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GRANT, BRYDON J. B., JOHN M. CANTY, JR., G. SRINIVASAN,
AND ALAN S. BRoODY. Pulmonary arterial elasticity in awake
dogs. J. Appl. Physiol. 75(2): 840-848, 1993.—We measured the
relationship between pulmonary arterial pressure (Ppa), diame-
ter (D), and length of a segment of the main pulmonary artery
(MPA) in chronically instrumented conscious dogs breathing
spontaneously (CCC). There were no physiologically signifi-
cant changes in Ppa or D in the CCC dogs postoperatively, and
the cross-sectional MPA shape measured by fast computed to-
mography was nearly circular. These results suggest that the
MPA was not distorted by chronic instrumentation. We com-
pared measurements made in the CCC dogs with previous mea-
surements in acutely instrumented anesthetized dogs with
open chests (AAQO). The elasticity of MPA in the CCC animals
was frequency dependent between 1 and 14 Hz and was similar
to that in the AAO dogs. Oscillations of D preceded Ppa at
cardiac frequencies in the AAO animals, but the D and Ppa
oscillations were in phase in the CCC animals. The oscillations
of length relative to D were significantly less in the CCC than in
the AAO dogs. We conclude that, with limitations, the hemody-
namic properties of the MPA can be measured in the CCC sub-
jects. We suggest that the discrepancies between the AAO and
CCC dogs ‘can be attributed to differences in extrinsic loading
of the MPA.

characteristic impedance; vascular compliance; sonomicrom-
etry
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HEMODYNAMIC STUDIES of the pulmonary circulation in
conscious dogs have been directed primarily to measur-
ing pulmonary vascular resistance, which represents the
opposition to mean blood flow through the lungs. Resis-
tance is an incomplete description of ventricular after-
load because it neglects the opposition to the pulsatile
components of blood flow (17). In fact, between 33 and
48% of hydraulic power in the main pulmonary artery
(MPA) is contained in the oscillatory component (19).

Anesthesia can have marked effects on the physiologi-
cal responses. For example, pentobarbital sodium alters
the pulmonary vascular response to autonomic antago-
nists (20). Therefore, the need arises to study conscious
animals. Previous methods for studying the pulsatile
properties of the pulmonary circulation in conscious
dogs have measured pressure and flow in the MPA (7).
These measurements are used to calculate characteristic
impedance from the input impedance spectrum. Flow
was measured with a perivascular electromagnetic flow
probe placed on the MPA.

The several drawbacks to this approach are due to limi-
tations in the measurement of blood flow. First, we have
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found that perivascular flow probes may distort the im-
pedance spectrum in acute preparations (12). Although
the placement of flow probes in chronically instrumented
animals does not require constriction of the MPA, exten-
sive dissection around the MPA is needed for their place-
ment. As a result, the neural supply of the proximal pul-
monary arteries may be impaired and the healing process
may distort the anatomy and elasticity of the MPA. Sec-
ond, the measurement of characteristic impedance does
not provide any information about the mechanisms that
result in changes in this variable. Changes in character-
istic impedance could result from alterations in the di-
mensions or elasticity of the MPA or both.

To overcome these difficulties, we measured the pul-
monary arterial pressure (Ppa) and diameter (D) of the
MPA in conscious dogs. D was measured by sonomicrom-
etry. Unlike flow probes, placement of ultrasonic crystals
does not require complete dissection around the MPA.
Furthermore, the alterations in the dimensions and elas-
ticity of the MPA with this approach are measured di-
rectly without having to surmise the physiological re-
sponse from changes in characteristic impedance. Previ-
ously, we made measurements of Ppa, D, and segment
length (L) of the MPA in acutely instrumented dogs (11).
This report describes three series of experiments in
chronically instrumented dogs.

In the first series of experiments, Ppa and D were mea-
sured between 3 and 64 postoperative days to determine
the temporal changes that may occur after surgery. In a
second series of experiments, the three-dimensional
shape of the MPA was obtained from fast computed to-
mographic (CT) images. A third series of experiments
was conducted to measure the Peterson’s elastic modulus
of the MPA from the oscillatory changes in Ppa and D of
the MPA in conscious dogs over a range of frequencies.
The similarity of the changes in the MPA dimensions in
both its transverse and longitudinal axes (orthotropic be-
havior) was assessed from the relative amplitudes of the
D and L oscillations. These measurements made in
chronically instrumented conscious dogs with closed
chests (CCC) were compared with previous measure-
ments made in acutely instrumented anesthetized dogs
with open chests (AAQO) (11).

Both Peterson’s elastic modulus for D (Ep,) and the
L-D relationship (LDR) depend not only on their me-
chanical properties but also on the loading conditions to
which the MPA is subjected. We hypothesized that there
would be differences in the elasticities of the MPA mea-
sured between the CCC and AAO animals because the
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extrinsic loading conditions of the MPA differ markedly.
In the CCC dogs, the MPA is more constrained by
surrounding tissue within the closed chest.

METHODS

Preparation of chronically instrumented animals. De-
tails of the experimental preparation for the first series
of experiments have been described before (5). In brief,
anesthesia was induced in mongrel dogs (n = 11) with an
intravenous injection of sodium thiamylal (20 mg/kg).
The dogs were then ventilated with a mixture of ~2%
halothane and 70% nitrous oxide in oxygen. Succinylcho-
line (1 mg/kg) was used for muscular relaxation while the
dogs were in the surgical plane of anesthesia. A left thora-
cotomy through the fifth intercostal space was per-
formed with sterile surgical techniques. T'wo ultrasonic
crystals on Dacron patches were sutured to the adventi-
tia of the MPA. The crystals were aligned in a plane
perpendicular to the direction of flow. A short 22-gauge
Teflon angiocath was introduced gently into the pulmo-
nary artery close to the site of the pair of diameter crys-
tals. Additional Tygon catheters were placed in the de-
scending thoracic aorta and the left atrium. These ani-
mals were used for other experiments (5) and were
instrumented with equipment that was not required for
the present study. This additional instrumentation in-
cluded pacing wires, ultrasonic crystals in the left ventri-
cle, a hydraulic occluder around the left circumflex coro-
nary artery, and a Konigsberg micromanometer in the
left ventricle. The chest was closed, and the pneumotho-
rax was evacuated.

# BThe dogs were treated with intramuscular procaine ..

penicillin (300,000 1 and streptomyein (0.3 g) for 5 days.

[ntramuscular meperidine (50 mg) was given for analg:
sia during the first three postoperative days and was ex-
tended if required. The catheters were flushed every
other day with saline and then filled with heparin (1,000
U/ml for atrium catheters, 10,000 U/ml for aorta and
pulmonary artery catheters). The animals were brought
to the laboratory as early as the third postoperative day
for measurements to be made.

Dogs used in the second (n = 5) and third (n = 6) series
of experiments were prepared similarly but with some
changes in the chronic instrumentation. All cardiac in-
strumentation was omitted except for a left atrium cath-
eter. Hydraulic occluders (Hazen-Everett, Teaneck, NJ,
and Jones, Silver Spring, MD) were placed around the
left main pulmonary artery and the inferior vena cava. In
addition, ultrasonic crystals mounted on polystyrene at-
tached to Dacron patches were sewn to the adventitia of
the MPA to measure L.

Procedures for experimerits in the conscious state. For
the experiments that were conducted in the conscious
state, the pulmonary artery catheters were attached to
Statham P23 ID pressure transducers. The experiments
were conducted with the animal in the right lateral decu-
bitus or prone position. Zero pressure was assigned the
level of the estimated position of the MPA. The ultra-
sonic crystals were attached to a sonomicrometer (model
120, Triton Technology, San Diego, CA) to measure D
and L. The dogs were sedated with 1-3 ml of Innovar
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(droperidol 20 mg/ml and fentanyl 0.4 mg/ml, Pitman-
Moore) only in the first series of experiments. Both Ppa
and aortic pressure were displayed on an 8-channel
Gould chart recorder. Data were digitized at 200 Hz/
channel in the first series of experiments and at 250 Hz/
channel in the third series. Circumferential extensibility
(CE) of the MPA was calculated as the difference be-
tween the maximum and minimum values of D during a
cardiac cycle expressed as a percentage of the mean and
divided by the pulse pressure (23).

Experimental preparation for CT. Fast CT was per-
formed in five additional mongrel dogs. Technically satis-
factory images were obtained from two dogs (body wt
21.3-26.4 kg). The dogs were chronically instrumented as
described above except that the crystals to measure L
were omitted in one of the dogs to avoid artifacts in the
CT images. The dogs were premedicated with 1-3 ml of
Innovar through the left atrium catheter. In one dog,
anesthesia was induced with 10 mg/kg of thiamylal fol-
lowed by intravenous infusion at 11 mg-kg™-h™. The
other dog was anesthetized with 25 mg/kg of pentobarbi-
tal sodium. In both dogs, intravenous pancuronium bro-
mide (0.1 mg/kg) was used for muscular paralysis while
the dog was in the surgical plane of anesthesia. The dogs
were intubated and ventilated with a volume cycled
pump (model 681, Harvard Apparatus, Natick, MA). The
pump was used at a respiratory rate of 12-15/min with a
tidal volume of 12 ml/kg. Supplemental oxygen (~50%)
was given to avoid increases in Ppa during the scanning
period of ~20 s while the ventilator was turned off to
avoid respiratory movement. '

Procedures for fast CT. The C-100 ultrafast CT scanner
(Imatron, South San Francisco, CA) was used in the vol-
unme ‘mode (24). In brief, the anesthetized dogs were
placed in the gantry in the right lateral position. Each
tomographic slice was 3 mm thick and was obtained in
100 ms. The resolution of each voxel was 0.7 X 0.7 X
3-mm slice thickness. The scanner was gated to the QRS
complex of the electrocardiogram. Images were obtained
during diastole at ~75% of the R-R’ interval. Multiple
contiguous images were obtained in the region of the
MPA with ventilation suspended at end expiration.

The images were analyzed with commercially available
three-dimensional reconstruction software (ISG Allegro
version 4.0, ISG Technologies, Mississauga, Ontario, .
Canada). The three-dimensional reconstructions were
printed on 11 X 11-in. photographic paper with Kodak
XL 7700 apparatus. Each cross-sectional image was out-
lined by at least 80 points with a Hitachi digitizing pad
(resolution 0.0127 cm).

Frequency analysis. In the third series of experiments
in unsedated awake dogs, the electrical signals of Ppa, D,
and L were converted to digital form (DT2811, Data
Translation, Marlborough, MA). The signals were dis-
played on the monitor of an IBM AT compatible com-
puter (Dataq, Akron, OH). Recordings were made for 1
min at a sampling rate of 250 Hz/channel and were
stored on disk for analysis. Spectral analysis was per-
formed by the Blackman-Tukey method (3, 18). Details
of the method are provided in the APPENDIX. The follow-
ing equations were used to calculate the ratio of the am-
plitudes of the Ppa and D oscillations (R), its phase rela-
tion (¢), and the coherence (v)
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Roo(f) = V&,(£)/2,(f) (1)
¢12(f) = arctan[F, ,(f)/E, ,(f)] (2)
Y2 (f) = (B2 + F(F/[2,(F) - 2,())  (3)

where subscripts 1 and 2 refer to Ppa and D, respectively;
& is the signal power at frequency f; and E and F are the
cospectral (in phase) and quadrature (90° out of phase)
powers of the cross spectrum power (®, ,), respectively.
Therefore ®,, = (E, , — jF, ;) where j is the square root of
—1. v}, is the coherence function. The coherence pro-
vides a measure of linearity and is similar to the coeffi-
cient of determination (the square of Pearson’s correla-
tion coefficient). Ep, was calculated from (11)

Epp(f) = Rl,z(f)D (4

Similar expressions were derived to assess the rela-
tionship between the oscillations of D and L. The magni-
tudes of these fluctuations of D and L were normalized
for the mean D and L

LDR(f) = Ry,(f)D/L (%)

Subscripts 3 and 2 refer to the L and D oscillations, re-
spectively. Therefore, LDR would be expected to be unity
if the MPA were orthotropic such that elastic properties
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would be the same in both its transverse and longitudinal
axes.

The results were corrected for the frequency response
of the pressure transducer-catheter system. The natural
frequency of the pressure system was 32 Hz, and the
damping ratio was 0.0055 as measured by a pop test (8).
The characteristics of the sonomicrometry filters were
obtained from the manufacturer and were verified elec-
trically in our instrument.

Statistical analysis. Analysis of variance for repeated-
measures experimental design was used to assess the
postoperative changes in Ppa, D, and CE. To analyze the
spectra of Ep, and LDR, we used maximum likelihood
nonparametric regression. This approach was necessary
because the accuracy of the estimate of R, , varied with
frequency. The details and the derivation of the weight-
ing factors that were used are provided in the APPENDIX.
At frequencies where v3,(f) is close to unity, the weight-
ing factors become very large. As a result, the data at that
frequency are emphasized compared with those at other
frequencies where v} ,(f) is small. The generalized addi-
tive models used for this purpose extend the more com-
monly used generalized linear models by cubic splines.
This approach enables nonlinear relationships to be
identified without presupposing any particular mathe-

FIG. 1. Cross sections showing shape of main pulmonary artery. A: 3-dimensional reconstruction of main pulmo-
nary artery of 1 dog, from pulmonary valve on left to bifurcation on right. B: same vessel transected at point close to
sonomicrometer diameter crystals. C: same image rotated to expose cross section of 'almost‘ circular shape of main
pulmonary artery. D: elliptical cross section of same vessel immediately proximal to bifurcation.
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FIG. 2. Ratio of minor to major axes of main pulmonary artery plot-
ted against approximate distance between pulmonary valve and bifur-
cation. Measurements are from 2 dogs (circles and square, respec-
tively). Closed circles, measurements made during inflation of hydrau-
lic occluder around inferior vena cava.

matical form. The order of the model was determined by
minimizing the generalized cross-validation criterion,
which is similar to the Akaike information criterion (14).

The perimeters of the cross section of the MPA were
fitted to equations describing a circle and an ellipse. A
least-squares approach was used to estimate the ratio of
minor to major axes. Details of these procedures are de-
scribed in the APPENDIX. An Ftest was used to determine
if the data are more closely described by a circle (3 param-
eters) or an ellipse (5 parameters). In all instances, sta-
tistical significance was accepted at the 5% level and data
are expressed as means + SE.

RESULTS

" Series 1: temporal changes in MPA. In our first series of
experiments, dogs were studied from 2 to 42 days after
surgery. Repeated measurements were made between
postoperative weeks I and 2 (n = 5 dogs) and beyond
week 2 (n = 6 dogs). These data were used to determine
the temporal changes in mean Ppa, D, and CE. Between
weeks 1 and 2, mean Ppa did not change significantly
(24.2 + 1.6 and 23.2 + 2.2 emH,0, respectively). There
was a small but statistically significant increase in D in
each of the dogs (2.35 + 0.12 to 2.40 + 0.12 cm, respec-
tively; P < 0.01) but no significant change in CE (0.385 +
0.056 and 0.45 + 0.044%/cmH,0, respectively). After
week 2, there were no significant changes in mean Ppa
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(21.2 + 1.6 to 20.3 + 2.3 emH,0, respectively), D (2.28 +
0.11 and 2.34 + 0.12 cm, respectively), or CE (0.572 +
0.046 and 0.569 + 0.064%/cmH,0, respectively).

Series 2: shape of MPA. Figure 1 shows four three-di-
mensional images that were reconstructed from the fast
CT data. Figure 14 shows a left lateral view of the MPA
from the pulmonary valve (left) to the left and right pul-
monary arteries (right). Figure 1B shows the same vessel
transected close to the level of the diameter crystals. Fig-
ure 1C shows the same image rotated to expose the cross-
sectional shape of the MPA, which is almost circular.
Further sections through the MPA were similar in ap-
pearance except close to the bifurcation, where the MPA
assumed an elliptical form (Fig. 1D).

Figure 2 plots the ratio of minor to major radii of the
MPA against the proportional distance between the pul-
monary valve and the bifurcation. The shape was main-
tained even when Ppa was decreased by full inflation of
the hydraulic occluder around the inferior vena cava.
This maneuver reduced the Ppa from 30/14 to 18/9
cmH,0 (systolic/diastolic).

Series 3: spectral analysis of MPA elasticity. Figure 3
shows a recording of Ppa, D, and L from a conscious dog
in our second series of experiments. There are several
differences compared with recordings from the AAO dog
(11). First, a fluid-filled catheter was used to measure
Ppa. The oscillations of ~32 Hz are related to the natu-
ral frequency of the catheter system that is absent from
recordings in the acute preparation. A micromanometer-
tipped catheter that has a natural frequency of 2,000 Hz
was used in the acute preparation. Second, slow oscilla-
tions due to the respiratory cycle are less apparent in the
conscious dog. .

Figure 4 shows the mean Epp as a function of fre-
quency in the CCC dogs (top). The corresponding values
for phase angle and coherence function are shown in the
middle and bottom panels, respectively. The left panels
show results with narrow bandwidth at low frequencies
(0-2 Hz). Ep,, varied significantly with frequency (P <
0.001). Most of this variation occurred at <1.4 Hz, where
the coherence function fell to low values (<0.7), indicat-
ing that the data are less reliable measures of the elastic
properties of the pulmonary arterial wall at those fre-
quencies. Above 1.4 Hz, there was little variation in Epp
with frequency and the phase angle was close to zero for

PP‘ 25.8 E' H
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FIG. 3. Actual recording of pulmo-
nary arterial pressure (Ppa), diameter
(D), and length of segment (L) of main
pulmonary artery in 1 conscious dog.
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frequencies >1 Hz. The right panels show the results at
high frequencies (0-14 Hz). There was a significant trend
for Epj, to increase with frequency (P < 0.01), and the
phase angle was close to zero for frequencies <6 Hz.
Above 6 Hz, the coherence function tended to fall.
Figure 5 shows the results for LDR. With the narrow
bandwidth for frequencies up to 2 Hz (left), LDR did vary
significantly with frequency (P < 0.0001). Similar to Epp,
most of the variation of LDR with frequency occurred at
<1.4 Hz, where the coherence function fell to low values.

LDR was close to unity and the phase angle was close to
zero for frequencies >0.8 Hz, but LDR became negative
near 2 Hz. Negative phase angles indicate that D oscilla-
tions preceded L oscillations. With the broad bandwidth
for frequencies up to 14 Hz (right), LDR did change sig-
nificantly with frequency (P < 0.0001), but it remained
fairly uniform and close to unity for frequencies up to 8
Hz. The phase angle was negative at <4 Hz but positive
between 5 and 6 Hz. Above 6 Hz, the coherence function
fell to low values.
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Figure 6 compares Ep,, in the CCC dogs to results ob-
tained from a group of AAO dogs (11). With the narrow
bandwidth for frequencies up to 2 Hz (left), Ep,, in the
CCC subjects was similar to Epj, at both 5 and 10 cmH,0
of positive end-expiratory pressure (PEEP) in the AAO
animals. The coherence function remained high relative
to that in the CCC dogs at <1.4 Hz and was greatest in
the AAO dogs at ~0.2 Hz, which corresponds to the ven-
tilator frequency.

Epp at the broad bandwidth for frequencies up to 14

Hz are shown in Fig. 6, right. Epp, in the CCC animals is
similar to Ep;, at 10 cmH,0 of PEEP but significantly
different from measurements at a PEEP of 5 cmH,0 in
the AAO dogs (P < 0.005). The pattern of frequency de-
pendence of Ep,, was similar in both groups of dogs, with
local maximal values occurring between 4 and 8 Hz. In
contrast, the phase angle was negative at cardiac fre-
quencies ~2 Hz in the AAO but not the CCC animals.
Figure 7 compares the measurement of LDR as a func-
tion of frequency in the CCC dogs with measurements

FIG. 7. LDR measured in same 6 chronically instru-
mented dogs compared with measurements made in same

6 acutely instrumented dogs. Each panel shows averaged
spectra plotted against frequency. Solid squares, data for
chronically instrumented dogs. For acutely instrumented
dogs with open chest, open squares indicate 5 cmH,0 of
PEEP and open triangles indicate 10 cmH,0 of PEEP.
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obtained previously in the AAO subjects. With the
narrow bandwidth for frequencies up to 2 Hz (left), LDR
in the CCC animals was less than LDR in the AAO dogs
at either level of PEEP (P < 0.01). LDR varied signifi-
cantly with frequency (0-2 Hz) in a similar manner in
both groups of dogs. The coherence function again
showed the pattern seen in Fig. 5. The coherence func-
tion fell markedly in the CCC dogs at <0.5 Hz but rose in
the AAO dogs that were ventilated at 0.2 Hz.

With the broad bandwidth for frequencies up to 14 Hz
(Fig. 7, right), LDR in the CCC dogs was less than LDR in
the AAO dogs at 10 cmH,0 of PEEP (P < 0.001) but not
different from measurements made at 5 cmH,0 of
PEEP. In both groups of dogs LDR varied significantly
with frequency (P < 0.005), but frequency dependence of
LDR was more marked in the AAO than in the CCC dogs.
The corresponding phase angles and coherence func-
tions were very similar in both groups of dogs.

DISCUSSION

Comparison of our results with previous studies. The
advantage of a chronically instrumented preparation in
studying the mechanical properties of the MPA is that it
is free of the influence of anesthesia. Repeated measure-
ments of drug effects are possible on different days on
the same dog. This type of protocol requires the prepara-
tion to remain stable over the period of data collection.
We found that 1 wk was sufficient to allow the prepara-
tion to stabilize in the first series of experiments. Never-
theless, we waited 2 wk postoperatively before experi-
mentation in the second series of experiments, which
were conducted without any sedation. We found that the
dogs were more likely to lie still for the period of data
collection after 2 wk of convalescence.

A potential problem with the chronically instrumented
preparation is that scar tissue might distort the mechan-
ical properties of the MPA. These results indicate that
this problem does not occur. First, the measurements of
CE are of similar magnitude to those obtained by others
(0.48 + 0.02%/cmH,0) in acutely instrumented dogs
(23). Second, the three-dimensional images of the MPA
do not indicate any gross distortion or marked departure
from an elliptical cross-sectional shape. Third, there
were no marked differences of Ppa, D, or Ep,, during the
postoperative period.

Cross-sectional shape of the MPA. Previous studies
have suggested that the cross-sectional shape of the
MPA is elliptical. This conclusion was based largely on
models made from casts of the MPA (1, 16). The ellipti-
cal shape was apparent only with transmural distending
pressures of <10 cmH,0.

More recent in vivo studies support the view that the
cross-sectional shape of the MPA is approximately cir-
cular. Johnson et al. (15) used two pairs of ultrasonic
crystals to measure D in orthogonal planes. Their data
indicate that the cross-sectional shape is almost circular:
the median ratio of minor to major radii was 0.92 (10, 11).
More recently, a similar result was obtained by two-di-
mensional intravascular ultrasonicimaging with anintra-
vascular catheter that scans through 360° (21). The
cross-sectional shape of the MPA in the anesthetized dog
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(Fig. 1 of Ref. 20) appeared circular. The investigators
noted that it became elliptical at bifurcations.

Although our results are limited by the small number
of animals used, they are in accord with these in vivo
studies. Fast CT has the advantage of being able to gener-
ate three-dimensional images of anatomy in living ani-
mals. Although the alignment for the transected three-
dimensional images was obtained by eye, the measure-
ment of cross-sectional shape was objective. Even when
Ppa was reduced by complete occlusion of the inferior
vena cava, the MPA retained its cross-sectional shape.

Pulmonary arterial elasticity in the chronic preparation
compared with in vitro data. Cox (6) measured the visco-
elastic properties of canine pulmonary arteries in vitro.
There was no marked frequency dependence. There was
a small monotonic increase of ~6% in the dynamic elas-
tic modulus between frequencies of 0.1 and 10 Hz. Our
results show that Epj, is clearly frequency dependent in
both the CCC and AAO dogs over the range of 1-10 Hz.
Therefore, this frequency dependence cannot be ex-
plained by any intrinsic behavior of the pulmonaty arte-
rial wall. The pattern of the variation in Epj, with fre-
quency is similar in both groups of dogs. Therefore, it is
unlikely to be due to the extrinsic loading conditions of
the MPA because these are markedly different between
the two preparations. A more likely explanation is that
the variation is due to cardiac motion.

Diastolic filling of the right ventricle may result in
movement of the pulmonary valve along the long axis of
the MPA. This motion would tend to shorten the MPA
and increase D to maintain volume, all other factors be-
ing equal. During systole, ventricular contraction may
tend to pull on the MPA and stretch its longitudinal axis
and diminish its transverse dimensions. Therefore, it
seems possible that cardiac motion could modify the
elastic properties of the MPA by a direct effect. Further
studies would be required to test this hypothesis.

Pulmonary arterial elasticity in chronic and acute prepa-
rations. In general, Ep, in the CCC dogs was similar to
that in the AAO dogs. CE was similar to that measured
by others in AAO dogs (23). Nevertheless, there are two
important differences that deserve further comment.

First, coherence fell markedly for frequencies <0.5 Hz
in the CCC dogs, so there is less confidence in the data at
those frequencies. The low coherence suggests that the
oscillatory changes in Ppa and D are not linearly related.
In the AAO dogs, the chest is open such that the extra-
mural pressure is close to atmospheric pressure. There-
fore, the measured Ppa approximates the transmural
pressure. At respiratory frequencies, a high coherence is
anticipated because D is dependent primarily on the
transmural pressure. In the CCC dogs, however, the ex-
tramural pressure varied due to spontaneous breathing
because the extramural pressure of the MPA is related to
pleural pressure. Therefore, the measured intraluminal
changes of Ppa in CCC dogs do not reflect the transmural
changes of Ppa at respiratory frequencies. As a result,
the coherence relationship will be impaired.

The second difference is the negative phase relation-
ship between Ppa and D at the cardiac frequency seen in
the AAQ dogs (11). We have confirmed that observation
in this report with spectral analysis rather than the
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Fourier analysis that we used previously (11). The nega-
tive phase relationship did not occur in the CCC dogs.
The negative phase relationship indicates that changes
in D preceded changes in Ppa. We also observed that
negative phase angles of Ep, occurred at higher frequen-
cies (>10 Hz). Because of the low coherence at higher
frequencies, these negative phase angles may be related
to nonlinearities in the Ppa-D relationship as demon-
strated by Gow and Taylor (9). At cardiac frequencies the
coherence was high; therefore, the negative phase rela-
tionships are unlikely to be attributed to nonlinearities.
Previously, we advanced two explanations for the nega-
tive phase relationships at cardiac frequencies. First, the
negative phase angle may be related to cardiac motion.
As indicated earlier, ventricular filling during diastole
may result in forward motion of the pulmonary valve
along the longitudinal axis of the MPA and result in an
increase in D before the increase in Ppa. Second, Wo-
mersley’s theory predicts that negative phase relation-
ships can occur in a purely elastic tube (25). According to
this theory, the increased D precedes Ppa due to the fact
that more flow is entering the segment of the MPA than
leaving it in early systole because flow is accelerating.
Although differences in cardiac motion between the
CCC and AAO animals cannot be discounted, there is a
clear difference in the external loading of the MPA. The
different pattern in the CCC dogs is not surprising be-
cause the chest is closed and the wall of the MPA is
loaded by surrounding tissue. Under these circum-
stances, the MPA cannot be considered a freely mobile
&  elastic tube.
The most obvious difference in the results obtained
+. with the CCC and AAO dogs was for LDR. In the dogs
with closed chests, LDR is close to unity and is frequency
independent. In the dogs with open chests, LDR is
greater than unity. An LDR greater than unity indicates
that the fractional changes in L are greater than the
corresponding changes in D. This result suggests that the
external loading of the MPA constrains the movement of
. the vessel more in its longitudinal axis than in its trans-
& verse axis. With the chest open, lung expansion may re-
£ sult in greater movement of the lung from the heart that
i would tend to elongate the MPA and would account for
B the larger differences in LDR between the CCC and AAO
E dogs at respiratory frequencies.
i The hypothesis that cardiac motion contributes to the
i |'-’.|[]E’:IE‘.IJI]...".£I‘.- l!ll_):_:l_ln". l_:]: th_‘ §_:'I,'{'.'l[. Wi !:lE['.lli i!l r|r.!. T1E2W, Patel
k. and Fry (22) compared the longitudinal extensibility to
i the CE. This ratio is analogous to our LDR at cardiac
¢ frequency. They indicated that the ratio is ~0.83 in the
E ascending aorta, whereas it 1s only 0.33 1n the midthora
# cic descending aorta. The negative phase angles at car-
B diac frequencies indicate that changes in D preceded
§ chanpes in (. This finding is compatible with the hypoth-
8 csis that cardiac motion modulates the dimensions of
& Lhe MPA.
8= In conclusion, the chronically instrumented prepara-
% 101 has both advantages and disadvantages over the
Acutely insirumented preparation. On the one hand, the
i {ur anesthesia during data collection is avoided. In
- addition, the animals are studied in a situation that is
l5se to normal operating conditions. On the other hand,
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there are limitations. The measurement of Ppa is intra-
luminal and does not represent the transmural pressure
at respiratory frequencies. As a result, the measurement
of Epp at frequencies less than cardiac frequency is a less
reliable measure of elastic properties of the pulmonary
arterial wall.

APPENDIX

Frequency Analysis

The data were sampled at 250 Hz/channel. Before spectral
analysis, the data were decimated to produce a slower sampling
frequency. The data were filtered before decimation with a digi-
tal filter to prevent aliasing (2).

To reduce the data record to a frequency of 50 Hz, the raw
data at 250 Hz/channel were processed first through a digital
filter with a half-power frequency of 15 Hz, a roll-off of 10
db/octave, and <3% power in the side lobes. This filtering was
achieved by using techniques described by Hamming (13). The
data were submitted to a 5-point and then a 9-point moving
average. The roll-off of the filter was increased by doubling the
output of the filter and subtracting it from the original tripled
values. The moving averages were then repeated twice. Deci-
mation was achieved by selecting every fifth data point. Spec-
tral analysis was performed on the decimated data by the
Blackman-Tukey method (4). A Hanning taper was applied to
the correlation functions to avoid any discontinuity between
the beginning and end of the data record. The maximum lag
was <1% of the data record to produce a bandwidth of 1 Hz.
The data were reanalyzed with a narrower bandwidth over a
lower range of frequencies (0-2 Hz). The decimated data were
then processed through a similar digital filtering process but
with moving averages of 9 and 19 points. The half power of this
filter was at 1.5 Hz with a roll-off of 12 db/octave. The decima-
tion process was repeated by selecting every tenth data point to
produce a sampling rate of 5 Hz. The maximum lag used was
8% of the data record, resulting in a bandwidth of 0.1 Hz.

The decimated data were analyzed by the Blackman-Tukey
method (4). The same equations described in detail by Milnor
(18) for the pressure-flow relationship were used to determine
the Ppa-D and L-D relationships. The power and cross-power
spectra of the corresponding variables were calculated from the
autocorrelations and cross correlations.

Weighting Function

To calculate a weighting function for statistical analysis, the
errors in Ep, and LDR were assumed to be due to Ppa and L,
respectively. This assumption is a reasonable approximation,
at least for Ep,. Ppa is subject to greater variation than D
because of respiratory motion and the inferior frequency re-
sponse of the fluid-filled catheter system compared with sono-
micrometry. It has been shown that the noise power spectrum
[®,(f)] can be expressed as follows (see chapt. 6 of Ref. 2)

®a(f) = [1 = vi2(NE(S) (A1)
The variance (Var) of R, ,(f) can be approximated by
Var[R,,(f)] = [®,(f)/2,(f)] (A2)
By substituting in Eq. A2 for &,(f) from Eq. Al
Var([R,,(f)] = [1 - vi.(N)IRT(f) (A3)

Therefore, the weighting factor that was used was the inverse
of Var[R,,(f}].
The weighting factor for a phase angle is the inverse of its
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Fourier analysis that we used previously (11). The nega-
tive phase relationship did not occur in the CCC dogs.
The negative phase relationship indicates that changes
in D preceded changes in Ppa. We also observed that
negative phase angles of Ep,, occurred at higher frequen-
cies (>10 Hz). Because of the low coherence at higher
frequencies, these negative phase angles may be related
to nonlinearities in the Ppa-D relationship as demon-
strated by Gow and Taylor (9). At cardiac frequencies the
coherence was high; therefore, the negative phase rela-
tionships are unlikely to be attributed to nonlinearities.

Previously, we advanced two explanations for the nega- -

tive phase relationships at cardiac frequencies. First, the
negative phase angle may be related to cardiac motion.
As indicated earlier, ventricular filling during diastole
may result in forward motion of the pulmonary valve
along the longitudinal axis of the MPA and result in an
increase in D before the increase in Ppa. Second, Wo-
mersley’s theory predicts that negative phase relation-
ships can occur in a purely elastic tube (25). According to
this theory, the increased D precedes Ppa due to the fact
that more flow is entering the segment of the MPA than
leaving it in early systole because flow is accelerating.

Although differences in cardiac motion between the
CCC and AAO animals cannot be discounted, there is a
clear difference in the external loading of the MPA. The
different pattern in the CCC dogs is not surprising be-
cause the chest is closed and the wall of the MPA is
loaded by surrounding tissue. Under these circum-
stances, the MPA cannot be considered a freely mobile
elastic tube.

The most obvious difference in the results obtained
with the CCC and AAO dogs was for LDR. In the dogs
with closed chests, LDR is close to unity and is frequency
independent. In the dogs with open chests, LDR is
greater than unity. An LDR greater than unity indicates
that the fractional changes in L are greater than the
corresponding changes in D. This result suggests that the
external loading of the MPA constrains the movement of
the vessel more in its longitudinal axis than in its trans-
verse axis. With the chest open, lung expansion may re-
sult in greater movement of the lung from the heart that
would tend to elongate the MPA and would account for
the larger differences in LDR between the CCC and AAO
dogs at respiratory frequencies.

The hypothesis that cardiac motion contributes to the
longitudinal motion of the great vessels is not new. Patel
and Fry (22) compared the longitudinal extensibility to
the CE. This ratio is analogous to our LDR at cardiac
frequency. They indicated that the ratio is ~0.83 in the
ascending aorta, whereas it is only 0.33 in the midthora-
cic descending aorta. The negative phase angles at car-
diac frequencies indicate that changes in D preceded
changes in L. This finding is compatible with the hypoth-
esis that cardiac motion modulates the dimensions of
the MPA.

In conclusion, the chronically instrumented prepara-
tion has both advantages and disadvantages over the
acutely instrumented preparation. On the one hand, the
need for anesthesia during data collection is avoided. In
addition, the animals are studied in a situation that is
close to normal operating conditions. On the other hand,
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there are limitations. The measurement of Ppa is intra-
luminal and does not represent the transmural pressure
at respiratory frequencies. As a result, the measurement
of Ep,, at frequencies less than cardiac frequency is a less
reliable measure of elastic properties of the pulmonary
arterial wall.

APPENDIX

Frequency Analysis

The data were sampled at 250 Hz/channel. Before spectral
analysis, the data were decimated to produce a slower sampling
frequency. The data were filtered before decimation with a digi-
tal filter to prevent aliasing (2).

To reduce the data record to a frequency of 50 Hz, the raw
data at 250 Hz/channel were processed first through a digital
filter with a half-power frequency of 15 Hz, a roll-off of 10
db/octave, and <3% power in the side lobes. This filtering was
achieved by using techniques described by Hamming (13). The
data were submitted to a 5-point and then a 9-point moving
average. The roll-off of the filter was increased by doubling the
output of the filter and subtracting it from the original tripled
values. The moving averages were then repeated twice. Deci-
mation was achieved by selecting every fifth data point. Spec-
tral analysis was performed on the decimated data by the
Blackman-Tukey method (4). A Hanning taper was applied to
the correlation functions to avoid any discontinuity between
the beginning and end of the data record. The maximum lag
was <1% of the data record to produce a bandwidth of 1 Hz.
The data were reanalyzed with a narrower bandwidth over a
lower range of frequencies (0-2 Hz). The decimated data were
then processed through a similar digital filtering process but
with moving averages of 9 and 19 points. The half power of this
filter was at 1.5 Hz with a roll-off of 12 db/octave. The decima-
tion process was repeated by selecting every tenth data point to
produce a sampling rate of 5 Hz. The maximum lag used was
8% of the data record, resulting in a bandwidth of 0.1 Hz.

The decimated data were analyzed by the Blackman-Tukey
method (4). The same equations described in detail by Milnor
(18) for the pressure-flow relationship were used to determine
the Ppa-D and L-D relationships. The power and cross-power
spectra of the corresponding variables were calculated from the
autocorrelations and cross correlations.

Weighting Function

To calculate a weighting function for statistical analysis, the
errors in Epp, and LDR were assumed to be due to Ppa and L,
respectively. This assumption is a reasonable approximation,
at least for Ep,. Ppa is subject to greater variation than D
because of respiratory motion and the inferior frequency re-
sponse of the fluid-filled catheter system compared with sono-
micrometry. It has been shown that the noise power spectrum
[®,(f)] can be expressed as follows (see chapt. 6 of Ref. 2)

®,(f) = [1 — vi2(D]1®i(f) (A
The variance (Var) of R, ,(f) can be approximated by
Var[Ry5(f)] = [2.(f)/25(f)] (A2)
By substituting in Eq. A2 for &,(f) from Eq. A1
Var[R,5(f)] = [1 — v12(f)IRL(f) (A3)

Therefore, the weighting factor that was used was the inverse
of Var[R, ,(f)]. .
The weighting factor for a phase angle is the inverse of its
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variance, which has been approximated by (see chapt. 9 of Ref.
2)

Var[,5(f)] = [1 = 732()1/7ix(f) (A4)

Ellipticity of MPA Cross Section

To assess the ellipticity of the MPA cross section, we modi-
fied the standard equation for an ellipse. The coordinates of a
point on the ellipse were expressed as (Msinf, Mcosf) instead
of (x,¥). M is (2 + ¥%)®®, 8 is arctan [(y — k)/(x — h)], and (h, k)
are the coordinates of the center of the ellipse. This modifica-
tion was devised to introduce an additional term e that de-
scribes the amount of rotation of the ellipse relative to the x
and y axes. Thus, we used a least-squares criterion for the best
fit to the perimeter of the digitized MPA image to

[Msin(8 + ¢ — h]?/a® + [Mcos(6 + ¢) — k]*/b* =1 (A5)

where a and b are the major and minor radii, respectively. The
criterion for a best fit was to minimize the residual sum of
squares (RSS). The RSS is the sum of the square of the mini-
mal distance of the digitized points (x;, y;) from the ellipse. The
subscript i indicates one of the total number of points (N) on
the two-dimensional surface that defines the perimeter of the
cross section of the MPA image
=N

RSS = T [(% — %)* + (v: — ¥)*] (A6)
A Marquardt procedure (3) was used to optimize the five param-
eters (a, b, h, k, and ¢). Equation A5 was simplified to represent
a circle

(=P + (y— k2= (47

For this equation, only three parameters need to be optimized:
a, h, and k. The coordinates of a point on the circle are ex-
pressed as (x, y) instead of (Msin §, Mcos 6) because the parame-
ter ¢ is now superfluous. Parameter b is not required because it
is always equal to parameter a.
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