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Abstract—To study pulsatile pressure-flow rate relationships6
in the intact pulmonary vascular network of mice, we devel-7
oped a protocol for measuring pulmonary vascular resistance8
and impedance in isolated, ventilated, and perfused mouse lungs.9
We used pulmonary emboli to validate the effect of vascular ob-10
struction on resistance and impedance. Main pulmonary artery11
and left atrial pressures and pulmonary vascular flow rate were12
measured under steady and pulsatile conditions in the lungs of13
C57BL/6J mice (n = 6) before and after two infusions with 25 µm-14
diameter microspheres (one million per infusion). After the first15
and second embolizations, pulmonary artery pressures increased16
approximately two-fold and three and a half-fold, respectively,17
compared to baseline, at a steady flow rate of 1 ml/min (P <18
0.05). Pulmonary vascular resistance and 0 Hz impedance also19
increased after the first and second embolizations for all flow20
rates tested (P < 0.05). Frequency-dependent features of the pul-21
monary vascular impedance spectrum were suggestive of shifts in22
the major pulmonary vascular reflection sites with embolization.23
Our results demonstrate that pulmonary artery pressure, resis-24
tance, and impedance magnitude measured in this isolated lung25
setup changed in ways consistent with in vivo studies in larger an-26
imals and humans and demonstrate the usefulness of the isolated,27
ventilated, and perfused mouse lung for investigating steady and28
pulsatile pressure-flow rate relationships.29

Keywords—Microspheres, Pulmonary embolism, Impedance30
spectrum, Right ventricular hydraulic afterload, Murine.31

INTRODUCTION32

In pulmonary hypertension, the pressure and flow char-33
acteristics of the pulmonary vascular system deviate from34
the normal state. Pulmonary vascular resistance and pul-35
monary vascular impedance are two of the parameters typ-36
ically calculated to estimate the severity of pulmonary hy-37
pertension, and to predict the increased work and stress38
on the heart.15,20,21 In particular, resistance and impedance39
have been measured in animal models such as rats, dogs,40
goats, and pigs.8,11,18,22,32 To our knowledge, the effects41
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of pulmonary hypertension on pulsatile pressure-flow rate 42
relationships in mice have not been investigated. 43

Isolated, ventilated, and perfused mouse lungs have been 44
used to investigate pulmonary vascular reactivity and steady 45
pressure-flow rate relationships in response to acute hy- 46
poxia9,12,34 and in the presence of genetic defects.1,10,17,27 47
Mice are an especially advantageous animal model for pul- 48
monary research because knockout and transgenic mice, 49
which are becoming more widely available, are valuable 50
in studying the molecular mechanisms of pulmonary dis- 51
eases. However, the small size of the mouse can make the 52
task of obtaining quality in vivo data challenging. To date, 53
only steady flow perfusion has been used in the isolated, 54
ventilated, and perfused mouse lung, which limits the in- 55
formation about pressure-flow rate relationships that can 56
be derived from these studies. To investigate frequency- 57
dependent responses to pulmonary disease such as pul- 58
monary hypertension, pulsatile flow at physiological fre- 59
quencies must be used. 60

In this study, we created pulsatile pulmonary vascular 61
flow, which is the analog of right ventricular output in 62
a whole animal, with mechanical pumps that could pro- 63
duce a wide range of both steady and sinusoidal flow rates 64
at physiological frequencies in a technique pioneered by 65
Caro and McDonald.4 Consequently, we could measure the 66
pulmonary vascular pressure-flow rate relationships for a 67
range of flow magnitudes and pulsation frequencies in the 68
isolated, ventilated, and perfused mouse lung. We measured 69
these pressure-flow rate relationships before and after two 70
rounds of pulmonary embolization with microspheres in 71
order to validate the ability of the setup to quantify in- 72
creases in resistance and impedance due to obstruction. 73
In particular, based on the literature on in vivo studies 74
in larger animals, we sought to demonstrate that emboli 75
would increase pulmonary vascular resistance (PVR), in- 76
crease impedance magnitude at 0 Hz (Z0) and cause changes 77
in high frequency impedance. We also investigated changes 78
in the characteristic impedance ZC, index of wave reflection 79
Rw and frequency of the first minimum in the impedance 80
magnitude (fmin). 81
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METHODS AND MATERIALS82

Animal Handling83

Three female and three male 10–12 week old C57BL/6J84
mice, 24 ± 5 g weight were used (Jackson Laboratory,85
Bar Harbor, ME). Mice were anesthetized with an in-86
traperitoneal injection of 150 mg/kg pentobarbital solution.87
All protocols and procedures were approved by the Uni-88
versity of Wisconsin Institutional Animal Care and Use89
Committee.90

Isolated Lung Preparation91

After confirmation of deep anesthesia, the animal was92
placed in a chamber for isolated lung ventilation and93
perfusion (IL-1 system, Hugo Sachs Elektronik, March-94
Hugstetten, Germany). The chamber was heated to 37◦C to95
maintain body temperature. A tracheotomy was performed,96
and a stainless steel ventilation cannula was inserted into97
the tracheal stoma. The distal trachea was secured to the98
cannula with suture. Thereafter, the animal was ventilated99
with room air at 90 breaths/min with peak inspiratory and100
expiratory pressures of 10 and 2 cm H2O, respectively,101
and an inspiratory/expiratory ratio of 1:1, as previously102
reported.31 Airway pressure and airway flow rate were103
measured with pressure and flow transducers (MPX and104
Validyne 45–14, respectively, Hugo Sachs Elektronik).105
Deep breaths to 20 cm H2O every 10 min were performed106
to prevent atelectasis.31107

Then, a thoracotomy was performed and 500 U/100 g108
body weight heparin was injected into the right ventricle109
to prevent blood clotting. The animal was euthanized by110
exsanguination, and the lower abdomen removed. Once111
identified and isolated, the pulmonary artery was cannulated112
through an incision in the right ventricle and secured in113
place by a suture around the pulmonary artery. The left114
atrium was subsequently cannulated through an incision in115
the left ventricle. The left atrial cannula was positioned and116
held in place by the mitral valve ring without suture.117

Thus instrumented, the lung vasculature was perfused118
with 3.5% Ficoll (Sigma-Aldrich, St. Louis, MO) in RPMI119
1640 cell culture medium (Cellgro, Mediatech, Inc., Hern-120
don, VA) preheated to 37◦C. Steady flow was driven by a121
syringe pump (Cole Palmer Instrument Company, Vernon122
Hills, IL) and passed through a heat exchanger (at 37◦C) and123
bubble trap before reaching the pulmonary artery. Pulsatile124
flow was driven by a high frequency oscillatory piston pump125
(EnduraTEC Systems Corporation, Minnetonka, MN) op-126
erated in parallel with the syringe pump. Flow exited the127
left atrium into approximately 20 cm of small diameter tub-128
ing (ID = 1.03 mm), which then exited to the atmosphere129
at the same elevation as the left atrial cannula. Thus, left130
atrial pressure was equal to the sum of atmospheric pres-131
sure and the viscous pressure drop in the tubing, which was132
linearly proportional to the flow rate. The lungs and heart133

were routinely wetted with 1% phosphate buffered saline 134
solution (PBS) spray. The lungs were kept on positive- 135
pressure ventilation throughout the experiment. Pulmonary 136
artery pressure (PPA) and left atrial pressure (PLA) were 137
measured by pressure transducers (P75, Hugo Sachs Elek- 138
tronik) connected to the pulmonary artery and left atrium 139
cannulas by approximately 20 cm of small diameter (ID = 140
0.77 mm), nearly rigid tubing. Pulmonary vascular flow rate 141
(Q) was measured by an in-line flowmeter (Transonic Sys- 142
tems, Inc., Ithaca, NY) placed approximately 6 cm upstream 143
from the pulmonary artery cannula. All pressures and flows 144
were monitored by continuous display (LabView 6.1, Na- 145
tional Instruments, Austin, TX) on a laptop computer (Dell 146
Latitude, Round Rock, TX). See Fig. 1 for schematic of the 147
isolated, ventilated, and perfused lung setup. 148

Initial Measurements 149

To obtain initial steady flow rate measurements of PPA, 150
PLA , and Q, the lungs were perfused at 1 ml/min until 151
pressure stabilized, approximately 4–5 min. This perfusion 152
rate was determined by previously reported flow rates for 153
isolated perfused mouse lungs.31 Data were recorded for 5 s 154
at 15 Hz, while keeping lungs inflated at the end-inspiratory 155
pressure of 10 cm H2O. Lungs were kept inflated to the end- 156
inspiratory pressure during data collection to prevent edema 157
and to normalize the effects of airway pressure and volume 158
on PPA, PLA, and Q.20 159

FIGURE 1. Isolated, ventilated, and perfused mouse lung setup
showing cannulas and relative transducer locations for pul-
monary artery pressure PPA, left atrial pressure PLA, perfusate
flow rate Q, airway pressure Pair, and airway flow rate Qair.
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Pulsatile Flow Rate Measurements160

The steady flow rate was gradually increased to161
3 ml/min, and sinusoidal flow rates of the form Q = 3 +162
2 sin(2π f t) ml/min were generated for frequencies f =163
1,2,5,10,15, and 20 Hz for a total of 22 s. This frequency164
range was chosen to include the physiological heart rate165
for mice (∼10 Hz). PPA, PLA, and Q were recorded at166
200 Hz. Similar to the initial steady flow rate measure-167
ments, lungs were kept inflated at end-inspiratory pressure168
(10 cm H2O) during data collection. After the sinusoidal169
flow rate measurements were performed, the steady flow170
rate was gradually reduced to 0.5 ml/min and normal ven-171
tilation of 90 breaths/min resumed. The pulsatile flow rate172
measurements were repeated multiple times. Between re-173
peated measurements, there was 1 min of steady flow at174
0.5 ml/min with a ventilation rate of 90 breaths/min.175

Steady Flow Rate Measurements176

After the last pulsatile flow rate measurement, at least177
1 min of steady flow at 0.5 ml/min was imposed, and then178
the flow rate was increased to 1 ml/min. The steady flow179
rate was then increased from 1 ml/min to 5 ml/min in180
1 ml/min steps at 10 s. intervals while PPA, PLA, and Q were181
recorded at 15 Hz. Lungs were inflated to end-inspiratory182
pressure during data collection as before. The steady flow183
rate was then reduced to 1 ml/min, and normal ventilation184
of 90 breaths/min resumed.185

Addition of Microspheres186

After the initial, pulsatile, and steady flow rate mea-187
surements, which constitute the baseline conditions for188
a given mouse lung, microspheres were infused into the189
pulmonary vasculature to simulate pulmonary embolism.190
Perfusion was set at 0.5 ml/min and ventilation was191
90 breaths/min during the infusion. Approximately 1 ×192
106 25 µm polystyrene microspheres (crosslinked with di-193
vinylbenzene) with a coefficient of variance of 20% (Poly-194
sciences, Inc, Warrington, PA) were combined with 5 ml195
heated perfusion media (3.5% Ficoll in RPMI). The micro-196
sphere mixture was added at approximately 1 ml/min by197
syringe through a portal in the pulmonary artery cannula198
(see Fig. 1). Microspheres were sonicated before infusion199
to prevent clumping; however, some may have aggregated200
into clusters of 2 or 3 during the infusion. The initial, pul-201
satile, and steady flow rate measurements described above202
then were repeated to obtain the first embolization values.203
After these data were collected, another 1 × 106 micro-204
spheres were infused by the same method, and the second205
embolization values were acquired.206

Lung Fixation and Histology207

After all data were collected, the ventilation and per-208
fusion were stopped and the lungs were removed from the209

isolated lung system. The lungs were fixed with paraformal- 210
dahyde (3% in PBS) infused through the trachea; lungs were 211
not inflated during infusion. Freezing compound OCT was 212
then perfused through the trachea, and the entire lung was 213
snap frozen in 2-methyl butane cooled by liquid nitrogen. 214
Four sections with a thickness of 7 µm were cut from each 215
lung at –20◦C on a cryostat. The sections were stained with 216
hematoxylin to indicate vascular and airway cell nuclei. 217
Sections were imaged on an inverted microscope (TE-2000, 218
Nikon, Melville, NY) and captured using a spot camera and 219
software for image digitization (MetaVue, Optical Analysis 220
Systems, Nashua NH). 221

Calculations 222

The pressure drop across the pulmonary vascular net- 223
work (�P) was calculated as the pulmonary artery pressure 224
minus the left atrial pressure (PPA – PLA). Under steady 225
flow conditions, flow rate and pressures were averaged over 226
50 data points to obtain PPA, �P, and Q for a given flow 227
rate magnitude. Pulmonary vascular resistance (PVR) was 228
calculated as �P/Q. 229

Under pulsatile flow conditions, data obtained during 230
one full sinusoidal cycle were analyzed at each frequency. 231
Calculated parameters included impedance, characteristic 232
impedance, input impedance, and index of wave reflection. 233
The impedance was calculated in the frequency domain 234
using fast Fourier transforms.20 Specifically, the magnitude 235
of the impedance (Z) was calculated as the ratio of the 236
�P modulus to the Q modulus24 using MATLAB (Math- 237
Works, Inc., Natick, MA). The zeroth and first harmonic 238
values were found for each imposed sinusoidal flow rate 239
frequency. The phase angle between �P and Q waves for 240
one cycle at each frequency, indexed to the time at which 241
Q = 3 ml/min, was also analyzed using MATLAB. Charac- 242
teristic impedance (ZC) was calculated as the average of the 243
impedance magnitudes between the first minimum (5 Hz at 244
baseline) and 20 Hz.19 The same 5–20 Hz range was used 245
to calculate ZC after the first and second embolizations. The 246
average impedance at the zeroth harmonic (f = 0 Hz) for 247
all frequencies was taken as the input resistance (Z0). The 248
index of wave reflection (Rw) was calculated using Rw = 249
(Z0 − ZC)/(Z0 + ZC).20 250

Statistics 251

Data were analyzed using a paired-Wilcoxon signed rank 252
test. P-values less than 0.05 were considered significant. 253
No differences were observed between male and female 254
mice so all data were grouped. Statistical analyses were 255
performed using SAS statistical software (SAS Institute 256
Inc., Cary, NC). All data are presented in terms of mean 257
value ± standard deviation. 258
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RESULTS259

Initial Measurements260

At baseline conditions, the initial measurement of PPA261
was 11 ± 1 mmHg at 1 ml/min flow rate (Fig. 2). In response262
to the first and second infusions of microsphere emboli, PPA263
increased significantly (P < 0.05 compared to baseline for264
both). Under all conditions, the pressures measured initially265
were higher than those measured with steady perfusion but266
after pulsatile flow (see Fig. 3 at 1 ml/min).267

Steady Flow Rate Measurements268

Under all conditions, PPA increased as flow rate in-269
creased from 1 to 5 ml/min (Fig. 3). The dependence of270
PPA on flow rate was well described by a power law func-271
tion (as suggested by28) at baseline and after the first and272
second embolizations (R2 > 0.98 for all conditions). In273
all cases, PLA increased approximately linearly due to the274
Poiseuille-type losses in the outflow tubing. After both the275
first and second embolizations, PPA values were higher than276
baseline for all flow rates tested (P < 0.05). Compared to277
the first embolization, PPA and the change in PPA with a278
change in Q were greater after the second embolization,279
but the differences were not significant.280

PVR was 7.7 ± 0.6 mmHg ml−1 min at 1 ml/min under281
baseline conditions and decreased as flow rate increased282
from 1 to 5 ml/min (P < 0.05 between all flow rates)283
(Fig. 4). After both the first and second embolizations, PVR284
also decreased with increasing flow rate (P < 0.05). After285
both the first and second embolizations, PVR values were286
higher than baseline for all flow rates tested (P < 0.05).287
There were increases in the average PVR at all flow rates288
between the first and second embolizations, but they were289
not significant.290

FIGURE 2. Initial measurements of pulmonary artery pres-
sure PPA for steady perfusion at baseline and after the first
and second embolizations at 1 ml/min. Bars represent mean ±
standard deviation (n = 6). ∗P < 0.05 vs. baseline.

FIGURE 3. Pulmonary artery pressure PPA (solid lines) and
left atrial pressure PLA (dashed lines) versus flow rate (Q) for
steady perfusion at baseline and after the first and second
embolizations. Bars represent mean ± standard deviation (n =
6). ∗P < 0.05 vs. baseline.

Pulsatile Flow Rate Measurements 291

Under baseline conditions, average 0 Hz impedance 292
magnitude, or input resistance (Z0) was 2.1 ± 293
0.4 mmHg ml−1 min and increased significantly after both 294
the first and second embolizations (P < 0.05, Fig. 5). 295
Impedance magnitudes at frequencies above 0 Hz were 296
much lower than those at 0 Hz and were significantly differ- 297
ent after embolization at high frequencies. The impedance 298
phase was significantly more negative after embolization up 299
to 10 Hz (P < 0.05); there were no differences at 15–20 Hz 300
(Fig. 5). 301

The impedance magnitude data above 0 Hz were re- 302
plotted to highlight the differences at nonzero frequencies 303
(Fig. 6). At low frequencies (1–5 Hz), impedance magni- 304
tude (Z) showed little variation as a function of frequency at 305

FIGURE 4. Pulmonary vascular resistance versus flow rate
for steady perfusion at baseline and after the first and second
embolizations. Bars represent mean ± standard deviation (n =
6). ∗P < 0.05 vs. baseline.
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FIGURE 5. Pulmonary vascular impedance magnitude and
phase versus frequency at baseline and after the first and
second embolizations. The pulmonary vascular perfusate flow
was Q = 3 + 2 sin(2πf t) ml/min for f = 1, 2, 5, 10, 15, and 20 Hz,
and data were recorded at the end-inspiratory pressure of 10
cm H2O. Bars represent mean ± standard deviation (n = 6).
∗P < 0.05 vs. baseline.

baseline. As frequency increased, Z also increased; values306
at 10–20 Hz were slightly but significantly larger than the307
5 Hz value (P < 0.05). The first minimum of impedance308
magnitude (fmin) was at 5 Hz. After both the first and sec-309
ond embolizations, Z was high at low frequencies and low310
at high frequencies. In particular, Z values at low frequen-311
cies (1–2 Hz) were significantly higher than values at high312
frequencies (10–20 Hz) (P < 0.05); fmin was equal to or313

FIGURE 6. Pulmonary vascular impedance magnitude for fre-
quencies above 0 Hz at baseline and after the first and second
embolizations. The pulmonary vascular perfusate flow was
Q = 3 + 2 sin(2πft) ml/min for f = 1, 2, 5, 10, 15, and 20 Hz, and
data were recorded at the end-inspiratory pressure of 10 cm
H2O. Bars represent mean ± standard deviation (n = 6). ∗P <
0.05 vs. baseline.

greater than 20 Hz. Also, at low frequencies (1–2 Hz), 314
Z after both embolizations were higher than at baseline 315
(P < 0.05) whereas at high frequencies (15–20 Hz), the 316
reverse was true. Also, the impedance magnitudes after the 317
second embolization were higher than those after the first 318
embolizations at all frequencies. 319

Characteristic impedance (ZC) was 0.43 ± 0.10 320
mmHg ml−1 min at baseline and decreased slightly to 321
0.31 ± 0.11 and 0.39 ± 0.22 mmHg ml−1 min after the first 322
and second embolization, but these differences were not 323
significant. Average wave reflection index (Rw) was 0.66 ± 324
0.06 at baseline and increased significantly to 0.92 ± 0.02 325
and 0.92 ± 0.03 after the first and second embolizations, 326
respectively (P < 0.05). 327

Histology 328

To ensure that microspheres reached both lungs in all ex- 329
periments, hemotoxylin-stained sections were examined for 330
each lung. All sections from right and left lungs showed mi- 331
crospheres in pulmonary vessels and not in alveolar spaces 332
(Fig. 7), which would have been evidence of tissue damage 333
during OCT perfusion or repositioning of spheres during 334
sectioning and staining. Perfusion and ventilation appeared 335
to cause minimal edema or damage to lung tissue. 336

DISCUSSION 337

Pulmonary artery and left atrial pressures in response to 338
steady and pulsatile flows were measured before and after 339
two infusions of 25 µm microspheres in isolated, ventilated, 340
and perfused mouse lungs. Microsphere infusion increased 341
PPA, PVR, pulmonary vascular impedance at 0 Hz, and 342
low frequencies, and shifted fmin to higher frequencies. Our 343
results demonstrate that steady and pulsatile pressure-flow 344
rate relationships can be measured in isolated, ventilated, 345
and perfused mouse lungs, and that embolic pulmonary 346
hypertension has similar effects in mice as in larger animals. 347

Initial Measurements 348

At baseline, pulmonary artery pressure measured be- 349
fore pulsatile perfusion was approximately 11 mmHg at 350
a flow rate of 1 ml/min; recent studies in isolated, venti- 351
lated, and perfused mouse lungs have shown similar base- 352
line pressures despite differences in perfusate and mouse 353
strain.1,10,27 With microsphere embolization, PPA increased 354
significantly. An increase in PPA with microsphere em- 355
bolism previously has been measured in larger animal mod- 356
els including rats, dogs, goats, and pigs.3,6,11,22,26,29,32 Also, 357
on average, the initial PPA was higher than that measured 358
at the same flow rate after pulsatile perfusion. This find- 359
ing suggests that preconditioning with pulsatile perfusion 360
decreases resistance and should be performed prior to data 361
collection in isolated lung experiments. 362
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FIGURE 7. Representative histological section (hematoxylin stained) of lung parenchyma showing microspheres in large and small
pulmonary arteries. Scale bar is 100 µm.

Steady Pressure-Flow Rate Relationships363

At baseline conditions, the difference between PPA and364
PLA, or �P was nearly constant as flow rate increased from365
1 to 5 ml/min. By contrast, Parker et al. found that �P in-366
creased slightly for increasing flow rates in isolated mouse367
lungs, but only investigated between 0.3 and 1.0 ml/min.27368
At higher flow rates, such as those used in our study, capil-369
lary recruitment, distention, and a shift in lung zones (from370
1 at low flows to 3 at high flows) may account for the con-371
stancy of �P with increasing flow.30 After embolization,372
�P increased with increasing flow rates, suggesting that373
the recruitment of capillaries and distension of microves-374
sels could not compensate completely for the obstruction375
caused by emboli in the lungs. Hence, larger pressure drops376
across the pulmonary vascular network were generated,377
which increased with increasing flow rate.378

For all conditions, PVR decreased with increasing flow379
rate. The PVR after both embolizations were higher than380
at baseline for all flow rates examined. This last finding is381
consistent with previous research in larger animal models382
in which the lungs were embolized with 15 µm micro-383
spheres,11 100 µm glass beads,5,6,26 0.5 mm glass beads,32384
and autologous blood clot (<1 cm3).13 While each infusion385
of 1 × 106 25 µm microspheres increased PVR, the changes386
from the first embolization to the second (as a function of387
flow rate) were not statistically significant. Glenny et al.388
found a linear relationship between the number of 15 µm-389
diameter microspheres infused into isolated rat lungs and390
the increase in pulmonary vascular resistance.11 An im-391
portant scaling factor is likely the ratio of infused solid392
volume to circulating lung blood volume. While the equiv-393
alent solid volumes infused were similar (a maximum of394

8.8 mm3 in [11] vs. 8.2 and 1.64 mm3, after embolism I 395
and II, respectively), the rat circulating blood volume is 396
clearly larger. Thus, taken together, these studies suggest 397
that at low ratios of solid to lung blood volume, resistance 398
increases linearly with solid volume infused but that at high 399
ratios the relationship is sublinear. 400

Pulsatile Pressure-Flow Rate Relationships 401

At baseline, the change in impedance as a function of 402
frequency was as follows: the highest impedance value oc- 403
curred at 0 Hz (Z0), followed by a minimum at 5 Hz, and 404
a local maximum at 15 Hz. The existence of a maximum 405
at 0 Hz followed by a minimum and fluctuations at higher 406
frequencies is the classic pulmonary vascular impedance 407
pattern, and is consistent with many other studies in an- 408
imals and humans.8,16,18,20,26,30,32 After embolization, Z0 409
increased significantly compared to baseline. This increase 410
represents the increased opposition to mean flow through 411
the pulmonary vascular system due to the microsphere em- 412
boli. Under pulsatile flow conditions, with a mean flow 413
rate of 3 ml/min, Z0 at baseline and after embolization 414
were comparable to PVR at the same flow rate and condi- 415
tion. Therefore, the overall resistive response of the lungs 416
was similar whether steady or pulsatile flow was used. An 417
increase in Z0 with microsphere, glass bead, and autol- 418
ogous blood clot embolization previously has been mea- 419
sured in larger animal models including dogs, goats, and 420
pigs.3,18,22,26,32 421

The characteristic impedance ZC did not vary signifi- 422
cantly after embolization, but did show a slight decreasing 423
trend. Changes in ZC after pulmonary embolization have 424
been shown to differ with species. For example, ZC in dog 425
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lungs decreased after pulmonary embolization with 0.5 mm426
or 100 µm glass beads or autologous blood clots.8,18,22,26,32427
However, in species with higher pulmonary vascular reac-428
tivity such as pigs and goats, ZC increased.18,32 Others have429
suggested that this species-dependent lack of change in ZC430
indicates that any increase in ZC by embolization-induced431
pulmonary hypertension is compensated by passive ves-432
sel distension, the capacity for which is species depen-433
dent.3,18,32 Characteristic impedance is also calculated over434
varying frequency ranges: 2–12 Hz2, above 2 Hz23 and435
above the frequency of the first minimum.19 We chose to436
calculate ZC by using the frequencies above the first mini-437
mum,25 which was approximately 5 Hz at baseline.438

More insight into the changes in the pulmonary vascula-439
ture with embolization can be gained from an in-depth anal-440
ysis of the frequency-dependent changes in the pulmonary441
vascular impedance spectrum, such as is being pursued for442
clinical application.14 In particular, fmin and Rw are related443
to the major reflecting sites in the pulmonary vascular net-444
work.20 In this study, fmin increased with embolization, from445
5 Hz to at least 20 Hz. In the healthy lungs of dogs, minip-446
igs, and humans, fmin is in the 2–4 Hz range18,20 whereas447
after embolization in dogs and minipigs, fmin shifts to 5–448
12 Hz.7,8,18,22 This increase in fmin with embolization is due449
to a more proximal location of the major reflecting sites in450
the pulmonary arteries.7 The increase in calculated index451
of wave reflection with embolization, which also has been452
shown to occur in larger animal models,8,18 is consistent453
with a more proximal location of the major reflecting sites.454
In healthy animals, fmin varies due to differences in the455
location of wave reflection sites as a function of animal size456
and vascular anatomy, and tends to be higher for smaller457
animals.20458

The shift in the location of major reflecting sites should459
be a function of the size and distribution of emboli. To fur-460
ther explore this issue, we investigated the distribution of461
emboli by quantifying the percent obstructed area of vessels462
in the histological sections obtained as described above. In463
particular, for each lung cross-section, fields of view were464
inspected for vessels containing microspheres. A random465
sample of at least 14 vessels containing microspheres was466
chosen for quantification. The area of the lumen was mea-467
sured with quantitative image analysis tools (MetaVue), and468
the obstructed area was measured with color thresholding469
for the microspheres. The percent obstructed area was cal-470
culated as the ratio of obstructed area to total luminal area471
(×100). The average diameter was calculated as the average472
lumen height and width measured with line tools. Vessels473
with aspect ratios greater than 2 were excluded. The percent474
obstructed area decreased rapidly with increasing average475
vessel diameter (Fig. 8). The considerable obstruction by476
the microsphere emboli in vessels less than 100 µm in diam-477
eter clearly represents new reflection sites after emboliza-478
tion, which are more proximally located than the capillary479
bed. These new sites are likely responsible for increased480

FIGURE 8. Percent obstructed area versus average vessel
diameter (D) after second embolization as measured from his-
tological sections from all six animals. Best fit power function
trendline shown.

Z values at low frequencies. We might speculate that if all 481
the microspheres had completely blocked vessels of 50 µm 482
diameter, there would have been a sharp peak in impedance 483
at one frequency between 2 and 15 Hz. However, since 484
there was a continuous distribution of size of vessels that 485
were blocked, there was also a continuous distribution of 486
reflection sites after embolization and a gradual decrease in 487
Z with frequency between 2 and 15 Hz. 488

Experimental Considerations 489

Vascular smooth muscle contraction as a function of 490
pressure, flow rate, or embolization was not assessed in this 491
study and cannot be discounted because of the availability 492
of calcium (100 mg/L calcium nitrate tetrahydrate) in the 493
RPMI media. Contraction of smooth muscle cells could 494
have been eliminated by using a calcium-free solution as 495
a perfusate or by using a vasodilator such as papaverine. 496
Alternatively, the impact of smooth muscle cell contraction 497
could have been assessed by adding vasoconstrictors such 498
as norepinephrine or serotonin to the perfusate. However, 499
our goal was to determine the effects of emboli on PPA, 500
PVR, and the impedance spectrum in the presence of normal 501
vascular tone. 502

In all isolated lung systems, the measured pressures de- 503
pend on the choice of perfusate, in particular its viscos- 504
ity. The 3.5% Ficoll in RPMI perfusate was chosen based 505
on previous isolated lung studies10,31,33 and as mentioned 506
above, the pressures obtained here were comparable at the 507
same flow rates. The viscosity of the Ficoll-RPMI perfusate 508
was approximately 3-fold lower than blood: 1.1 cP com- 509
pared to about 3.5 cP commonly reported for blood. Dextran 510
was used to increase viscosity in preliminary experiments, 511
but there was a high prevalence of edema in the lungs with 512
this perfusate. 513
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Subphysiological flow rates also were used to prevent514
edema. The isolated, perfused mouse lung system was515
developed for steady flow perfusion, and has most often516
been used at very low flow rates (≤1 ml/min).1,27,31 A517
recent study of hypoxic pulmonary vasoconstriction with518
various perfusates in an isolated lung system used both519
1 ml/min and 3 ml/min steady flow rates without reported520
edema.33 The flow rates used in this study (1–5 ml/min)521
were experimentally determined to cover as much of the522
physiologic range as possible without compromising lung523
function. In preliminary experiments, higher flow rates,524
especially under steady flow conditions, generally caused525
rapid and irreversible edema.526

In this isolated lung study, measurements were taken527
when lungs were inflated to an end-inspiratory airway pres-528
sure Pair = 10 cmH2O, or ∼7.4 mmHg. We used end-529
inspiratory instead of end-expiratory pressure because in530
preliminary experiments (without Ficoll), taking measure-531
ments at lower pressures occasionally led to irreversible532
edema. For steady flow perfusion greater than 3 ml/min,533
PLA was greater than Pair and thus the lungs were in zone534
3 conditions at baseline and after each embolization. How-535
ever, for steady flow perfusion at 3 ml/min or less, zone 1536
conditions likely occurred. As mentioned above, the shift537
from zone 1 to zone 3 conditions may have affected the538
�P – Q relationships found here. Also, zone 1 conditions539
may have occurred during pulsatile perfusion especially540
at transiently low flow rates. Nevertheless, since the cap-541
illaries are distal to the emboli and the pressure changes542
caused by the emboli, the capillary perfusion pressures543
should be comparable at baseline and after embolization.544
Thus, the shifts from zone 1 to 2 to 3 conditions should545
occur at comparable flow rates, and the significance differ-546
ences between baseline and embolization found here should547
hold.548

CONCLUSIONS549

In this study, we demonstrated that pulsatile flow can be550
used in an isolated, ventilated, and perfused mouse lung to551
characterize the pulsatile pressure-flow rate relationships552
in the mouse pulmonary vascular network. Our results553
demonstrate that pulmonary artery pressure, resistance, and554
impedance increased with pulmonary embolization in ways555
consistent with in vivo studies in larger animals and humans.556
In particular, the pressure drop across the pulmonary vas-557
cular network and PVR increased after embolization, and558
frequency-dependent features of the pulmonary vascular559
impedance spectrum were suggestive of shifts in the loca-560
tions of the major pulmonary vascular reflection sites with561
embolization. The flow- and frequency-dependent changes562
we found demonstrate the usefulness of the isolated, venti-563
lated, and perfused mouse lung for investigations into both564
steady and pulsatile pressure- flow rate relationships in the565
mouse.566
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