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Changes in Regional Ventilation after Autologous Blood
Clot Pulmonary Embolism
Marcos F. Vidal Melo, M.D., Ph.D.,* R. Scott Harris, M.D.,† Dominick Layfield, B.S.,‡ Guido Musch, M.D.,*
Jose G. Venegas, Ph.D.§

Background: Previous studies have suggested that pulmonary
embolism (PE) and pulmonary artery occlusion result in a shift
in alveolar ventilation away from unperfused regions. This
study aimed to directly assess changes in regional specific ven-
tilation (sV̇A) due to autologous blood clot PE using positron
emission tomography.

Methods: Pulmonary embolism was created in six anesthe-
tized, paralyzed, and mechanically ventilated sheep by injecting
cylindrical clots of autologous blood (7 mm in diameter and
height). Clots were progressively infused into a central vein
until a stable mean pulmonary artery pressure between 30 and
40 mmHg was achieved. A multislice positron emission tomog-
raphy camera was used to image 15 contiguous, 6.5-mm-thick
transverse cross-sections of the chest beginning just above the
diaphragm. sV̇A from perfused regions (sV̇A,p) was assessed as
the ventilatory turnover rate of the tracer 13NN after central
venous injection of 13NN-labeled saline.

Results: Pulmonary embolism obstructed flow to 64% of im-
aged areas. Before PE, sV̇A,p was equivalent in areas that would
remain perfused and those that would become embolized after
PE (0.021 � 0.007 vs. 0.021 � 0.006 s�1; P � nonsignificant).
After PE, sV̇A,p of areas remaining perfused increased to 0.033 �
0.011 s�1 (P < 0.005). This effect on regional sV̇A,p could have
been caused by active redistribution of sV̇A,p or by a reduction in
tracer concentration of perfused areas due to the dead space
common to perfused and embolized regions. Model simulations
indicated that the common dead-space effect could only explain
a small part of the sV̇A,p increase.

Conclusions: An increase in sV̇A of perfused regions occurs
following PE with 7-mm autologous blood clots. This increase is
most likely caused by a shift in ventilation away from embolized
areas mediated by hypocapnic pneumoconstriction.

A SHIFT in ventilation away from unperfused lung re-
gions has been demonstrated following pulmonary ar-
tery occlusion (PAO).1,2 This shift was described as early
as 1934, when Moore et al.3 reported that ligation of
either the left or right pulmonary artery resulted in a
reduction of ventilation to the unperfused lung with an
increase in ventilation of the perfused lung. Severing-

haus et al.2 showed that temporary unilateral PAO in
dogs resulted in a shift of ventilation away from the
unperfused lung caused by regional bronchoconstriction
and that the shift was prevented by inhalation of 6%
CO2. This study pointed to the concept of hypocapnic
bronchoconstriction as a homeostatic mechanism lead-
ing to compensation of the ventilation–perfusion (V̇A/Q̇)
mismatch caused by pulmonary embolism (PE). Subse-
quent investigations showed mechanical changes also at
the lung tissue level during PAO and PE,1,4,5 and the
broader term pneumoconstriction was adopted to char-
acterize the activation of contractile elements related to
the connective matrix structure.

Acute PE in the clinical setting frequently leads to
important gas exchange abnormalities. If a ventilatory
shift away from embolized regions were present in such
conditions, it would tend to reduce the impairment in
gas exchange. However, the existence and quantifica-
tion of a shift in ventilation away from embolized regions
during pulmonary thromboembolism is not completely
established. Thomas et al.6 demonstrated that airway
resistance increases following embolization of autolo-
gous thrombi to dog lungs. Levy and Simmons7 used
computations of regional ventilation based on postmor-
tem examination of dog lungs embolized with autolo-
gous thrombi to indirectly suggest that regional pulmo-
nary hypoperfusion at a lobar and segmental level
resulted in changes in effective alveolar ventilation com-
patible with a shift of ventilation from embolized to
perfused regions. However, direct measurements of re-
gional ventilation changes with PE caused by autologous
blood clots have not been performed.

We measured changes in regional lung expansion and
gas tracer washout after unilateral PAO in dogs using
planar positron imaging of the washout of equilibrated
13NN gas. These measurements suggested that increased
regional lung impedance shifted ventilation toward the
perfused lung at normal breathing frequencies because of
mechanical constriction at the tissue level in the unper-
fused lung.1 That imaging method has been adapted to
three-dimensional assessment of regional ventilation and
perfusion with positron emission tomography (PET).8

In the current study, we used this technique to inves-
tigate changes in regional ventilation following acute
and severe PE induced by infusion of autologous blood
clots of precise size. We theorized that if minute venti-
lation was kept constant, regional ventilation would in-
crease in the areas that remained perfused after PE as a
result of a redistribution of tidal volume away from
embolized areas.
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Methods

The experimental protocol was approved by the Mas-
sachusetts General Hospital Committee on Animal Care.

Experimental Apparatus
The apparatus included a PET camera, a mechanical

ventilator coupled with two breathing circuits, and a
tracer infusion system. The PET camera was a multiring
full-body camera (Scanditronix PC4096; General Elec-
tric, Milwaukee, WI) with detectors positioned around
circular rings. The breathing system was designed to
allow for volume-controlled ventilation with fresh gas or
with tracer containing gas from a closed circuit. The
closed breathing circuit included a carbon dioxide ab-
sorber and a servo-controlled supplemental oxygen
source to replace metabolic oxygen consumption and
maintain a constant circuit volume. Remotely controlled
solenoid valves allowed instantaneous switching be-
tween the two breathing circuits. The closed circuit was
used for equilibration of the air spaces with 13NN before
washout maneuvers. This system kept a constant breath-
ing pattern irrespective of the circuit being used, and it
had low internal volume to minimize dilution of the
13NN tracer and allow for faster gas equilibration. The
infusion system consisted of a computer-controlled de-
vice for production and injection of the 13NN–saline
solution. The tracer 13NN gas (~10-min half-life) was
generated by a cyclotron and dissolved in degassed
saline, yielding a specific activity that ranged from
0.22 to 0.65 mCi/ml. A rapid bolus of 13NN-labeled
saline (10 –30 ml) was injected into a central vein at a
rate of 10 ml/s under computer control.

Animal Preparation
Six sheep weighing 17 kg (range, 14–19 kg) were

anesthetized, intubated, and mechanically ventilated
while in the prone position. General anesthesia was
induced with an intravenous bolus of sodium thiopental
(35 mg/kg) and maintained with a continuous infusion of
sodium thiopental (15 mg · kg�1 · h�1). Pancuronium
(0.2 mg/kg) was used for muscle paralysis. The ventilator
(Harvard Apparatus, Millis, MA) was set at an inspired
oxygen fraction (FIO2) of 1.0, positive end-expiratory
pressure of 5 cm H2O, tidal volume (VT) of 17 ml/kg
(285 � 41 ml), and inspiratory time of 30% of the
breathing period. Respiratory rate (14 � 4 breaths/min)
was set to maintain normocapnic arterial blood gases at
the beginning of the experiment and fixed at that value
for the rest of the experiment. The right femoral artery
was cannulated for systemic arterial pressure monitoring
and blood sampling and the right femoral vein for ad-
ministration of drugs. A Swan-Ganz catheter (model 93A-
131H-7F; Edwards Laboratory, Santa Ana, CA) was in-
serted in the left femoral vein and advanced into the
pulmonary artery. Its distal port was used for monitoring

of pulmonary arterial pressure (PAP) and sampling of
pulmonary arterial blood. A central line was introduced
in a jugular vein and positioned into the superior vena
cava for delivery of the 13NN-labeled saline solution. A
second and larger (7-mm ID) central line was introduced
into the contralateral internal jugular vein and used for
infusion of the autologous blood clots.

Production of Blood Clots and Induction of
Pulmonary Embolism
Autologous clots were produced in cylindrical molds

of equal height and diameter (9 mm) drilled on a board
of Plexiglas. At the beginning of the animal preparation,
150 ml of blood was drawn from the animal and left to
clot in the Plexiglas molds. Blood loss was substituted by
simultaneous infusion of 450 ml of normal saline to
account for distribution of crystalloid in extracellular
fluid. Approximately 1 h after clotting of the blood, a rod
was used to extrude the clots. Final dimensions of the
clots, after clot retraction, were approximately 7-mm
diameter and 7-mm height. PE was induced by progres-
sive infusion of individual clots (average of 24; range,
13–33) until a stable mean PAP in the range of 30–
40 mmHg was maintained for 1 h. Administration of
crystalloids (500 –1,500 ml) was used to prevent a
decrease in mean arterial blood pressure to less than
50 mmHg during and after the induction of PE.

Imaging Protocol
The animal was positioned in the camera field with the

most caudal slice adjacent to the diaphragm dome. The
PET camera collected 15 transverse cross-sectional slices
of 6.5-mm thickness providing three-dimensional infor-
mation over a 9.7-cm-long cylinder. We estimate that the
imaged lung corresponded to approximately 85% of the
total lung volume. Transmission scans were obtained
before each set of emission scans to correct for absorp-
tion of annihilation photons in the animal’s body. For
this, a radioactive source was rotated around the imaging
field and the resulting signal used for reconstruction of
an image that can be compared with a low-resolution
computed tomography scan. Regional density was in-
ferred from this image as the amount of the initial radio-
active beam absorbed by the tissues at each point in the
animal’s body. Emission scans of local tracer activity
were reconstructed with appropriate correction for de-
tector sensitivity and for tissue attenuation using a con-
volution back-projection algorithm with a Hanning filter
yielding an effective in-plane resolution of 6 mm (deter-
mined from the width at one-half height of a point
source image). Resulting images consisted of an interpo-
lated matrix of 128 � 128 � 15 voxels of 6 � 6 �
6.5 mm. Images were then lowpass filtered to a spatial
resolution of 12 � 12 � 6.5 mm to minimize imaging
noise. These filtered raw images were processed follow-
ing the methodology described in the sections Regional
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Perfusion, Regional Ventilation, and Regional Gas Vol-
ume to yield functional images.

Imaging protocol for the emission scans was con-
ducted as follows: starting with a tracer-free lung, the
ventilator was turned off at end exhalation, and a bolus
of 13NN saline solution (~9 mCi) was injected into a
central vein. Simultaneously, collection of six consecu-
tive scans of 5-s duration was started while the animal
was kept in apnea for 30 s. At the end of these scans,
mechanical ventilation was resumed, and the lungs were
imaged as the tracer washed out of the lungs. The wash-
out serial scans consisted of four scans of 30-s duration
and two scans of 60-s duration for a total of 240 s of
imaging time. A sample of the infusate was collected to
assess its specific activity in a well counter cross-cali-
brated with the PET camera.

An additional protocol was introduced in the last three
experiments to assess ventilation from embolized re-
gions of interest (ROIs). The experimental protocol con-
sisted of ventilating the lungs with a closed breathing
circuit containing 13NN-labeled gas. A sequence of im-
ages was obtained during this wash-in equilibration
phase. After 4 min, ventilation was stopped at end expi-
ration, and the lungs were imaged for 30 s. The inspira-
tory gas was then switched to label-free gas, ventilation
was restarted, and a sequence of images as described in
the previous paragraph was collected as the tracer
washed out from the lungs. A 1-ml gas sample was
obtained from the rebreathing circuit to assess its spe-
cific activity in the cross-calibrated well counter.

Regional Perfusion
The method to generate images of regional perfusion

(Q̇r) was based on the extremely low solubility of nitro-
gen (partition coefficient � 0.018) in blood and tissues.
Due to this property, following an intravenous injection
of 13NN-saline solution, virtually all the 13NN tracer gas
in the blood diffuses into alveolar gas spaces at the first
pass in normal and aerated lung units. If the lungs are
kept apneic during and after tracer arrival, tracer con-
tent, and thus local radioactivity, in these aerated units
remains nearly constant and is therefore proportional to
Q̇r. The image of Q̇r was computed as the average of the
scans taking place during the plateau phase of apnea
normalized by the mean tracer concentration over the
imaged lung.

Selection of Voxels for Analysis
Initial masks for the lung fields before and after PE

were created by thresholding the respective transmis-
sion scans to areas with density less than 50% of the
mean tissue density. Subsequently, the perfusion image
after PE was used to define ROIs for “perfused” and
“embolized” areas. The ROI for perfused areas was ob-
tained by automatically thresholding the corresponding
perfusion image to a level that included 85% of imaged

lung perfusion. For this, voxels were sorted by their
perfusion and, starting from the voxel with the highest
perfusion, additional voxels were included in the image
until 85% of the total perfusion was reached. Voxels in
the lung field not included in the perfused ROI formed
the embolized ROI, i.e., these areas accounted for only
15% of total lung perfusion. In the cases where a tracer
equilibration image was available, this image was used in
place of the transmission scans to generate the lung field
masks.

Regional Ventilation
Tracer kinetics within perfused and embolized ROIs

were obtained from the washout serial scans by plotting
average tracer activity measured for each scan versus
time. Time corresponding to each scan was set at the
middle of the respective scanning period. From these
plots, we estimated local specific ventilation (ventilation
per unit of gas volume, sV̇A) in terms of the washout
turnover rate of 13NN in two conditions: following ap-
neic intravenous bolus injection of 13NN saline (sV̇A,p)
and following equilibration of inhaled 13NN (sV̇A,i). sV̇A,p

and sV̇A,i were estimated from the average turnover rate
from the first to the second 30-s scan of the washout
phase. This was based on the fact that, for a multicom-
partmental system, the turnover rate at the beginning of
the washout corresponds to the average of the turnover
rates weighted by perfusion (sV̇A,p) or volume (sV̇A,i).

The sV̇A,p could not be calculated after embolism for
the embolized ROIs because of absence of injected
tracer in these regions. To assess ventilation from
these regions, in the last three experiments, the wash-
out rate of 13NN-labeled gas previously equilibrated in
lungs sV̇A,i was calculated.9 sV̇A,i was computed from
the sequence of images during washout with the same
algorithm as for sV̇A,p.

The sV̇A,p and sV̇A,i were calculated for the perfused
and embolized ROIs before and after PE. These variables
were computed on a voxel-by-voxel basis to calculate
spatial heterogeneity, spatial correlation, and fractional
distribution.

Regional Gas Volume
Regional gas volume (Vr) was calculated in the last

three experiments from equilibration images of inhaled
13NN. Because of the low solubility of nitrogen in body
fluids and tissues, at the end of the wash-in equilibration
period, 13NN was mostly confined to air spaces within
the lungs. Thus, after equilibration, the tracer concen-
tration in the lungs was proportional to the regional gas
content. The alveolar gas content per voxel image (Vr)
was obtained by normalizing voxel activity values by the
specific activity of the equilibrated gas, after correction
for radioactive decay. With the calculated regional gas
volume, mean-normalized absolute ventilation of per-
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fused tracer (V̇A,p) was computed as the product of sV̇A,p

and the regional gas content.

Spatial Heterogeneity
The spatial heterogeneity of the functional images of

sV̇A,p and Q̇r was assessed from the coefficient of varia-
tion of the voxel data defined as the SD normalized by
the mean value of the data: coefficient of variation �
SD/mean within the lung field.

Spatial Correlations
The spatial correlation coefficient between two re-

gional variables was calculated from the Pearson coeffi-
cient of corresponding functional images on a voxel-by-
voxel basis. Spatial correlation was calculated for the
following pairs of variables: Vr, Q̇r, and V̇A,p before and
after embolism and for Vr versus Q̇r, V̇A,p versus Q̇r, and
sV̇A,p versus sV̇A,i in control and PE conditions.

Fractional Distributions
The sV̇A,p was computed in each voxel for perfused

ROIs before and after PE and used to generate frequency
distribution histograms. The distributions were charac-
terized by the corresponding mean, SD, and coefficient
of variation.

Physiologic Measurements
In addition to PET data, the following variables were

measured: (1) cardiovascular: heart rate, invasive sys-
temic blood pressure, PAP, PAO pressure, and cardiac
output; (2) respiratory: VT, respiratory rate, FIO2, peak
airway pressure, arterial and mixed venous blood gases,
right-to-left shunt, venous admixture, end-tidal carbon
dioxide partial pressure (PETCO2), mixed-expired PCO2,
and Bohr dead space (VD/VT). Mixed-expired PCO2 was
assessed by measuring PCO2 concentration with an infra-
red analyzer in a mixing chamber placed in the expira-
tory limb of the breathing system. The usual equation
VD/VT � (PaCO2 � PECO2)/PaCO2 was used to calculate
Bohr dead space.

Statistical Analysis
Comparisons between control and PE were made us-

ing the two-tailed Student t test for paired samples. Data
were expressed as mean � SD. Pearson correlation co-
efficient (r) was calculated to study the agreement be-
tween sV̇A,p and sV̇A,i. Spearman correlation was used to
summarize the relation between the change in sV̇A,p

from before to after PE in perfused areas and arterial pH.
This method reduces the influence of outliers in the
computation of the correlation coefficient. Statistical sig-
nificance was taken at P � 0.05.

Results

Pulmonary autologous embolization resulted in
marked changes in perfusion distribution. Embolized

areas corresponded to 64 � 12% of the total perfusion in
the imaged areas before PE (fig. 1).

Changes in physiologic variables caused by pulmonary
embolization are summarized in table 1. Significant pul-
monary hypertension was achieved in this animal model
with an average 2.4-fold increase in mean PAP. Changes
in arterial blood gases indicated a severe respiratory

Fig. 1. Functional lung images in one animal. Images are con-
tiguous tomographic sections viewed in the cranio-caudal direc-
tion and presented from top left to bottom right. The left side in
the image corresponds to left side in the animal. Tracer activity
is represented in a “hot” color scale (black � no activity; white �
maximal activity) in that frame. (A) Regional perfusion (Q̇r) before
embolism. (B) Q̇r after embolism. There is dramatic redistribution
of Q̇r with many regions of the lungs essentially unperfused. (C)
Tracer activity remaining in the lungs at the end of the washout
period after inhalational delivery of tracer. Note that higher activ-
ity corresponds to embolized areas, representing the slower wash-
out rate of these regions.
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acidosis secondary to a markedly increased VD/VT. PaO2

did not change significantly with PE despite the severity
of the embolization produced. Peak airway pressures
increased 29% after PE. Cardiac output and PAO pres-
sure were also increased after embolization.

Tracer Kinetics
Tracer kinetics in perfused and embolized ROIs after

intravenous injection of 13NN before and after PE are
shown in figure 2. As expected for a normal lung, the
tracer kinetics during control conditions were essentially
equivalent for regions that would become embolized or
remained perfused after PE. Mean sV̇A,p before embolism
was 0.021 � 0.006 s�1 for regions that would become

embolized ROIs and 0.021 � 0.007 s�1 for regions that
remained perfused after PE.

After PE there was a significant increase in the washout
rate of injected tracer from regions that remained per-
fused (fig. 2). On average, sV̇A,p increased from 0.021 �
0.007 s�1 to 0.033 � 0.011 s�1 (P � 0.005; fig. 3). Of
interest, in the population of studied sheep, changes in
sV̇A,p caused by PE correlated with arterial pH measured
after PE (r � 0.89; P � 0.05), i.e., the lower the pH after
pE, the lesser the change caused in sV̇A,p by PE.

Results from the three experiments with inhaled tracer
were consistent with those from injected tracer. As ex-
pected for a normal lung, no difference was observed in
sV̇A,i of perfused (0.025 � 0.008 s�1) and embolized
(0.025 � 0.009 s�1) ROIs in control conditions (fig. 4A).
After embolization, higher sV̇A,i was observed in the
perfused ROIs (0.028 � 0.012 s�1) as compared with the
embolized ROIs (0.019 � 0.007 s�1) and to the perfused
ROIs before PE. A change in the tracer washout pattern
was also observed in these experiments with strongly
nonlinearities obtained after PE (fig. 4B). Even though
the sample size was small, measurements of sV̇A,p and
sV̇A,i tended to correlate in the perfused ROIs before (r �
0.99; P � 0.05) and after (r � 0.98; P � 0.1) PE, with
values of sV̇A,p larger than sV̇A,i (mean, 0.006; range,
0–0.013; P � 0.12).

Histograms representing frequency distribution of
sV̇A,p in voxels within perfused ROIs after embolism
showed a shift of the mean sV̇A,p to the right as com-
pared with control conditions corresponding to a faster
tracer washout in the perfused ROIs after embolization
(fig. 5). Interestingly, the coefficient of variation of sV̇A,p

for voxels within these ROIs was reduced from 0.33 �
0.10 during control conditions to 0.21 � 0.04 after PE
(P � 0.01).

There were marked changes in Vr, Q̇r, and sV̇A,p from
before to after PE. Spatial correlations between control
and post-PE values were 0.45 � 0.14 (P � 0.001) for Vr,
0.16 � 0.21 for Q̇r, and 0.02 � 0.06 for sV̇A,p. Analysis of

Table 1. Physiologic Measurements before and after Induction
of Pulmonary Embolism

Control PE P

HR (beats/min) 110 � 22 114 � 25 NS
MBP (mmHg) 88 � 12 75 � 13 NS
CO (l/min) 2.8 � 0.7 3.9 � 1.3 0.05
MPAP (mmHg) 14 � 3 32 � 3 0.001
PAOP (mmHg) 3 � 2 10 � 4 0.005
Ppeak (cm H2O) 24 � 6 31 � 6 0.005
pH 7.43 � 0.06 7.21 � 0.09 0.001
PCO2 (mmHg) 36 � 4 57 � 10 0.001
PO2 (mmHg) 512 � 38 495 � 40 NS
VD/VT 0.56 � 0.12 0.80 � 0.05 0.002

HR � heart rate; MBP � mean blood pressure; CO � cardiac output; MPAP �
mean pulmonary artery pressure; PAOP � pulmonary artery occlusion pres-
sure; Ppeak � peak airway pressure; PCO2 � partial pressure of carbon
dioxide; PO2 � partial pressure of oxygen; VD/VT � dead space ventilation.

Fig. 2. Semilog plot of tracer activity versus time following
central venous injection of 13NN during control conditions and
after induction of pulmonary embolism in a typical experi-
ment. For control conditions, curves are shown separately for
perfused (continuous line) and embolized (dotted line) regions
of interest (ROIs). The dashed line represents tracer kinetics for
the perfused ROIs after induction of pulmonary embolism. Note
the increase in turnover rate (slope) at the beginning of the
washout phase compared with the same region during control
conditions. Activity during the apneic phase (initial plateaus for
each curve) is higher after pulmonary embolism because these
areas received 85% of the injected tracer.

Fig. 3. Specific ventilation in regions that would remain per-
fused after pulmonary embolism (PE) measured with intrave-
nous injection of 13NN (sV̇A,p) before (control) and after PE for
the six experiments. Mean sV̇A,p values � SD are shown as open
circles.
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the bivariate distribution of regional perfusion before
and after PE showed that voxels receiving very low Q̇r
after PE had a wide range of Q̇r values before embolism
(fig. 6). Projections of the frequency distribution of rel-
ative perfusion before and after PE evidence the change
in perfusion distribution from an approximately normal
distribution to a bimodal pattern. A large peak of very
low to zero perfusion (embolized areas) and a second
maximum at mean-normalized perfusion values after PE
around 2, representing regions that remained perfused
after PE, can be observed. Spatial correlation of Vr versus
Q̇r was substantially reduced from 0.53 � 0.03 to 0.14 �

0.20 (P � 0.05) after PE. Spatial correlation between V̇A,p

and Q̇r also decreased with PE from 0.34 � 0.14 to
0.15 � 0.11 (P � 0.10). Spatial correlations between
sV̇A,p and sV̇A,i for the three experiments with inhaled
tracer were 0.16 � 0.03 for the whole lung before PE. For
the perfused areas, spatial correlations changed from
0.12 � 0.04 during control conditions to 0.07 � 0.05
after PE.

Fig. 4. Semilog plot of tracer activity versus time following
inhalational delivery of tracer during (A) control conditions
and (B) after pulmonary embolism (PE). For each condition,
curves are shown separately for perfused and embolized re-
gions of interest (ROIs). (A) During control conditions, tracer
washouts are linear and equivalent in regions that would be-
come perfused and embolized after PE. (B) After PE, the curve
for perfused ROIs shows an increased slope at the beginning of
the washout phase as compared with the same regions during
control conditions (dotted line). Tracer washout from emboli-
zed ROIs is reduced as compared with the same regions before
PE and also to the regions that remained perfused after PE.
Evident nonlinearity is observed in both perfused and emboli-
zed ROIs.

Fig. 5. Histograms of specific ventilation after injected tracer
(sV̇A,p) for each image voxel in the perfused regions of interest
computed for a typical experiment before (continuous line) and
after (dotted line) pulmonary embolism (PE). The number of
regions with high specific ventilation is increased after PE cor-
responding to a shift of ventilation to perfused regions.

Fig. 6. Bivariate distribution of mean normalized regional per-
fusion for a typical animal. Height of surface over the x–y plane
in the surface plot represents the fraction of voxels containing
the respective combination of mean normalized regional per-
fusion before (control) and after pulmonary embolism (PE).
Note the large number of regions with very low perfusion after
PE corresponding to a wide range of regional perfusion values
before embolism. The dashed and continuous lines are the
projections of the frequency distribution of relative perfusion
in the relative frequency versus perfusion control and relative
frequency versus perfusion PE planes, respectively.
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Discussion

The main finding of this study was that acute autolo-
gous blood clot PE increases ventilation in regions re-
maining perfused.

Animal Model and Global Physiologic Changes
The animal model of PE used in the study produced

severe pulmonary embolization with obstruction of ves-
sels carrying an average of 64% of the blood flow to the
imaged areas during control conditions. This degree of
obstruction is compatible with that of a previous study
using autologous clots in dogs reaching similar pulmo-
nary artery pressure targets.10

Despite the severe degree of embolization, no signifi-
cant hypoxemia was observed in these sheep ventilated
with FIO2 � 1.0. Hypoxemia during PE has been reported
to occur with V̇A/Q̇ mismatch11 or preexisting right-to-
left shunt such as a patent foramen ovale.12 In our animal
model there was no preexisting right-to-left shunt and
use of FIO2 � 1.0 eliminated any effect of increased V̇A/Q̇
mismatch. Thus, the absence of hypoxemia after PE
indicates that no right-to-left shunt developed immedi-
ately after induction of embolism.

During clot injection, volume was administered in the
form of crystalloids to correct hypotension. Thus, the
observed increase in cardiac output with PE was proba-
bly a result of higher intravascular volume as expressed
by the larger PAO pressure after PE. A possible mediator-
dependent cardiovascular response following infusion of
autologous clots13,14 could add to this change in cardiac
output.

Increase in physiologic dead space is a major physio-
logic change observed during PE. It has been attributed
to the contribution of high V̇A/Q̇ units from embolized
regions.15 Delcroix et al.10 observed increases in inert
gas–measured dead space with 10-mm emboli but a
decrease when 1-mm emboli were used in an experi-
mental dog model of PE with autologous blood clots.
Significant collateral ventilation in dogs was the most
probable explanation for these findings. In the current
study, 7-mm emboli in sheep led to a marked increase in
physiologic dead space and respiratory acidosis as the
main respiratory physiopathological derangement, in
line with the findings of Delcroix et al.10 for 10-mm
emboli.

Positron Emission Tomography Technique
Several methods have been used to assess regional

ventilation, such as inhaled microspheres, computed to-
mography, and topographical markers. Techniques that
use aerosols, as the inhaled fluorescent microspheres
method, may be limited by inertial and gravitational
influences,16 presence of particles, deposition in the
airway, and a distribution essentially dependent on con-

vection. Topographical markers can assess anatomic
changes in regional volume but will not allow for char-
acterization of the dynamics of gas exchange. The
method used in this study to assess regional ventilation
and perfusion represents a methodologic improvement
as compared with these techniques. Because the tracer
13NN used is a gas, its regional distribution follows more
closely that of other respiratory gases and not just the
distribution of convective flow. Analysis of regional
tracer distribution and washout with PET provides de-
tailed assessment of local patterns of regional perfusion
and ventilation. The obtained images of Q̇r allowed for
topographical separation of the irregular areas of hypo-
perfusion and hyperperfusion after PE and investigation
of their washout characteristics in vivo. Recently, a
technique based on computed tomography and xenon
washin was proposed to measure regional ventilation
and perfusion.17 This technique may prove to be valu-
able to study regional gas exchange in similar settings.

The spatial resolution of our PET instrument of 6 mm
is a limitation to the used technique. In addition, the
range of the positrons, i.e., the length positrons travel
before annihilation in lung tissue, is estimated to be
approximately 3 mm further degrading the resolution.
This implies that any heterogeneity with length scales
under this resolution will not be visualized.

The techniques used to quantify regional ventilation
with injected (sV̇A,p) or inhaled (sV̇A,i) tracer measure
related but distinct physiologic phenomena. Both assess
a rate of gas transport out of a resolution element. sV̇A,p

is inherently limited to imaging ventilation of tracer
initially present in perfused regions. Accordingly, it rep-
resents a perfusion-weighted mean sV̇A of perfused alve-
oli within a ROI. Because it corresponds to alveoli that
are perfused and ventilated, it is conceptually similar to
the alveolar ventilation.

The sV̇A,i characterizes the elimination of 13NN from all
gas-filled areas within a ROI, including distal alveoli,
unperfused alveoli, and serial dead space. Because in-
haled 13NN content after equilibration is proportional to
intraregional gas volume, sV̇A,i represents a volume-
weighted mean sV̇A. Thus, an explanation for the differ-
ence in results between sV̇A,p and sV̇A,i may be related to
the effects of local dead space (stratified and alveolar) or
to intraregional heterogeneity of local Q̇r and ventilation
at length scales smaller than the spatial resolution of the
PET camera or the ROI used to compute sV̇A,p and sV̇A,i.
In this line, local values of sV̇A,p greater than those of
sV̇A,i would be evidence of an intraregional heterogene-
ity in sV̇A distribution, which is closely correlated with
intraregional Q̇r distribution. Conversely, sV̇A,p less than
sV̇A,i could be taken as evidence of intraregional serial
dead space being washed out at a faster rate than the
more distal alveoli.
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Regional Ventilation
Data from the literature on the magnitude and role of

changes in regional ventilation during acute PE are un-
settled. Regional pneumoconstriction induced by alveo-
lar hypocapnia has been proposed as a mechanism to
optimize V̇A/Q̇ matching. This phenomenon has been
observed after unilateral PAO in dogs2 and pigs1 and
indirectly suggested in a model of PE in dogs with clots
2–6 mm in diameter and 20–60 mm in length.7 Results
from Simon et al.1 during PAO indicate that the effect of
lung hypoperfusion was related to changes in regional
lung mechanics. The ratio of left-to-right lung impedance
increased from 1.26 during control to 2.79 after left
PAO.1 Conversely, Altemeier et al.,18 using inhaled and
injected microspheres, found minimal redistribution of
ventilation with 780-�m beads in pigs. Tsang et al.19

studied dogs with microembolism induced with 250–
1,000-�m polystyrene beads using a multibreath helium
washout technique and did not find any significant
changes in the heterogeneity of ventilation.

In the current study, a mean increase of 57% in sV̇A,p

after severe PE was observed. Histograms of regional
ventilation also indicated a change in ventilation distri-
bution toward higher specific ventilations in perfused
areas after embolism. Given that minute ventilation was
kept constant, an increase in regional ventilation in per-
fused areas after PE must have corresponded to a con-
comitant decrease in sV̇A in embolized areas. This would
be consistent with the presence of higher residual tracer
in areas with extreme reduction in Q̇r. Such inference
was corroborated by measurements of inhaled tracer
kinetics in three animals that showed specific ventilation
to be increased in perfused areas and reduced in embo-
lized areas after PE. Thus, we conclude that, in this
model of PE, a change in regional specific ventilation
occurs with PE, leading to slower washout rates in un-
perfused areas and increased washout rates of perfused
regions. This phenomenon is compatible with the con-
cept of hypocapnic pneumoconstriction described in
other embolism and PAO models.1,2,7

The magnitude of the changes in sV̇A,p within perfused
regions after PE was larger than that for sV̇A,i. As dis-
cussed in the section PET Technique, these measure-
ments are not expected to lead to equal results. Previous
studies in dogs showed that sV̇A,i and sV̇A,p had different
distributions.8,20 We found that sV̇A,p tended to be larger
and correlated with sV̇A,i in the perfused ROIs, and that
these variables had a low correlation on a voxel-by-voxel
basis. Such findings are in line with previous results.8

The sV̇A,p larger than sV̇A,i is evidence that, in those
regions, regional ventilation matches regional perfusion
better than regional volume.8,20 The common dead-
space effect is an additional factor for the increased sV̇A,p

after PE as studied in the Appendix.
The analysis of the washout curves after PE for the

inhaled tracer experiments evidenced strong curvature

of the semilog washout plots. These curvilinear plots
contrast with the mostly linear washout pattern during
control conditions and demonstrate the development of
significant intraregional ventilation heterogeneity after
PE. The embolized areas presented the higher deviation
from linearity. This may have resulted from intraregional
heterogeneous bronchial or tissue mechanical proper-
ties1,5 leading to areas of either air trapping or very slow
washout rate. The common dead-space effect could also
generate a curvilinear washout (Appendix). However,
this plays a minimal role in inhaled tracer measurements
since 13NN is initially equilibrated in the whole lung. The
perfused areas presented curvilinear washout plots that
had smaller effect in the final washout of tracer than that
of the embolized regions (fig. 4B). Several factors could
be implicated: changes in intraregional mechanics due to
release of intravascular mediators, partial overlapping of
embolized and perfused regions, and the mentioned
common dead-space effect.

Possible reasons for the differences between our re-
sults and those from previous studies may be related to
several factors: different species, model of PE, and tech-
nique used to assess regional ventilation. Because hypo-
capnic pneumoconstriction is blunted even by low lev-
els of inspired carbon dioxide,2 homogenization of local
concentrations of carbon dioxide is expected to reduce
the pneumoconstrictive response. The anatomy of the
distal airways and alveolar regions in different species
provide for distinct degrees of distal gas mixing. Tsang et
al.19 argued that significant collateral ventilation in dogs
due to distal bronchoalveolar architecture with pores of
Kohn, channels of Lambert, and channels of Martin
could be responsible for homogenization of alveolar ven-
tilation. This would contribute to rapid equilibration of
carbon dioxide, reducing the possibility of regional hypo-
capnic pneumoconstriction during microembolization.

The particular model of PE used may be an important
reason for distinct results. Autologous clots may produce
regional release of active mediators that could modulate
vascular and airway smooth muscle leading to different
patterns of regional ventilation and perfusion distribu-
tion compared with inert emboli. Also, the size of the
emboli used determines the size of embolized regions. In
our model, embolism clearly affected large contiguous
segments of the lungs with consequent large areas of
hypocapnia. In contrast, during PE caused by microem-
boli, small embolized regions are interspersed between
perfused regions. Homogenization of local alveolar car-
bon dioxide because of common dead space and intrar-
egional mixing is more likely to occur in this case with
blunting of the pneumoconstrictive response. In this
line, large emboli, with large diffusive and convective
pathways for gas mixing, are expected to produce
greater regional hypoventilatory response unless other
blunting mechanism was present. This proposition
concurs with observations of a ventilatory shift re-
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sponse to lung hypoperfusion in experiments with
PAO in contrast to no shift observed with microem-
bolism. Our results extend these observations to the
setting of autologous blood clot pulmonary macroem-
bolism. We showed that also in the situation of an
irregular pattern of vascular obstruction as opposed to
occlusion of a major branch of the pulmonary artery,
a redistribution of regional ventilation is observed
with a shift toward perfused areas.

Another factor could be the sensitivity of the tech-
nique to detect changes in regional ventilation at small
length scales. As stated previously, techniques that use
aerosol particles to track ventilation are affected by in-
ertial and gravitational influences,16 clustering of parti-
cles, deposition in large airway walls, and a distribution
exclusively dependent on convection. The technique
used in the current study is based on kinetic behavior of
13NN, a gas that undergoes diffusive and convective
transport as other respired gases. Thus, injecting this gas
intravenously and following its transport from the pul-
monary vasculature to the alveoli and its subsequent
ventilatory elimination should represent more accurately
the regional transport of respiratory gases.

Substantial systemic acidosis and hypercapnia were
present after embolization in our series of experiments.
It could be speculated that these also influence the
pneumoconstrictive response. Consistent with this hy-
pothesis was the finding that the increase in washout
rate from perfused areas caused by PE was correlated
with the systemic blood pH after embolism. The greater
the degree of acidosis, the lesser the redistribution of
sV̇A,p toward perfused regions. More research is needed
to characterize the modulation of the regional ventila-
tory response to PE by the acid-base state.

Despite the substantial (approximately 50%) ventila-
tory increase in perfused regions, its extent was not
entirely equivalent to the changes in Q̇r created by PE,
and thus it was not enough to preserve V̇A/Q̇ matching
(fig. 1). Increases in V̇A/Q̇ heterogeneity during PE have
been previously reported.11,21 The magnitude of the
regional response necessary to produce the average 57%
increase in ventilation of perfused images in our ex-
periments can be roughly estimated if it is considered
that: (1) total minute ventilation was not changed
during the experiment; (2) before PE, specific venti-
lation was equal in regions that became perfused or
embolized after PE; and (3) the regional volume of
embolized regions was approximately 65% of the total
lung volume. In this case, it can be shown that the
ratio of specific ventilations of perfused to embolized
regions would approximate 2.2. Thus, our study sug-
gests that, in this model of acute PE with autologous
blood clots, PE elicits a change in regional specific
ventilation in embolized and perfused areas from ini-
tially equal values to values differing by approximately

100%. Such redistribution of specific regional ventilation
improves V̇A/Q̇ matching after severe PE.

Spatial Correlation of Ventilation and
Perfusion Data.
Previous work from our group for a single-slice PET

camera in dogs revealed significant correlation of re-
gional volume and regional ventilation with perfusion
while in the prone position.8 Our results in the control
condition confirm such observations in prone sheep in
the used multiring PET camera.

As expected, the spatial correlation between regional
perfusion before and after PE was very low given the
severity of the pulmonary vasculature obstruction in our
model. With this degree of obstruction of the pulmonary
vessels, areas of both high and low perfusion before PE
were obstructed after PE. One could have expected that
regions of higher perfusion could have received the
majority of the emboli. However, given the incremental
mode of injection of the emboli during up to 1 h, areas
of initial low flow could have become areas of increased
flow after obstruction of other pulmonary vessels.

High degree of spatial correlation between perfusion
and gas volume at control conditions represents higher
blood flow to areas of greater gas content. A decrease of
this correlation was observed after PE in the regions that
remained perfused. Given that Vr changed less than Q̇r,
the reduction in the spatial correlation between Q̇r and
Vr reflects primarily the increased heterogeneity in the
distribution of perfusion caused by vascular obstruction.

Spatial correlation of V̇A,p with Q̇r also tended to de-
crease after PE. This reduction was observed despite the
demonstrated increase in regional specific ventilation of
perfused areas. Such finding reveals the incomplete ca-
pacity of regional controlling mechanisms of ventilation
distribution to compensate for the severe heterogeneity
of perfusion distribution induced in this model of PE.
The degree of compensation when less dramatic
changes are present is not apparent from this study and
deserves further investigation. It is conceivable that in
situations of less severe changes, less blunting of com-
pensatory mechanisms would occur and higher spatial
correlation between local ventilation and perfusion
would be maintained.

Modeling of Contribution of Embolized Areas to
Tracer Washout
An alternative mechanism for the increased washout of

injected tracer from perfused regions after PE is the
common dead-space effect. Tracer-free gas from embo-
lized regions would mix through the common dead
space with tracer-containing gas originated from perfused
areas. This mechanism would result in effective dilution of
the 13NN tracer in the perfused areas along the washout
without changes in tidal ventilation of these areas. The

679REGIONAL VENTILATION AFTER PULMONARY EMBOLISM

Anesthesiology, V 97, No 3, Sep 2002

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/97/3/671/336570/0000542-200209000-00022.pdf by guest on 10 April 2024



mechanism has been examined previously as related to gas
exchange and steady state PET measurements.22,23

To evaluate the effect of mixing by a common dead
space, we simulated the washout of a tracer with com-
partment models (Appendix). The models were chosen
to evaluate the effect of a common dead space at a
regional or global level. They are not an anatomic de-
scription of the lungs but a theoretical formulation that
allows for the evaluation of the expected regional and
global dead space on 13NN gas kinetics. The simulations
indicated that, even in the absence of changes in re-
gional bulk flow, an increase in regional washout of
tracer containing areas could be observed. However, the
magnitude of this effect is significantly smaller than that
observed in our experiments, suggesting that additional
redistribution of regional ventilation had to be present to
explain the measured changes in sV̇A,p.

In summary, we showed that an increase in regional
specific ventilation to perfused regions occurs after se-
vere PE with cylindrical 7-mm diameter by 7-mm length
autologous clots in mechanically ventilated, anesthetized
sheep. This increase in local ventilation leads to im-
proved gas exchange as compared with an otherwise
unchanged ventilation distribution by improving match-
ing of ventilation to perfusion.

The authors thank Steven B. Weise (Senior Research Technologist, PET Imag-
ing Laboratory, Massachusetts General Hospital) for his expert support in the
acquisition of images.
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Appendix

Modeling the Contribution of Embolized Areas to
Tracer Washout: Effect of Parallel Dead Space
We used two simple models of ventilation washout to evaluate the

contribution of embolized areas to the washout of injected tracer: a
two-compartment model and a four-compartment model distributed as
two groups of two regions (fig. 7).

The two-compartment model was conceptualized as two units, A
and B, representing the perfused and embolized areas after PE, respec-
tively (fig. 7A). These regions were connected to a common dead
space (VD). Washout of a tracer from these regions was described as:

FA�i� �
FA�i � 1� � VA � FD�i � 1� � VD�fv

VA � fv��VD � V�A�
(A1)

FB�i� �
FB�i � 1� � VB � FD�i � 1� � VD � �1 � fv�

VB � �1 � fv� � �VD � V�A�
(A2)

where Fx(i) � fraction of tracer in compartment x (A or B) at end of
breath i, VA � volume of compartment A at end expiration, VB �
volume of compartment B at end expiration, VD � volume of common
dead space, fv � fraction of ventilation received by compartment A,
and V’A � portion of inspired volume free of tracer gas.

The four-compartment model was used to study the effect of divid-
ing the total serial dead space into a regional and a global common
dead space (fig. 7B). The model was devised as two regions, A and B,
with a common dead space (VD). Each region contained two compart-
ments (A1, A2, and B1, B2) with local dead space VDA and VDB.
Compartment A1 represented the perfused regions after PE, i.e., re-
gions filled with tracer gas at the beginning of the washout. Compart-
ment A2 represented the embolized areas within the same region of
A1, thus with same regional and common dead space. Compartments
B1 and B2 were embolized areas sharing the same common dead space
(VD). Embolized areas were simulated as tracer free at the beginning of
the washout. Total functional residual capacity (FRC) and inspired
dead-space volumes were distributed to the compartments assuming
that a fraction � was assigned to compartment A1 and a fraction
(1 � �)/3 was assigned to A2, B1, and B2.

The following equations describe the washout of a tracer from each
compartment:
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FA1�i� �
FA1�i � 1� � VA1 � FD�i � 1� � VD � � � FDA�i � 1� � VDA � �

VA1 � � � �VD � VDA � V�A�
(A3)

FA2�i�

�
FA2�i � 1� � VA2 � FD�i � 1� � VD � �1 � ��/3 � FDA�i � 1� � VDA � �1 � ��/3

VA2 � �VD � VDA � V�A� � �1 � ��/3

(A4)

FB1�i� � FB2�i�

�
FB1�i � 1� � VB1 � FD�i � 1� � VD � �1 � ��/3 � FDB�i � 1� � VDB��1 � ��/3

VB1 � �VD � VDA � V�A� � �1 � ��/3

(A5)

FVD�i� � FA1�i� � � � �FA2�i� � 2 � FB1�i�� � �1 � ��/3 (A6)

FVDA�i� �
FA1�i� � � � FA2�i� � �1 � ��/3

�� � �1 � ��/3�
(A7)

FVDB�i� � FB1�i� (A8)

where Fx(i) � fraction of tracer in compartment x at end of breath
i, VD � volume of common dead space, VDA � volume of regional dead
space for compartments A1 and A2, VDB � volume of regional dead-
space for compartments B1 and B2, VA1 � volume of compartment A1
at end expiration � � · FRC, VA2 � VB1 � VB2 � volume of the respective
compartments A2, B1, and B2 at end expiration � (1 � �)/3 · FRC, and
V’A � portion of the inspired volume free of tracer. If VT � inspired
volume, V’A � VT � (VD 	 VDA 	 VDB); � � fraction of perfused region.

Input data for the model was derived from tidal volumes and respi-
ratory rates used during the experiments, and sheep dead space was
estimated from previous regression equations.24 Simulations assumed a
respiratory rate of 12 breaths/min and FRC � 1,000 ml. The following

effects were studied using the values presented in table 2: (1) parallel
dead-space (FBo � 0) with homogeneous ventilation/volume distribu-
tion; (2) parallel dead space (FA2 � 0 and FBo � 0) with division of the
total serial dead space into a regional and a global common dead space;
(3) reduction of the common dead space with parallel dead space and
homogeneous ventilation/volume distribution; and (4) heterogeneous
ventilation/volume distribution with increased ventilation toward the
tracer-containing areas. sV̇A computed from each of these conditions
could be compared with the situation of homogeneous ventilation/
volume distribution and equal initial concentration of tracer in regions
A and B (table 2).

The simulations indicated that presence of a tracer-free area in
parallel with a tracer-containing region promoted an increased wash-
out of the tracer-containing region (table 2). The specific ventilation of
compartment A (sV̇A) increased by 18% because of the presence of the
tracer-free region B. Partition of the total dead space into a global
common dead space and regional dead spaces had the effect of reduc-
ing that value from 18 to 10% as compared with a global dead space
with the same volume of the added regional and global VDs. Superim-
position of a ventilation/volume heterogeneity increasing ventilation to
the tracer containing area by 57% increased sV̇A from 0.0158 to 0.0262
(66%). Reduction of the common dead space (VD) with consequent
reduced mixing of the parallel compartments reduced sV̇A. The total
effect measured in our experimental washout curves (average increase
in sV̇A,p of 57%) was more than three times larger than the largest effect
obtained in these simulations for the exclusive effect of a parallel dead
space (FBo � 0). It would be expected that in the experiments larger
regional dead-space effect would be present, and thus the maximum
effect of a parallel dead space would be smaller that the 18% increase
in sV̇A,p. As expected, significant increase in the washout rate during
the simulations was observed when an increase in specific ventilation
was introduced in the tracer containing regions. Such results suggest
that additional factors (increased regional ventilation of perfused areas
after PE caused by impedance changes in embolized areas) should be
present to explain the observed increase of regional specific ventila-
tion in areas remaining perfused after PE.

Table 2. Conditions Studied in the Simulations of Tracer
Washout with the Two- and Four-compartment Models and
Derived Specific Ventilation of the Tracer-containing
Compartment (A or A1) Computed from the Three First
Points of the Washout Curve

Condition fv
VD
(ml)

VDA
(ml)

VT
(ml) FBo

sV̇A

(s)

2-C homogeneous
V̇/V, equal initial
concentration

0.35 50 — 250 1 0.0158

2-C homogeneous V̇/V 0.35 50 — 250 0 0.0187
4-C homogeneous V̇/V 0.35 30 10 250 0 0.0174
2-C homogeneous

V̇/V small VD

0.35 5 — 205 0 0.0161

2-C heterogeneous V̇/V 0.55 50 — 250 0 0.0262

fv � fraction of ventilation to compartment A or A1; VD � volume of common
dead space; VDA � VDB � volume of regional dead space; VT � tidal volume;
FBo � initial concentrations in compartment B and A2; sV̇A � derived specific
ventilation; 2-C � two-compartment model; V̇/V � ventilation/volume; 4-C �
four-compartment model; � � fraction of FRC to compartment A or A1 �
0.35; FAo and FA1o � initial concentrations in compartments A and A1 � 1.

Fig. 7. Compartment models for analysis of dead-space effect in
tracer washout. (A) Two-compartment model: A represents the
tracer-containing perfused region and B the tracer-free emboli-
zed region at the beginning of the washout. (B) Four-compart-
ment model: A1 represents the perfused compartment that re-
ceives tracer and A2, B1, and B2 the tracer-free embolized
regions. V̇ � minute ventilation; VD � volume of common dead
space; VDA � volume of regional dead space for compartments
A1 and A2; VDB � volume of regional dead space for compart-
ments B1 and B2.
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