statham
flowmeter (SP2202). Details of the method of calculating
input impedance have been described elsewhere (8).

Protocol. In each animal input impedance was meas-
ured with flow measured by the USF and with the flow
measured by the EMF. We used the same USF in each
experiment, but we used the largest EMF that was ca-
pable of providing a flow signal throughout the respira-
tory cycle. In each of the three cats we alternated the
measurement of flow between the EMF and USF on
three successive occasions. Therefore we obtained a total
of nine measurements of impedance with the EMF and
nine measurements with the USF.

Data analysis. We measured mean pulmonary arterial
pressure, flow, pulmonary arterial pulse pressure, and
impedance with both types of flow probes. Statistical
comparison was made by a two-way analysis of variance.
To determine whether the measured impedance was de-
pendent on the type of flow probe, we used analysis of
variance. To determine whether the anticipated change
in the measured input impedance occurred (see APPEN-
DIX), we compared the relation between the moduli and
frequency for impedance with flow measured with the
USF and for impedance with flow measured by the EMF
using analysis of covariance. In all cases, statistical sig-
nificance was accepted at the 5% level.

RESULTS

Effect of EMF. The effects of the EMF on pulmonary
hemodynamics in dogs are shown in Fig. 1. When the
EMF is placed around the main pulmonary artery, there
is an increase in pulse pressure but no change in mean
pulmonary arterial pressure or mean Qrrr, which is used
as an index of cardiac output. The increased pulse pres-
sure was associated with a reduction in the proportion
of QL1 that occurs during diastole. The increase in pulse
pressure was largely due to an increase in systolic pres-
sure from 38.5 to 42.0 cmH,0 (P < 0.02); the decrease in
diastolic (from 20.7 to 20.1 cmH20) was not significant.
Placement of the EMF had no significant effect on heart
rate (from 146 to 145 min™?), mean femoral arterial blood
pressure (from 131 to 129 mmHg), or right ventricular
end-diastolic pressure (from 7.9 to 7.4 cmH,;0).

To determine the reduction in pulmonary arterial di-
ameter when an EMF is used, measurements were made
in the second group of dogs (Table 1). On average, the
external diameter of the main pulmonary artery de-
creased by 10% with placement of the EMF. The increase
in pulse pressure averaged 18%, which is a similar order
of magnitude that was observed in the preceding exper-
iments.

A third group of dogs was used to determine whether
topical lidocaine at the site of EMF placement would
abolish this marked increase in pulse pressure. Although
there were statistically significant increases in pulse
pressure with placement of the flow probe, lidocaine had
no significant effect on this response (Fig. 2).

Comparison of impedance spectra obtained by EMF and
USF. Figure 3 shows examples of the pressure and flow
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FIG. 1. Effect of electromagnetic flow probe on pulmonary hemo-
dynamics. Five bar charts show changes (means + SD) of mean
pulmonary arterial pressure (Ppa, cmH,0), mean pulmonary blood
flow to the left lower lobe (Quiz, ml/s), pulmonary arterial pulse
pressure (cmH;0), mean right ventricular pressure (RVP, cmH,0), and:
the percentage of Quis that occurs during diastole. @, Measurements
obtained when electromagnetic flow probe was removed from main
pulmonary artery (n = 7). O, Measurements obtained with electromag-
netic flow probe in place (n = 14). * Significant increases in pulse
pressure and right ventricular pressure and significant decrease in
percent Q1 during diastole (P < 0.05).

waveforms obtained in an experiment in a cat. Table 2
shows measurements of pulmonary hemodynamics when
flow is measured with the USF and with the EMF. There
was no significant difference in mean pulmonary arterial
pressure or flow when the flow probe was changed from
USF to EMF, but there was a significant increase in
pulse pressure due to the distorting effects of the EMF.
Figure 4 shows that the predominant difference between
the impedance spectra when flow is measured with EMF
rather than USF is an increase of the moduli at high
frequencies. At high frequencies the signal power de-
creases, which results in a low signal-to-noise ratio. The
statistical approach that we used rejects higher harmon-
ics when a mean phase angle can no longer be identified
(8). The highest acceptable harmonic in these spectra
ranged between 8 and 20 harmonics. We selected the
median value (12 harmonics) for this analysis to avoid
discarding acceptable data. Even if we choose eight har-
monics as our upper limit, analysis of variance still yields
a significant difference in the moduli between the EMF
and USF measurements (P < 0.05). The slope of the
relation between moduli and frequency was significantly
greater for the impedance spectra with flow measured by
EMF than for spectra with flow measured by USF (P <
0.001). This difference was significant by analysis of
variance (P < 0.001). Analysis of covariance showed that
the relation between moduli and frequency is fitted best
with a linear relation for USF but with a quadratic
relation for the EMF because of the increased moduli at
high frequencies >20 Hz.



1888

HEMODYNAMIC EFFECTS OF CUFFED FLOW PROBES

TABLE 1. Changes of the diameter of the main pulmonary artery due to placement of an EMF

Without EMF

Body Wt, e e e
kg Fpa I'e, Fis D 5
cmHz emH.O mm miEn N
19.0 22.2 11.9 16.8 17.6 16.1
19.0 303 18.3 18.5 20.5 16.2
16.6 19.7 10.4 15.9 17.2 15.1

With EMF Change
Ppa, D, Ppa, D,
c¢cmH,0 mm A% A%
22.1 13.2 16 0 11 -5 !
30.3 19.8 16 0 8 -14
18.6 14.1 14 -6 36 -11

n = 8 dogs. EMF, electromagnetic flow probe; Ppa, pulmonary arterial pressure; PP, pulse pressure; D, mean diameter of the main pulmonary
artery at end expiration during the cardiac cycle; Dpay, maximum diameter of the main pulmonary artery at end expiration during the cardiac
cycle; D, minimum diameter of the main pulmonary artery at end expiration during the cardiac cycle.
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FIG. 2. Effect of local anesthetic on change in pulmonary pulse
pressure due to placement of an electromagnetic flow probe. @ and O,
Measurements made without and with placement of flow probe around
main pulmonary artery, respectively.

DISCUSSION

Effect of EMF placement on pulmonary hemodynamics.
We used the largest EMF capable of providing a consist-
ent flow signal throughout the respiratory cycle. The
Statham flow probes (SP7515 series) are available in 2-

368.0 - — = +20.0
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Ppa A
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-y -1 0.0
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Pea Q
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18 -5.0

FIG. 3. Examples of pressure and flow waveform obtained with
ultrasonic flow probe (USF, top) and electromagnetic flow probe (EMF,
bottom) in main pulmonary artery. Each waveform is raw data ensemble
averaged over 10 heart cycles selected from end expiration without any
additional filtering. Note increased pulse pressure with EMF. Ppa,
pulmonary arterial pressure; Q, blood flow.

TABLE 2. Comparison of pulmonary hemodynamics
with EMF and USF in cats

" Heart Rate, Ppa, Q, Rp, PP,
Condition min~! c¢cmH;0 ml/s units emH;0
EMF 203£11  32.5+2.1 4.7+£1.2 7.26:*:2.65 19.7+6.7
USF 207+11 31.6+1.9 3.7+1.2 7.14+3.94 15.8+5.1*

Values are means + SD; n = 9. Q, pulmonary blood flow; Rp, input
resistance; USF, ultrasonic volume flow probe. For definitions of other
abbreviations, see Table 1 footnote. * Significantly different hemody-
namic variable measured with EMF in place compared with USF (P <
0.001).

mm increments between 10- and 18-mm luminal diam
and in 1-mm increments between 4- and 8-mm luminal
diam. It is possible that some restriction of the main
pulmonary artery occurs because the increments are too
large. The worst possible case in this study would be the
application of an EMF of 6-mm luminal diam to a 6.99-
mm-OD main pulmonary artery. This circumstance
would result in a 14% reduction in vascular diameter,
which is still less than the 15% limit proposed by Spencer
and Denison (16). In fact, we found that a reduction in
main pulmonary arterial diameter of ~10% is required
for the measurement of flow with an EMF. Therefore we
do not believe that our use of EMF resulted in an
excessive reduction of vascular diameter.

Placement of the EMF did not alter mean pulmonary
arterial pressure or mean Q. The EMF caused a 256%
increase in pulmonary arterial pulse pressure and a de-
crease in the proportion of QriL occurring during dias-
tole. These results are consistent with the idea that the
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FIG. 4. Impedance spectra obtained with flow measured by using
ultrasonic flow probe (USF, 0) and electromagnetic flow probe (EMF,
). Each spectrum is mean of 9 measurements. Left: each modulus is
plotted as mean; bar, SE. Right: phase is plotted as mean angle; bar,
95% confidence limits of mean by use of angular statistics as described
previously (4).
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EMF has reduced the compliant properties of the main
pulmonary artery, thereby reducing the effectiveness of
the Windkessel. The amount of blood that is stored in
the stiffened pulmonary trunk during systole is reduced.
As a result, there is less of a dampening effect on pulse
pressure by the Windkessel and the amount of blood
flow that occurs during diastole in the left lower lobe
pulmonary artery is reduced.

The results suggest that the EMF caused an increase
in pulmonary arterial input impedance. The increase in
mean right ventricular pressure would support this no-
tion. Nevertheless these hemodynamic changes could be
attributed to changes other than an alteration of right
ventricular afterload.

Changes in pulse pressure could result from a change
in heart rate, but no significant change occurred when
the EMF was removed. An increase in mean right ven-
tricular pressure could result from an increase in preload.
However, there is no reason to suppose that the place-
ment of the EMF altered right ventricular preload; in-
deed we found no significant change in right ventricular
end-diastolic pressure. It is possible that the placement
of the EMF stimulated receptors on the pulmonary
trunk, which, in turn, altered myocardial function by a
reflex effect. Although the pulmonary trunk is well in-
nervated with baroreceptors (4), we believe this expla-
nation is unlikely because the same hemodynamic
changes were recorded after local anesthetic was applied
to the pulmonary trunk, which has been shown to sup-
press reflexes that occur after mechanical stimulation of
receptors in the main pulmonary artery (1, 11). The data
indicate that placement of the EMF on the main pul-
monary artery alters right ventricular afterload due to a
mechanical effect.

Effect of EMF flow on input impedance. If the EMF
alters right ventricular afterload, then it might be ex-
pected that the EMF would affect the measurement of
pulmonary arterial input impedance. To test this idea we
compared pulmonary arterial input impedance when flow
was measured by an EMF with impedance when flow
was measured by a USF, which does not have a local
distorting effect on the pulmonary vasculature. As pre-
dicted, we found that the moduli for impedance spectra
with flow measured by EMF became greater than the
moduli with flow measured by USF as frequency in-
creases.

Practical implications. For acute experiments, the USF
would appear to be superior to the EMF because it avoids
distorting the pulmonary vasculature. Nevertheless,
there are some practical limitations, The USF is not
suitable for use in acute experiments with prolonged
protocols because the acoustic jelly tends to liquify with
a resulting loss in the flow signal. We did not compare
the two types of probes in chronic experiments where it
is not necessary to constrict the vessel when positioning
the EMF, because air between the EMF and vessel wall
is absorbed during the postoperative period. Our theo-
retical results suggest that the major distortion from the
EMF is due to reduction in local vascular diameter rather
than the splinting effect that it has on the vascular wall.
Therefore, in chronic experiments, we would anticipate
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FIG. Al. Comparison of effect of electromagnetic flow probe on
impedance. ~——, Spectrum shown in Fig. 4 with flow measured by use
of ultrasonic flow probe without distortion of main pulmonary artery;
————— , same spectrum modified to simulate circumstance if flow was
measured with an electromagnetic flow probe.

that the distorting effects of the EMF would be reduced
considerably.

APPENDIX
Predicted Effects of EMF on Impedance

We used the input impedance measured with the USF (Fig.
4) for these calculations. We assumed that there was no distor-
tion of the main pulmonary artery associated with using this
probe. To calculate impedance as if flow had been measured
with an EMF, we first calculated the impedance at the distal
end of the main pulmonary artery at its bifurcation. We then
altered the physical properties of the main pulmonary artery
at the site of the EMF and recalculated the input impedance.
It was assumed that impedance is measured at the midpoint of
the main pulmonary artery, which was 1 cm long with a 0.7 cm
ID at zero transmural pressure (D,) and that it has a linear
diameter-pressure relation with slope of 0.6081 AD,%/cmH.0
based on our own measurements in vivo (unpublished obser-
vations). From these data, we estimated the characteristic
impedance (Z.) and the propagation coefficient (v) as described
previously (8). Both Z, and v are complex numbers and are
functions of w, which is the angular frequency (2xf), where f is
the frequency. We then estimated the reflection coefficient (T'),
which also is a complex number and a function of w.

I = (Zi — ZJexp(2YL)/(Z: + Z) (AI)
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FIG. A2. Analysis of constraining and constricting effects of elec-
tromagnetic flow probe (EMF) on impedance. ——, Impedance meas-
ured with ultrasonic flow probe; . . . ., impedance modified by constrain-
ing effect of EMF; - - -, impedance modified by constricting effect of
EMF; -.-.- , impedance with both constricting and constraining effect
of EMF.
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where Z; is the input impedance at the point of measurement
and L is the distance between this point and the bifurcation of
the main pulmonary artery. I was used to estimate the imped-
ance at the bifurcation, which is the terminal impedance (Z,)

Zi=2,(1-T)/(1+1) (A2)

The impedance at the bifurcation was used as a starting
point to estimate the impedance if an EMF had been used to
measure flow. The pulmonary artery was divided into four
sections: from the bifurcation to the distal end of the EMF
(Ly), from the distal end to midpoint of the EMF (L), from the
midpoint to the proximal end of the EMF (L;), and from the
proximal end to the origin of the main pulmonary artery (L,).
L, and L, are each 2 mm long; L, and L; are 3 mm each. The
input impedance for L, and L, are calculated from its Z, v, T,
and L according to the following equation

Zi = Zc [1 + Texp(-2vL)]/[1 — Texp(— 2vL)] (A3)

where ' = (Z, - Z.)/(Z. + Z.). Equation A3 is first applied to
section L, and then to L,. The Z; of L, becomes the Z, of L.
For section L, Z,, T, and v are recalculated to take into account
the distorting effects of the EMF, which have been considered
as two components: a constricting effect and a constraining
effect. The constricting effect of the EMF reduces the diameter
of L, by 9.4%. This value is well within the 15% reduction in
diameter mentioned by Spencer and Denison (16) as being the
upper limit that would avoid interference with flow pulsations.
The constraining effect of the EMF on section L, is simulated
by a 99% reduction of change of diameter per unit change of
pressure (dD/dP). By applying these revised values of Z., T,
and vy to Eq. A3, we calculated the Z; for L,, which is the
expected impedance if the EMF had been used to measure flow.
Figure Al shows how the distorting effect of the EMF modifies
the measured input impedance. Although there is a small
decrease in phase angle at high frequencies, the predominant
effect appears to be an increase in the moduli as frequency
increases.

In addition, we estimated the constricting and constraining
effects of the EMF on impedance separately. Figure A2 shows
the relative contributions of these two effects; the major effect
is due to constriction.

It should be emphasized that this linear approach has a
number of simplifying assumptions: more importantly, laminar
flow and a cylindrical uniform main pulmonary artery. Fur-
thermore the Womersley equations neglect local convective
acceleration. Therefore the results from the calculations can be
considered only as approximate.
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