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Redistribution of pulmonary blood flow (PBF) away from edem-
atous regions of the lung is characteristic of experimental acute
lung injury (ALI), helping to preserve ventilation–perfusion
matching and gas exchange. The purpose of this study was to
determine if such perfusion redistribution occurs in acute pul-
monary edema in humans. Methods: We measured the regional
distribution of lung water concentration (LWC) and PBF with
PET in 9 patients with ALI, 7 patients with non-ALI pulmonary
edema, and 7 healthy subjects. Results: The average patient
chest radiographic score was 7.5 � 2.2 (scale: 0–12, where �4
met our criterion for pulmonary edema). The mean partial pres-
sure of oxygen, arterial/fraction of inspired oxygen ratio (PaO2/
FIO2) was 192 � 78. LWC was 35 � 4 mL H2O/100 mL lung
versus 20 � 5 mL H2O/100 mL lung in the healthy subjects (P �
0.05). On average, the ventral-to-dorsal regional distribution of
PBF was similar in patients with pulmonary edema and healthy
subjects, regardless of the etiology of the pulmonary edema.
However, LWC and an index of perfusion redistribution away
from edematous lung regions, when combined, were a signifi-
cant determinant of the PaO2/FIO2 (coefficient of determination
[R2] � 0.53; P � 0.03). Conclusion: These results suggest that
hypoxic vasoconstriction is severely blunted in ALI. The perfu-
sion redistribution that does exist contributes slightly to im-
proved oxygenation during early pulmonary edema in humans.
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A defining characteristic of acute lung injury (ALI) and
the acute respiratory distress syndrome (ARDS) is severe
hypoxemia. This gas exchange abnormality is the result of
noncardiogenic pulmonary edema, atelectasis, cell infiltra-
tion and debris in the alveolar compartment, and broncho-
constriction. All of these factors affect ventilation of lung
units. However, gas exchange is ultimately determined by
the matching of regional perfusion with regional ventilation.

Unfortunately, little information is available about how
regional perfusion is affected in patients with ALI/ARDS.
In animal models of ALI, perfusion is almost always re-
duced to edematous lung regions. Thus, the regional pattern
of pulmonary blood flow (PBF) is an important determinant
of gas exchange, and interventions that alter the perfusion
pattern in response to regional edema accumulation cause
serious additional disturbances in oxygenation (1–3).

It has been recognized for some time that mild-to-mod-
erate pulmonary hypertension is frequently present during
the initial stages of ALI/ARDS (4–6). Factors contributing
to this increase in pulmonary vascular resistance include
vasoconstriction (from alveolar hypoxia or biochemical me-
diators), vascular obstruction (microthrombosis or endothe-
lial cell swelling), and vascular compression (from edema).
The relative importance of each of these factors in ALI/
ARDS is unknown. Several studies have described the na-
ture and extent of the disturbance in ventilation–perfusion
matching with the multiple inert-gas elimination technique
(7,8). However, the only direct, spatially oriented, measure-
ments of regional PBF in humans with ALI/ARDS were
obtained previously with the relatively low-resolution tech-
nique of �-scintigraphy with radiolabeled macroaggregates
and could not be correlated with simultaneous measure-
ments of the distribution of pulmonary edema (9).

PET has been used extensively in animal models to study
the relationships between regional pulmonary perfusion and
pulmonary edema (10). In this study, we used PET to better
define the relationship between regional pulmonary perfu-
sion and lung water accumulation in patients with both ALI
and non-ALI forms of pulmonary edema. We wanted to
determine whether the pattern of perfusion redistribution
regularly identified in animal models of ALI (1–3) also
occurs in humans.

MATERIALS AND METHODS

Subjects
We studied 16 patients with pulmonary edema and 7 healthy

volunteers. Patients were selected if they met radiographic criteria
for pulmonary edema, regardless of the underlying cause or the
degree of hypoxemia, and could be studied �72 h from the onset
of developing pulmonary infiltrates. Patients were excluded if they
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or their physician declined participation, if they required a fraction
of inspired oxygen (FIO2) of �0.7 to maintain an arterial saturation
of �90% by finger pulse oximetry, or if they had hemodynamic or
cardiac rhythm instability during the 6 h before scanning. Patients
were subsequently classified and analyzed as having ALI/ARDS if
they met radiographic criteria for acute pulmonary edema as just
described and had a documented clinical cause for ALI. In the
absence of an appropriate risk factor for ALI, they were classified
as non-ALI/ARDS. This classification scheme is in accord with the
American–European Consensus Conference definitions for ALI/
ARDS (11).

This study was approved by the Washington University School
of Medicine Human Studies Committee and by the Radioactive
Drug Research Committee. All patients or their families gave
informed consent.

Chest Radiographic Evaluation
We identified patients with pulmonary edema from portable

chest radiographs, using a previously reported protocol (12). Each
patient met all 3 of the following criteria: a chest radiographic
score of �4, involvement of basilar and perihilar regions bilater-
ally at a minimum, and at least 1 region on each side with a score
of �2.

To score the radiograph, each lung was divided into apical,
perihilar, lateral, and inferior regions. Each region was then eval-
uated separately on a scale of 0–3: 0 � no infiltrate, 1 � minimal
or barely perceptible infiltrate, 2 � moderate interstitial infiltrate
but without obscuration of pulmonary vessels, and 3 � extensive
confluent infiltrate with or without air bronchograms that obscured
pulmonary vessels. The highest possible score within a region was
used (e.g., the entire region did not have to be involved uniformly
to achieve a score of 3). Each lung was scored separately, and the
scores for each lung were summed. Then the total scores of each
lung were averaged. Thus, the final total score could range from 0
to 12.

PET
PET scans were obtained using an ECAT EXACT HR Plus 962

scanner (Siemens/CTI, Knoxville, TN), a 63-plane positron cam-
era with an axial sampling of 2.43 mm, isotropic resolution
4.6 mm, and a 15 � 56 cm field of view (FOV). To improve the
signal-to-noise ratio of the activity measurements, we reduced the
data to 10 slices by combining 6 original planes to form a single
transverse slice with an axial sampling of 15 mm.

PET scanning consisted of transmission and H2
15O emission

scans. The transmission scan was obtained with a linear rod source
of 68Ge/68Ga over a 15-min acquisition period. This scan was used
to correct subsequent emission data for attenuation effects and also
to provide images of lung and chest density that were used to
define regions of interest (ROIs) on the lung images. Methods
associated with using this radiopharmaceutical to measure regional
pulmonary flow and lung water in humans have been described
(13) and summarized (10).

Subjects lay in the supine position. A venous cannula was
inserted into a forearm vein for tracer infusion. Arterial blood
pressure, electrocardiography, and O2 saturation were monitored
throughout the study.

Next, approximately 1,895 MBq (50 mCi) H2
15O were injected

in 2 fractions into a forearm vein. Approximately 948 MBq (25
mCi) of activity were first injected by hand over a 10-s period.
Activity data were collected at the start of the injection for 60 s in
list mode. The distribution of this activity in the lungs is propor-
tional to the regional PBF. At the end of this period, the second
fraction of activity (�569 MBq [15 mCi] after decay) was injected
as a bolus. Then 4 min after the initial injection, a second PET data
collection was started to determine the apparent regional partition
coefficient for the tracer (necessary for calculation of PBF) (10).

Image Analysis
ROIs for the lung were drawn on the transmission images (Fig.

1). Each ROI included all lung image elements on each side of the

FIGURE 1. Sample PET images from pa-
tient PH226 (Table 1) with pulmonary
edema. (A) Transmission image. Scale is in
arbitrary units, where higher numbers indi-
cate greater attenuation of activity (i.e.,
greater tissue density). Scan is comparable
with typical CT scan, except with approxi-
mately 1/10th the spatial resolution. Scan
is used to identify lung regions (white out-
lines). (B) PBF image. Units are mL/min/
100 mL lung. (C) Lung water concentration
(LWC) image. Units are mL H2O/100 mL
lung. Normal upper limits for LWC by these
methods are approximately 25 mL H2O/
100 mL lung. Note dorsal predominance of
lung water accumulation. Also note general
concordance between regional blood flow
and lung water distributions (i.e., there is
no appreciable perfusion redistribution
away from regions of increased LWC [pul-
monary edema]).
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thorax for that image. The hila, chest wall, and diaphragm were
excluded from such regions. Typically, ROIs were drawn on 6 of
10 planes with the most lung pixels. These 6 slices were contig-
uous.

Images for PBF were processed as described (13). The list mode
data from the initial 60 s were processed into consecutive 3-s
frames. Beginning with the first frames showing a significant
increase in activity in the FOV (Fig. 2), a set of 6 consecutive
frames (18 s) was combined into a single image. This composite
image was used to calculate PBF according to the following
equation:

CPET � Ci�	T2 � T1 � 
ek1 � ek2��/PBF�, Eq. 1

where k2 � (T2 � PBF)/�, k1 � (T1 � PBF)/�, CPET is the PET-
measured regional tissue activity (cpm/100 mL lung) (cpm �
counts per minute), Ci is the input concentration of tracer in blood
perfusing the lung (cpm/100 mL blood), � is the regional tissue–
blood partition coefficient for water ([mL lung water/mL lung]/
[mL blood water/mL blood]), T1 � time of scan start (s) and T2 �
time of scan stop (s), and PBF is measured in mL/min/100 mL
lung. Note that the denominator “mL lung” in each case includes
the contents of vascular, extravascular, and alveolar (air) compart-
ments.

ROIs from the right and left lungs were defined on each trans-
mission scan. The first frames of activity after injection of H2

15O
were also used to locate and generate a right ventricular cavity
ROI. The mean value for activity within this latter region was used
to generate the input function in Equation 1. Because activity
within the right ventricle precedes activity in lung tissue regions,
the first frame used to define the input function was also defined as
the first frame to show a significant increase in activity in the right
ventricular ROI. In other words, the 6 frames used to calculate the
lung tissue activity and the 6 frames used to calculate the input
function were not always the same, but might be offset by 1 or 2
frames, depending on the delay of activity reaching the lung from
the right ventricle (Fig. 2).

The position of each region was kept in the computer memory,
and mean values for each region were obtained for all PET
measurements. To normalize the regional PBF data for differences
in cardiac output, PBF in each picture element (pixel) was ex-
pressed as a fraction of the total blood flow to the region.

To evaluate the relationship of PBF to anatomic position within
a region, the x- and y-coordinates for each pixel, along with the
respective fractional PBF values for each pixel, were recorded.
The pixel data were then sorted, first by their y-coordinate. Next,
within each value for y, the data were sorted again by their
x-coordinate. The result was a listing of the pixels by location,
beginning in the most ventral-to-medial portion of the region and
ending with the most dorsal-to-lateral portion of the region. Each
region contained approximately 400–500 pixels. Arbitrarily, the
data were divided into 20 bins that were stacked vertically in the
ventral-to-dorsal direction, so each bin contained approximately
20–25 pixels, which could then be averaged. By keeping the
number of bins per region and the number of tomographic slices
per subject constant, bin values could be averaged across subjects,
allowing comparisons between experimental groups. The mean
PBF for each region was expressed in units of mL blood/min/100
mL lung.

Statistical Methods
Data are presented as the mean � SD. Differences between

means were analyzed for statistical significance by an unpaired t
test. Relationships between variables were analyzed by standard
linear regression techniques. All statistical analyses were per-
formed with SigmaStat 2.0 (SPSS, Inc, Chicago, IL).

RESULTS

Patient characteristics are given in Table 1. Nine patients
were classified as ALI/ARDS and the remainder were clas-
sified as non-ALI/ARDS (in general, congestive heart fail-
ure, volume overload due to renal failure, and so forth). As
might be expected, the ALI/ARDS patients were treated
more often with antibiotics (P � 0.07) than the non-ALI/
ARDS patients, but the non-ALI/ARDS patients were
treated more often with aspirin (P � 0.02) and angiotensin-
converting enzyme inhibitors (P � 0.07) than the ALI/
ARDS patients. Importantly, vasodilators were not being
used by the ALI/ARDS patients at the time of the imaging
study.

In 13 (intubated) patients (in whom the FIO2 could be
measured accurately), the partial pressure of oxygen, arte-
rial/FIO2 (PaO2/FIO2) was 192 � 78. The PaO2/FIO2 of the
ALI/ARDS group alone was nearly identical (191 � 82).
The average chest radiographic score was 7.5 � 2.2 (scale:
0–12, where a score of 4 met our criterion for pulmonary
edema). The average score in the ALI/ARDS group (8.0 �
2.6) was higher than that in the non-ALI/ARDS group
(6.9 � 1.6), but this difference was not statistically signif-
icant. Four of the 16 patients eventually died during the
hospitalization, 2 in each clinical subgroup.

Although mechanical ventilatory support was not stan-
dardized in this study, the clinicians caring for these patients
followed current guidelines relating to the importance of
pressure-targeted ventilation (14). Accordingly, peak air-

FIGURE 2. Time–activity data after injection of H2
15O in pa-

tient PH226 (Table 1). Each point represents data from 3-s scan.
Arrows point to first frame used to determine beginning of
composite 18-s scan formed to estimate PBF from Equation 1.
Note delay in activity reaching lung tissue region (E) from right
ventricle (F). cps � counts per second.
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way pressures were always �30 cm H2O by the time of the
day of the imaging study, and the positive end-expiratory
pressure (PEEP) ranged between 5 and 10 cm H2O. Patients
with more severe disturbances in gas exchange requiring
even greater levels of mechanical ventilatory support gen-
erally did not meet our criteria for clinical stability for
transfer to the PET imaging facility.

Seven new healthy subjects were also studied, including
2 women (age, 28–41 y). To improve the robustness of
these normal data, the data were combined with previously
reported data from 6 other healthy subjects (13). No signif-
icant difference was found between the data from the 2
groups of healthy subjects.

The average lung water concentration (LWC) from all
regions from all patients with pulmonary edema was sig-
nificantly greater than that in healthy subjects (Fig. 3). No
significant difference was found between the 2 patient
groups. Likewise, the LWC in patients with pulmonary
edema was greater in all pixel bins along the ventral-to-
dorsal axis (Fig. 4). No significant correlation was found
between the average LWC (Fig. 3) and the chest radio-
graphic score (Table 1).

The mean PBF (proportional to cardiac output) in patients
with pulmonary edema was similar to that measured in
healthy subjects (Fig. 5). Likewise, the regional distribution
of PBF along the ventral-to-dorsal axis in patients with
pulmonary edema was within 1 SD of the spatial distribu-
tion measured in healthy subjects (Fig. 6). There was a trend
for patients with non-ALI/ARDS to have less perfusion to
dorsal (gravity dependent) lung regions than patients with
ALI/ARDS, but this difference was not statistically signif-
icant. Of the 16 patients, only 4 showed a distribution that

was outside the normal distribution shown in Figure 6 (data
not shown). Two of these patients had non-ALI/ARDS
acute pulmonary edema after missing regularly scheduled
hemodialysis (i.e., most likely consistent with volume over-
load), and 2 had pulmonary edema associated with systemic
infection (i.e., consistent with ALI/ARDS).

The relationship of perfusion distribution to lung water
distribution is shown in Figure 7 by combining the data
from Figures 4 and 6. The rightward shift in the curves from
the patient groups is the result of the increase in LWC (i.e.,
pulmonary edema). However, the distributions of perfusion
within the distribution of pulmonary edema are virtually
identical (i.e., no perfusion redistribution).

TABLE 1
Clinical Information About Patients with Pulmonary Edema

Patient ID Sex Age (y) Diagnosis PaO2/FIO2 CXR score Outcome

Non-ALI/ARDS
PH211 F 42 Chronic renal failure 141 6.5 D
PH212 F 60 Congestive heart failure NA 9.5 A
PH228 F 66 Chronic renal failure NI 4.5 A
PH229 M 63 Chronic renal failure NI 8 A
PH230 F 32 Congestive heart failure NI 5.5 A
PH233 M 40 Chronic renal failure 288 7 D
PH234 F 71 Congestive heart failure 158 7 A

ALI/ARDS
PH224 F 70 Leukemia/sepsis 102 8.5 A
PH226 F 65 Influenza, acute MI 89 5.5 A
PH232 F 78 Bilateral pneumonia 253 5 A
PH236 F 47 Leukemia/sepsis 235 4 A
PH250 F 75 Eosinophilic pneumonia 203 8.5 D
PH251 F 50 Septic cholangitis 107 10 D
PH258 M 45 Sepsis 332 9.5 A
PH259 F 60 Sepsis 232 9 A
PH271 M 42 Aspiration 168 12 A

ID � identification; PaO2/FIO2 � partial pressure of oxygen, arterial/fraction of inspired oxygen; CXR score � chest radiographic score;
D � died; NA � not available; A � alive at hospital discharge; NI � not intubated; MI � myocardial infarction.

FIGURE 3. LWC in healthy (normal) subjects (Nl Subjs) (n �
12) and patients with ALI/ARDS (ALI) (n � 9) or non-ALI/ARDS
(n � 7) pulmonary edema. *P � 0.05
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We define perfusion redistribution as a reduction in re-
gional PBF (i.e., reduced fractional PBF in a given pixel
bin) in an area of pulmonary edema. To quantify perfusion
redistribution, when and if it occurred, we summed the
fractional PBF data from the most dorsal one third of image
bins (fPBF1420) (Fig. 6) (i.e., the bins with the greatest
concentration of lung water (Fig. 4). In 12 patients with
pulmonary edema who required mechanical ventilatory sup-
port (and thus, in whom we could accurately determine the
PaO2/FIO2 at the time of PET), we determined the relation-
ship between the PaO2/FIO2 as the dependent variable and the
average LWC (Fig. 4) and fPBF1420 (Fig. 6) as the inde-

pendent variables. Both variables together contributed sig-
nificantly to the following linear regression relationship:
PaO2/FIO2 � 937  (6.6 � LWC)  (12 � fPBF1420). The
coefficient of determination (R2) was 0.53 (i.e., 53% of the

FIGURE 4. Regional distribution of LWC in healthy (normal)
subjects (Nl Subjs) and patients with ALI/ARDS (ALI) or non-ALI/
ARDS (non-ALI) pulmonary edema. Data are taken from PET
images after sorting picture elements (pixels) into bins along
ventral-to-dorsal axis. LWC in all bins from patients was signif-
icantly greater than that in healthy subjects.

FIGURE 5. Mean PBF, which is proportional to cardiac out-
put, as estimated from PET of healthy (normal) subjects (Nl
Subjs) and patients with ALI/ARDS (ALI) or non-ALI/ARDS (non-
ALI) pulmonary edema. No significant difference was found
between the 2 groups.

FIGURE 6. Regional distribution of fractional PBF in healthy
(normal) subjects and patients with pulmonary edema (ALI and
Non-ALI). Data are taken from PET images after sorting picture
elements (pixels) into bins along ventral-to-dorsal axis. PBF data
have been normalized for differences in cardiac output among
individuals by dividing value for PBF in each pixel by mean PBF for
same tomographic slice. For clarity of presentation, only mean
values for PBF in pulmonary edema patients are shown. These
values lie within �1 SD of comparable values for healthy subjects
(i.e., on average, distributions are not significantly different).

FIGURE 7. Regional distribution of fractional PBF in healthy
(normal) subjects and patients with pulmonary edema (ALI and
non-ALI) versus LWC. Data represent combination of data from
Figures 4 and 6. Each symbol represents 1 image bin. For clarity
of presentation, only mean values are shown. Rightward shift of
curves from pulmonary edema patients represents increase in
LWC (i.e., pulmonary edema). However, PBF distributions within
each LWC distribution are nearly identical (i.e., there is no
perfusion redistribution in patients with pulmonary edema com-
pared with pattern seen in healthy subjects).
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variation in PaO2/FIO2 was explained by the 2 independent
variables). P for the overall regression was 0.032; probabil-
ity values for contributions by LWC and fPBF1420 were
0.016 and 0.048, respectively.

An example of PET images from 1 patient with pulmo-
nary edema (patient PH226; Table 1) is shown in Figure 1.

DISCUSSION

The main finding of this study is that the regional pul-
monary perfusion pattern in patients with moderate-to-se-
vere pulmonary edema is not, on average, significantly
different from that measured in healthy subjects. This find-
ing is distinctly different from the pattern of perfusion
redistribution that is regularly observed in animal models of
ALI, using the same or similar techniques to evaluate PBF
and topographic perfusion patterns (2,15–17). Accordingly,
mechanisms that might maintain more normal ventilation–
perfusion matching, by redistributing blood flow away from
areas of lung edema (such as hypoxic pulmonary vasocon-
striction [HPV]), appear to be severely blunted in early
human pulmonary edema. This observation appears to be
true regardless of the underlying cause of pulmonary edema
(i.e., either ALI/ARDS or non-ALI/ARDS). However, some
small, although perhaps at times clinically significant,
amounts of perfusion redistribution may still be present
because we also found that the perfusion pattern together
with the amount of pulmonary edema is a significant deter-
minant of gas exchange. To our knowledge, these data are
the first to actually reveal the spatial distribution of PBF in
patients with pulmonary edema and its potential impact on
oxygenation.

It has been known for several decades that pulmonary
hypertension of varying severity is virtually universal in
patients with ALI/ARDS (5). Although it is generally ac-
cepted that multiple causes are responsible for the increase
in pulmonary arterial pressure, the role of HPV is of special
interest, because HPV could act as a homeostatic control
mechanism to reduce perfusion to low ventilation–perfusion
(V/Q) lung units, thereby improving gas exchange (18).
However, documenting the importance or even presence of
HPV in ALI/ARDS is not easy because the exact mecha-
nism of HPV remains unknown (6). Thus, the role of HPV
in ALI/ARDS must necessarily be evaluated inferentially.

The existing data relating to the effectiveness of HPV in
ALI/ARDS are conflicting. Zapol et al. (5) have reasoned
that, because hypoxemia per se can worsen pulmonary
pressures in ALI/ARDS, HPV is probably intact. Similarly,
numerous studies have documented that vasodilators of
various sorts cause gas exchange to deteriorate (19–21),
implying that some vasoactive mechanism that was protect-
ing gas exchange had been inhibited. On the other hand,
some vasoconstrictors are known to enhance oxygenation in
ALI/ARDS (22–24), strongly suggesting that pulmonary
vessels, at least in areas of reduced ventilation, were not
optimally vasoconstricted, possibly because of an ineffec-

tive HPV. This latter type of observation is consistent with
experimental data in animal models that suggest that HPV is
blunted in ALI (3) or is unlikely to be particularly effective
even if, nevertheless, intact (25).

None of the studies in humans has been able to directly
evaluate the regional pattern of PBF per se. In the current
study, direct measurements of regional PBF showed little
overall change from the normal pattern (Figs. 6 and 7),
despite the presence of significant increases in pulmonary
edema (Figs. 3, 4, and 7) and moderate-to-severe hypox-
emia (Table 1).

We have recently reported that the most likely mecha-
nism for perfusion redistribution in at least one commonly
used experimental model of lung injury is HPV (26). Thus,
given the lack of evidence for perfusion redistribution in
patients with pulmonary edema in our study, a reasonable
inference is that HPV, or any similar vasoactive mechanism,
is severely blunted. However, because we also found that
oxygenation was significantly dependent on the magnitude
of edema accumulation (quantified as LWC) and on an
index of perfusion redistribution (fPBF1420), some degree
of local vasoconstriction may still be present. Thus, overall,
these observations are consistent with studies cited previ-
ously of vasodilators and vasoconstrictors in ALI/ARDS
that show deleterious and salutary effects on oxygenation,
respectively. Interestingly, we found no indication that the
lack of perfusion redistribution was characteristic of pa-
tients with ALI/ARDS as opposed to other causes of pul-
monary edema. This last conclusion must be tempered by
the imprecision that unfortunately is present in making
clinical distinctions between ALI/ARDS and other causes of
pulmonary edema (27).

We know of only one previous study that actually mea-
sured regional pulmonary perfusion in patients with ALI/
ARDS per se. Pistolesi et al. (9) used classic perfusion lung
�-scintigraphy after radiolabeled albumin macroaggregates
or microsphere administration in 19 patients with ALI/
ARDS. However, only 13 patients were studied during the
initial 72 h of their illness, as in our study. Although this
study documented frequent perfusion defects, it is not pos-
sible to discern whether there was any significant perfusion
redistribution compared with the normal pattern or com-
pared with the distribution of lung water accumulation.
Furthermore, others have failed to find scintigraphic evi-
dence for perfusion redistribution during pulmonary edema
secondary to congestive heart failure (as we confirmed with
PET in this study) (28).

Our results are consistent with a recent study using the
multiple inert-gas elimination technique that showed little
change in the dispersion of PBF in patients with ALI in
response to breathing 100% oxygen, although arterial oxy-
genation did deteriorate (29). Indeed, the multiple inert-gas
elimination technique has been used in previous studies to
show the relationship between ventilation and perfusion in
ALI (7,8). These studies have shown, in general, that hy-
poxemia was predominantly due to intrapulmonary shunting
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(as opposed to perfusion to regions of very low ventilation–
perfusion ratios). Santos et al. (29) speculated that their
results were consistent with absorption atelectasis, instead
of any significant effect on HPV, and such a result would be
expected if HPV was already severely blunted and perfusion
redistribution was not present. However, from a study of the
ventilation–perfusion distributions alone, it is impossible to
know whether changes in regional perfusion (redistribution)
occurred because of improved ventilation without any
change in regional perfusion, because of a physical redis-
tribution of perfusion to better ventilated lung units, or some
combination of these 2 factors. Such conclusions require
direct measurements of regional pulmonary perfusion.

If HPV (or any other similar compensatory mechanism)
is blunted in acute pulmonary edema, what might be the
mechanism? One interesting possibility is suggested by
several recent studies from our laboratory (1,2,26). In the
oleic acid model of ALI, at least, HPV seems to be not only
intact but also quite effective in preserving gas exchange.
However, we have also found that small doses of endo-
toxin—doses that themselves have little intrinsic hemody-
namic effects—act synergistically with ALI to markedly
increase the production of prostacyclin. The net effect is a
complete ablation of HPV and a marked deterioration in
oxygenation. Whether this or a similar mechanism is oper-
ative in human forms of ALI/ARDS is unknown.

Some limitations to our study should be noted. We were
only able to study patients who were clinically stable
enough for transport to the PET imaging facility. By neces-
sity, we excluded patients with the most severe forms of
respiratory failure associated with acute pulmonary edema.
It seems unlikely to us that as patients become more ill and
gas exchange deteriorates further, we would find that per-
fusion redistribution would become more manifest as a
compensatory mechanism. Nevertheless, without being able
to make these measurements directly, we cannot be certain.

At our center, pulmonary artery catheterization is not
routinely performed for ALI/ARDS. Thus, we were not able
to correlate our observations about a pulmonary perfusion
pattern with classic measurements of hemodynamics. For
the same reason, we cannot be certain that the clinical
classification of patients into the subgroups of ALI/ARDS
and non-ALI/ARDS were the results of pure increased
permeability edema, on the one hand, and pure increased
hydrostatic pressure pulmonary edema on the other. Indeed,
overlap is common. Importantly, the patients with ALI/
ARDS were not receiving known vasodilators at the time of
the imaging study.

We also were unable to perform these studies under
conditions of standardized mechanical ventilation. How-
ever, the clinicians caring for these patients followed current
guidelines concerning pressure-targeted ventilation (11).
Accordingly, peak airway pressures were always �30 cm
H2O, and PEEP ranged between 5 and 10 cm H2O. Again,
it seems unlikely that we would have observed more per-
fusion redistribution among patients who required even

greater levels of airway pressure support because studies in
canine models of ALI show that PEEP reverses perfusion
redistribution (30).

Finally, the spatial resolution of PET and our units (bins)
for image analysis are considerably larger than the acinar
gas exchange unit. However, in animal studies, this scale of
imaging is still able to detect significant changes in the
perfusion pattern that correlate with changes in gas ex-
change (1,2). It is precisely these changes in the perfusion
pattern that were not observed in humans in the current
study and that are so striking in their difference from the
observed pattern in animals.

CONCLUSION

Our data suggest that compensatory vasoactive mecha-
nisms responsible for perfusion redistribution and the rela-
tive preservation of ventilation–perfusion matching, such as
hypoxic vasoconstriction, are severely blunted in patients
with acute pulmonary edema. Nevertheless, the perfusion
redistribution that does exist contributes slightly to im-
proved oxygenation. Pharmacologic interventions that can
further enhance this effect without increasing pulmonary
capillary pressures might be a useful new therapeutic strat-
egy in such patients.
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