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ABSTRACT

Pulmonary edema is the result of an in-
creased transpulmonary flux of water and solute
and a concomitant insufficiency of lung lymphatic
drainage. Although this pathogenetic concept
seems well-established, the microcirculatory de-
tails of pulmonary edema formation and its ulti-
mate resolution are still poorly understood. For
example, how do regional changes in pulmonary
blood flow affect the resolution of pulmonary
edema, and in turn, how do they affect pulmo-
nary gas exchange? When does vascular
permeability return to normal after acute lung
injury? Is the severity of the permeability defect
related to prognosis, and can therapy hasten
either the resolution of altered permeability or the
accumulation of extravascular lung water? These
and similar questions are approachable with
positron emission tomography (PET) and are
outlined in this brief review.

INTRODUCTION

Technological limitations have often
been a major impediment to the study of
acute respiratory failure. Radiopharma-
ceuticals and external radiation counting
techniques have often been useful, but the
inability to make accurate, quantitative re-
gional measurements in the presence of sig-
nificant lung disease has hampered progress.
The development of positron emission to-

mography (PET) (1,2) is an important
technological step forward in this regard.
Despite extensive use in other medical dis-
ciplines (neurology and cardiology) (3-5),
PET’s application to pulmonary disorders
is just beginning, but already it appears
extremely promising.

TECHNOLOGY AND
METHODOLOGY

Conventional nuclear medicine imag-
ing depends upon the external detection of
radiation produced by radionuclides which
emit single gamma photons. The quantita-
tive interpretation of such data, however, is
limited by shortcomings common to single
photon detection systems. The most trou-
blesome is the variable degree of attenua-
tion (i.e., absorbed or scattered radiation)
that occur between the site of the decay
event and the detector. This attentuation is
a complex function of photon energy, na-
ture of the tissue, and the distance between
the event and the detector. Although single
photon emission computed tomography
(SPECT) (6,7) improves the regional
localization of where detected events have
occurred, it does not add substantially
to the quantitative accuracy of the regional
radioactivity measurement.

The unique property of some nuclides
to decay by positron emission, together with
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a novel approach to radiation detection (co-
incidence counting) has provided an ap-
proach that minimizes the problem of
variable attenuation (8-10). After sufficient
numbers of coincidence events have been
detected and recorded, a distribution of ra-
dioactivity can be reconstructed from the
data, and displayed tomographically using
mathematical approaches identical to those
adopted for conventional x-ray computed
tomography. The physiologic meaning of this
spatial distribution, however, requires an
appropriate mathematical model that accu-
rately describes the physiologic process in
question. Thus, positron emission tomogra-
phy (PET) requires 3 basic components to
produce an image which is a valid, quan-
titative representation of some physiologic
process: 1) a radiopharmaceutical labeled
with a positron-emitting nuclide, 2) a de-
vice that accurately measures the regional
radioactivity emitted by this radionuclide,
and 3) a mathematical model that converts
the quantitative measurement of regional
radioactivity into an estimate of some
physiologic variable.

Positron-emitting radiopharmaceuticals

All the nuclides used in PET studies
decay by the same process: positron emis-
sion (1). As a result, a particle with the
mass of an electron but a positive (instead
of negative) charge is emitted from the iso-
tope’s nucleus. The positron travels 2-5mm
before interacting with an electron (the ac-
tual distance is related to the energy of the
emitted positron). The result of this inter-
action is the annihilation of each particle
and the consequent emission of two 511 keV
photons traveling nearly 180° apart from
one another (the slight difference being due
to the angular momentum of the positron
versus the electron). These two photons
easily penetrate body tissue and accordingly
they can be recorded by detectors placed on
opposite sides of the body.

Positron-emitting radionuclides com-
monly used in PET studies include isotopes
carbon-11, nitrogen-13, and oxygen-15, ele-
ments which are naturally present in the
body (11-14). Although the short half-life
(2-21 min) of these isotopes often necessi-
tates “on-site” cyclotron production, it also

provides a unique opportunity to perform
sequential studies without excessive
absorbed radiation. The diversity of radio-
pharmaceuticals which can be prepared
with these three nuclides is primarily
limited by time constraints in chemical
synthesis imposed by the short half-life

of the particular nuclide.

Gallium-68 has also been used for pul-
monary studies (see below). It differs from
the other nuclides in two unique respects:
1) it is a metallic element, not natural
to the body, and 2) it is generator-, not
cyclotron-produced.

Positron-emission detection systems

Photons emitted after annihilation of
the positron with an electron may be re-
corded by detectors placed 180° apart from
one another (Fig 1) (8,9). Localization of
this event in space is achieved by connect-
ing each detector pair electronically and
recording the event only if each detector
registers the event within a brief timing
“window” (typically < 10-20 nanosec). The
value for this window varies with the detec-
tor material. Each “coincidence” detection
signifies that “annihilation” occurred at
some point between the detector pair. Sin-
gle, unpaired events registered at either de-
tector are not recorded. This electronic
coincidence provides collimation which is
typically 100 times more efficient than that
provided by lead shielding in conventional
single photon detection systems (2). Fur-
thermore, uniform spatial resolution is
achieved since the sensitivity of the detec-
tors is unrelated to the position of the radia-
tion source between them.

By chance, single photons from dif-
ferent annihilation events may also be regis-
tered within the timing window at each
detector in the pair (Fig. 1). The proportion
of such “random” coincidences to “true”
coincidences is a function of both the dura-
tion of the timing window and the total
amount of activity. Including these “ran-
doms” in the data used to eventually con-
struct the PET image degrades the accuracy
of the regional activity measurements (i.e.,
decreases the signal-to-noise ratio). Newer
generation detection systems are capable of
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actually recording the time delay between
the two photons arriving at the detector
pair (so-called “time of flight” information)
(15). This additional data helps locate
where the event occurred between the
detectors, and thus reduces the statistical
noise that such random coincidence events
contribute to the processed image.

Detector
A& Field of View

W

’

Fig. 1. Schematic representation of cross-section
through the chest. Solid circles represent site of anni-
hilation events due to interaction of a positron with an
electron and arrows represent emitted gamma photons.
Photons arriving from event A are detected within an
allowable *‘coincidence window” and this data (*‘true”
coincidence) is then used in late image reconstruction.
Events B (one attenuated photon) and C (single pho-
ton detection only) are not recorded by the detector
pair, and thus are excluded from use during image re-
construction. However, if events B and C emit pho-
tons and by chance arrive at the detector pair within
the allowable coincidence window, they could be used
for image reconstruction even though they represent
more than one event (‘‘random’’ coincidence). This
capability is true even if individual events occur outside
the detector field of view.

The PET imaging device itself consists
of multiple detector pairs, usually arranged
in circular fashion. The number of rings of
such detectors determines the number of to-
mographic slices, and detector dimensions
determine slice width, detector resolution,
and absorption efficiency. All recorded true
coincidence events for each detector pair
are used to create the tomographic image,
using the same filtered back projection
technique employed in conventional x-ray
computer tomography. The final resultis a
reconstructed image which is an accurate
quantitative representation of regional
tissue radioactivity. Devices currently in
use at Washington University include the
PETT-VI and the SUPER PETT-I scanners

Detector
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(16-18). PETT-VI consists of 4 rings of 72
detectors each. The field-of-view diameter
is 27cm. Direct plane and cross plane coin-
cidence lines are recorded to yield 7 simul-
taneous slices with a center-to-center
spacing of 1.44cm. Cesium fluoride crystals
are used as the scintillation detectors. In
the “low-resolution”” mode, the in-plane
physical resolution is L.I7cm (full width,
half maximum) at the center. Slice thick-
ness is 1.39cm for direct slices and 0.97cm
for cross slices. Design characteristics

for SUPER-PETT I have also been
reported (18).

Mathematical models used in PET studies

Although some information may be
obtained by analyzing the relative distribu-
tion of radioactivity within a PET image,
more useful information is achieved by con-
verting this activity data into units of the
physiologic variable of interest. This con-
version requires a mathematical model.
Such models may be mathematically simple
(e.g., as used in the measurement of region-
al blood volume) (19) or of considerable
complexity {as in the measurement of tissue
glucose metabolism) (20). Nonetheless, the
data ultimately obtained is only as accurate
as the model used in its calculation. This
feature holds true regardless of how good
PET itself is for making accurate measure-
ments of regional tissue radioactivity. The
power of PET techniques therefore depends
on the accuracy with which the model re-
presents the relevant physiology. Without
this model, PET is simply another form of
tomographic imaging; with it, however,
PET becomes a powerful analytical tool for
studying in vivo physiology repetitively and
noninvasively.

PULMONARY MEASUREMENTS
WITH PET

General considerations

Three problems are of special impor-
tance in analyzing pulmonary PET data.
The first is partial-volume averaging (21):
the measurement of radioactivity in any
given region of a reconstructed PET image
represents not only activity within that re-
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gion, but also some portion of the activity
within surrounding regions as well. The
magnitude of this effect depends on
positron range, scanner resolution, and the
true distribution of the radioactivity. The
effect is greatest when heterogeneity of re-
gional tissue activity is broadest. With re-
spect to lung studies, the partial-volume
averaging effect is likely to be most impor-
tant for regions near the heart, large vessels
(such as the aorta or vena cava), or chest
wall.

A related problem is that created by
respiratory motion. In effect, the movement
of structures with heterogeneous activity in
and out of a region of interest during a scan
creates artifact comparable to partial-vol-
ume averaging. This problem is greatest for
scans of long duration, taken during ven-
tilation with large tidal volumes, in areas
where tissue activity is most heterogeneous.
Although preliminary data seem to indi-

w

PBF-WATER [m1/min/ml lung)

PBF-MS (m1/min/m] lung)

Fig. 2. Correlation plot of regionally measured pulmo-
nary blood flow using Ga-68 microspheres (PBF-MS)
versus blood flow measured with the 0-15 water tech-
nique (PBF-water). Data are from 126 vegions ob-
tained in 12 dogs. The regression equation for the line
shown is PBF-water = 0.89 (PBF-MS) + 056 (r =
0972). When considering only points below 3 ml/min/
ml lung, the slope of the regression (not shown) im-
proves considerably (PBF-water = 098 (PBF-MS) —
014, r = 096.

cate that this issue is manageable in experi-
mental studies (19), its importance in a
more general sense is not yet known. Newer
generation scanners which allow respiratory
gating may resolve this problem.

Finally, a potential shortcoming
unique to pulmonary studies is that of data
expression (19,22,23). PET data are ex-
pressed in terms of lung volume (usually m}/
lung). Thus the value of PET measurement
may change because either a true change in
the variable being studied occurred, or be-
cause a change in regional inflation (i.e.,
lung volume) developed. Although no sim-
ple solution has been developed, interpreta-
tion is often facilitated by normalizing the
PET data (or at least comparing it) to other
regional data obtained by PET (e.g., tissue
density to blood volume) (19,22,24).

Pulmonary blood flow
Studying the distribution of pulmonary

Fig. 3. Single slice image of a dog chest from a trans-
mission scan used to correct subsequent emission scans
for undetected radiation lost to absorption or scatter.
The image is analogous to conventional x-ray com-
puted tomographic imaging, except for poorer spatial
resolution and less distinction between bone and soft
tissue. Attenuation values assigned to each pixel have
been scaled to units of density (gm/ml) after establish-
ing a linear correlation between the known densities of
a variety of phantoms and the arbitrary attenuation
numbers obtained during scanning. The slice is from a
position approximately 2cm above the diaphragm. The
animal was supine and the right side of the image is the
right side of the animal. IVC = inferior vena cava.
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Fig. 4. Left side: Transverse tomographic slices of pulmonary blood flow (PBF) from one animal before (A) and
after (B) ventilating the left lower lobe with 100% nitrogen. Scales at the right of each figure represent PBF in ml/
min/ml lung. Note the reduction of blood flow in the hypoxic left lung with little or no change in the normoxic
lung. Right side: Similar tomographic slices of PBF from another animal before (C) and after (D) oleic acid admin-
istration into the left lower lobe. Once again PBF decreases in the affected lung with little or no change on the
unaffected side.

= 19 L]

Fig. 5. Transverse tomographic images from one normal human subject showing topographic distribution of density
(upper left), total lung water (upper right), intravascular lung water (lower right) and extravascular lung water
(lower left). Scale of density in gm/100ml lung. All other scales in ml H,O/100ml lung. Values for extravascular
lung water in selected regions are also shown in the lower left panel. Orientation of the image is reversed from Fig.
3, i.e., right side of the image is left side of the subject.
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blood flow (PBF) during acute respiratory
failure is difficult because most techniques
are not quantitative, repeatable, or region-
al. The traditional use of radiolabeled mi-
crospheres (or macroaggregates) in vivo is
probably the “gold standard” for determin-
ing regional PBF, but accurate quantitative
regional information is obtained only by re-
moving the lung and processing individual
tissue samples, an approach which is cum-
bersome experimentally and unsuitable
clinically.

We have described an alternative ap-
proach using PET and 0-15 labeled water.
The method is based on autoradiography as
originally described by Kety and colleagues
(25,26), and modified for PET by
Herscovitch and Raichle (27,28). PET data
are interpreted with a one-compartment
mathematical model in which the tracer is
assumed to enter lung tissue via incoming
blood, to distribute freely through vascular
and extravascular areas, and to exit at a
concentration equal to the tissue con-
centration divided by the tissue-blood equi-
librium partition co-efficient for the tracer.
The measurement itself requires a 15 second
PET scan obtained during a 20 second con-
stant infusion of 0-15 water into a central
vein, followed by a 5 min scan obtained 4
min after isotope administration. The latter
scan is used to estimate the regional tissue-
blood partition coefficient for water (22).

The initial distribution of the 0-15 wa-
ter tracer is directly related to regional PBF,
but actual quantitation also requires mea-
surement of the time-activity curve of blood
perfusing the lung (22). This is obtained by
simultaneous sampling of pulmonary ar-
terial blood during the PET scan via an ap-
propriately positioned indwelling catheter.

When compared to standard micro-
sphere methods, this technique for measur-
ing regional PBF is accurate over a
reasonable range of blood flows (Fig 2). Re-
producibility is also acceptable (coefficient
of variation <14% for regions approx-
imately 0.9ml in volume). Besides accurate
regional PBF measurements in vivo, this ap-
proach also allows rapid repeated measure-
ments because the half-life of 0-15 is short
(2.05 min). PBF measurements are made be-

fore and after a given intervention, or tem-
porally close to some other measurement
made with PET (e.g., lung water).

Several important limitations of this
technique are apparent, however. First, a
large amount of data, representing tissue ac-
tivity measurements, must be collected over
a brief period of time. Therefore, the tech-
nique is limited to scanners capable of accu-
rately recording data at very high counting
rates. Second, quantitation at present de-
pends on blood sampling of pulmonary ar-
terial blood, making the technique less
desirable as a clinical tool. Third, the rela-
tionship between PBF and measurements of
regional tissue activity is non-linear at
blood flows much above normal (22). At
high blood flows, small errors in the tissue
activity measurement result in relatively
large changes in calculated PBF. Fourth,
the calculation of PBF is strongly influenced
by the local value for the partition coeffi-
cient (22), so that errors are greatest in low-
density regions of the lung. Thus, the PET
measurement of regional PBF, based on the
autoradiographic approach with 0-15 la-
beled water, is most likely misleading in
low-density regions with high blood flow.
Nonetheless, the technique theoretically is
ideal for studying lung injury, since much of
the pathophysiologic change of lung injury
occurs in high-density areas of lung with re-
gional decreases in PBF. On the other
hand, the technique is less useful with high
pulmonary blood flows as in exercise phys-
iology, although in this situation it may be
possible to measure PBF with microspheres
labeled with a positron-emitter. PBF has al-
ready been measured by PET in several
studies of regional hypoxic pulmonary vas-
oconstriction and acute lung injury (29,30)
and examples of scans from such experi-
ments are shown in Figs. 3 and 4. Because
this technique still requires sampling of pul-
monary arterial blood, it is not yet readily
applicable to human studies, but suggested
modification in this regard are underway

(22).
Extravascular lung water (EVLW)

Measurement of EVLW is feasible with
PET by subtracting the intravascular water
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Fig. 6. Lung compartments as defined by mean PET
measurements obtained in 6 dogs. EVS = extravascu-
lar space; IVS = intravascular space; EVLW = ex-
travascular lung water; IVW = intravascular water;
TLW = total lung water; TLD = total lung density;
FRC = functional residual capacity.

content of a region (IVW) from the total
lung water content of that same region
(TLW) (19). The intravascular component
is measured by scanning the subject at least
2 min after an inhalation of 1’O-labeled
carbon monoxide, a gas that avidly binds to
hemoglobin. [VW is calculated by referenc-
ing the radioactivity in a given lung region
to activity in blood samples taken during
the scan. A similar procedure is used to
measure TLW, except the scan is obtained
after equilibrium of a bolus infusion of 0-15
labeled water. This measurement may be
done at the same time the partition coeffi-
cient is determined during regional PBF
measurements with PET (19,22). The extra-
vascular water content of a region (EVLW),
then, simply reduces to subtraction of [IVW
from TLW (Fig 5). Alternatively, a con-
stant infusion of ’O-water (31), or l'C- in-
stead of 1°O-labeled CO (24), or density
instead of TLW measurements have also
been utilized (24). If density, water and
blood volume measurements are combined,
mean values for the various lung compart-
ments can be defined (Fig 6). Recent studies
in whole animals suggest that PET provides
measurements of EVLW with acceptable ac-
curacy in both normal and edematous lung
(Figs. 6 and 7) and is sensitive to small
changes in EVLW after physiologic inter-
vention (23). To date, values obtained in
humans are comparable to those obtained
in experimental animals (32-35).

04r

EVLW-PET {ml H,0/ml Lung)

1
0 02 0.4 0.6
EVIW-GRAV (ml Hy0/ml Lung)
Fig 7. Correlation of regional EVLW determined by

PET to EVLW determined by gravimetric techniques,
as explaimed in reference 26. The regression equation

for the solid line is EVLW-PET = 093 (EVLW-grav)

— 0.02 for 38 samples obtained from 8 dogs (r =
093).

Pulmonary vascular permeability (PVP)

Although PET may measure accumula-
tion of EVLW during pulmonary edema, the
pathogenesis of this edema requires further
clarification. Pulmonary edema is usually
classified as either “cardiogenic” or “non-
cardiogenic”. Often, the phenomenon of
“increased permeability” pulmonary edema
is made by inference; when pulmonary
edema develops in the setting of normal hy-
drostatic pressure (estimated from pulmo-
nary artery wedge pressure) its pathogenesis
is ascribed to a non-cardiogenic origin.
This distinction, however, ignores that pul-
monary edema may arise simultaneously
from both cardiac and non-cardiac sources,
that therapy itself may alter hydrostatic
pressure, or that the “permeability defect”
encompasses a wide range of severity that is
estimable only by direct measurement.

Recently, we developed a method of
evaluating PVP by adapting a technique of
Gorin et al (36) for measuring the flux of a
radiolabeled protein across the pulmonary
endothelium by external radiation detec-
tion. Gorin et al validated this technique
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Fig. 8. Upper half: EVLW images on all 7 slices before (first row) and after (second row) oleic acid injected into the
right lower lobe. The orientation of each image is the same as in Fig. 3. Lower half: Enlargements of slice 4 show-
ing regional increases in EVLW in the right lower lobe. The image in the lower left was obtained prior to and that
in the lower right after oleic acid. EVLW in each scan slice has been scaled to a maximum (MAX) value of 0.6ml
water/ml lung. The circular object in the upper portion of each scan slice is a transverse section through the heart.

Fig. 9. Upper left: Single transverse tomographic slice of a transmission scan from a normal human volunteer. Color
scale and orientation as in Fig. 5. Upper right: PTCER image obtained in the same slice of the normal volunteer.
Color scale in units of 1074 min~!. Lower left: Transmission image from a patient with ARDS. Note the increase in
tissue density, compared with the normal volunteer. Lower right: PTCER image obtained in the same slice of the
ARDS patient. Note the marked increase in PTCER compared with the normal volunteer.
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by comparing the calculated index of vascu-
lar permeability with direct measurements
of protein flux into lung lymph in sheep; la-
ter on, the method was adapted to humans

7).

With PET adaptation (38), Ga-68 cit-
rate is administered intravenously. The
(Ga-68 rapidly dissociates from the citrate
and binds tightly to native transferrin.
Rapid equilibration within the intravascular
blood pool is followed by a slow egress of
this protein macromolecule from blood into
the extravascular space, including that of
the lung. The time required for equilibra-
tion between intra- and extravascular spaces
depends on both the local capillary endo-
thelial permeability to that protein, and the
surface area available for exchange. If both
the plasma time-activity curve (from direct
blood sampling) and the local extravascular
tissue time-activity curve {from PET scan-
ning) are known, a protein permeability-
surface area product can be calculated.
Gorin termed this rate constant the pulmo-
nary transvascular capillary escape rate
(PTCER), after normalizing it for regional
values of pulmonary plasma volume. The
purpose of this normalization is to adjust
the measurement for regional differences in
surface area available for protein transport.

In experimental animals, after oleic
acid induced injury limited to the left lower
lobe, we estimated PTCER to be 49 + 18 in
normal lung tissue and 485 = 114 10—+
min—! in injured lung, findings that per-
sisted for 4 hrs. Values recently obtained in
normal human subjects and in patients with
adult respiratory distress syndrome showed
similar differences between normal and ab-
normal lung parenchyma (Fig. 9). Although
diffuse infiltrates persisted radiographically,
and the patients still required mechanical
ventilatory support with positive end-ex-
piratory pressure, notable clinical improve-
ment had occurred at the time of the PET
study. Nevertheless, PTCER was still abnor-
mally elevated, indicating how much more
needs to be learned about the natural histo-
ry of the permeability defect after lung
injury.

Other pulmonary measurements

PET has also been used to measure re-

33

gional ventilation and regional ventilation-
to-perfusion ratios (39-46). An exciting
possibility is that PET may be able to evalu-
ate pulmonary metabolism non-invasively
(47). Lung studies may include glucose
metabolism, receptor physiology, and lung
amine uptake and clearance function. The
techniques for performing these measure-
ments are still only in the earliest stage of
development, validation, and application.
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