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We quantified pulmonary vascular permeability with positron emission tomography (PET) and
gallium-68- (°*Ga) labeled transferrin. Six dogs with oleic acid-induced lung injury confined to
the left lower lobe, two normal human volunteers, and two patients with the adult respiratory
distress syndrome (ARDS) were evaluated. Lung tissue-activity measurements were obtained
from sequential 1-5 min PET scans collected over 60 min, after in vivo labeling of transferrin

through intravenous administration of [®*Galcitrate. Blood-activity measurements were
measured from simuitaneously obtained peripheral blood samples. A forward rate constant
describing the movement of transferrin from pulmonary vascular to extravascular
compartments, the pulmonary transcapillary escape rate (PTCER), was then calculated from
these data using a two-compartment model. In dogs, PTCER was 49 + 18 in normal lung
tissue and 485 + 114 10~* min~" in injured lung. A repeat study in these dogs 4 hr later
showed no significant change. Values in the human subjects showed similarly marked
differences between normal and abnormal lung tissue. We conclude that PET will be a useful
method of evaluating vascular permeability changes after acute lung injury.
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Tle pathogenesis of pulmonary edema is commonly
attributed to either cardiogenic or noncardiogenic
causes. During heart failure, the pulmonary capillary
hydrostatic pressure is elevated, and the convective flow
of relatively protein-poor fluid across the alveolo-cap-
illary membrane is increased. When the etiology of
pulmonary edema is noncardiogenic, the sieving prop-
erty of the pulmonary capillary endothelium is altered,
and both the flux of protein and water into the extra-
vascular space is increased. Under these circumstances,
the capillary hydrostatic pressure is usually normal.
Clinically, therefore, the diagnosis of “increased perme-
ability” pulmonary edema is generally made by infer-
ence; when pulmonary edema occurs in the setting of
normal hydrostatic pressures (estimated from pulmo-
nary artery wedge pressures), the pathogenesis is gen-
erally assumed to be noncardiogenic in origin.

This approach to diagnosis is unsatisfactory for sev-
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eral reasons. First, both the permeability to protein
macromolecules and the pulmonary wedge pressure can
be elevated at the same time. Second, therapy initiated
prior to pulmonary artery catheterization can have a
profound effect on the wedge pressure measurement,
leading to potentially spurious deductions about path-
ogenesis. Third, increases in permeability may cover a
broad spectrum of values which cannot be evaluated by
simple inferences from wedge pressure measurements.
Finally, changes in permeability prior to the onset of
clinically obvious pulmonary edema, or during the
course of its resolution, cannot be made without a direct
measurement of permeability itself. For all these rea-
sons, a quantitative measure of pulmonary vascular
permeability (PVP) would be desirable.

In 1978, Gorin et al. (/) reported a means for meas-
uring the flux of a radiolabeled protein across the pul-
monary endothelium by external radiation detection.
The technique was validated by comparing the calcu-
lated index of vascular permeability with direct meas-
urements of protein flux into lung lymph in sheep, and
later on, the method was adapted for use in humans
(2). Gorin et al. used two tracers (of different photon
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energy) injected intravenously, and a Nal scintillation
detector to measure radioactivity over a region of lung.
One tracer (**Tc-labeled autologous red blood cells)
was used as a blood-pool reference, while the other
(indium-113m transferrin) was used to follow the flux
of protein from the vascular to extravascular space.
Tissue-activity measurements were then obtained dur-
ing a 1-2 hr period, and a rate constant (referred to as
the pulmonary transcapillary escape rate for transferrin,
or PTCER) was calculated. Thus, this approach allowed
a direct, quantitative measure of PVP.

External radiation measurements can also be made
with positron emission tomography (PET). Besides the
quantitative power of PET, tomography also allows the
PTCER measurement to be displayed regionally, and
to be correlated with other PET-derived measurements
relevant to lung injury (e.g., extravascular lung water
or regional pulmonary blood flow). Therefore, in this
report, we demonstrate that Gorin’s method for meas-
uring PTCER can be successfully adapted for use with
PET. In dogs, we show that the measurement is repro-
ducible, and will distinguish normal from abnormal
areas of lung when injury is nonhomogeneous. In four
human subjects, we show that the same technique can
readily distinguish lung injured by the adult respiratory
distress syndrome (ARDS) from normal lung.

METHODS

Theory

After the i.v. injection of a radiolabeled protein such as
transferrin, rapid equilibration within the intravascular blood
pool is followed by a slow egress of the protein macromolecule
from blood into the extravascular space. The time required
for eventual equilibration between intra- and extravascular
spaces is dependent on both the local capillary endothelial
permeability to that protein, and on the surface area available
for efflux. If both the plasma time-activity and the local
extravascular time-activity curve is known, a protein perme-
ability-surface area product for a given tissue can be calculated
(see Appendix). The major assumption involved in such a
calculation is that the movement of protein across the endo-
thelium results solely from passive, not active, forces.

Since external detection cannot distinguish whether the
activity from the radiolabeled protein is localized to either
intravascular or extravascular compartments, the accumula-
tion of activity in the extravascular space can only be deter-
mined by estimating the intravascular activity separately and
subtracting it from the total measured value. As previously
noted, Gorin et al. (/-2) used a second, simultaneously ad-
ministered vascular tracer in addition to the radiolabeled
protein to provide such information. This strategy is not
possible with PET since the photons detected as a result of
any positron emission are mono-energic (511 keV). Instead,
assuming that all activity is confined to the vascular pool at
time zero (the time of intravenous administration), vascular
volume, and rate constants between vascular and extravascu-
lar compartments can be calculated simultaneously by param-
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eter estimation techniques (see Appendix). Obviously, this
approach also assumes that blood volume does not change
during the scan period, since the local tissue intravascular
activity at any given time during the scan is assumed to equal
the estimated local tissue blood volume multiplied by the
blood activity obtained from peripheral blood sampling.

The model originally proposed by Gorin allowed calcula-
tion of both forward (k,) (vascular to extravascular) and
reverse (k2) transport rate constants (Fig. 1). Both constants
are directly influenced by the surface area available for protein
transport. In the lung, with varying amounts of lung tissue per
unit volume, measured k, and k, would vary accordingly.
However, assuming that regional blood or plasma volume will-
vary linearly with surface area, the rate constants can be
normalized to changes in surface area by dividing each by the
regionally specific blood or plasma volume. Gorin et al.
termed this normalized value for the forward constant, the
pulmonary transcapillary escape rate, or PTCER (i.e., PTCER
= k,/Vpl, where Vpl is regional plasma volume). Units are
typically expressed as fractional change over time for PTCER
(min™"), or volume of tracer “cleared” over time for k, (ml.
min~'). The reverse rate constant represents return of activity
into the intravascular pool through either backdiffusion or
lymphatic drainage. To calculate both forward and reverse
rate constants, data must be collected over an extended period
of time, and an iterative parameter estimation procedure must
be used (see Appendix).

Alternatively, back-flux of the radiolabeled protein can be
assumed to be negligible during the scan. With this simplifi-
cation, linear regression techniques may be used to calculate
PTCER (see Appendix), which considerably shortens the com-
putational time required for the calculation, and makes it
possible to create tomographic images of PTCER. Even if
back-flux of the tracer protein is significant, PTCER can still
be accurately calculated with linear regression models if data
collection is kept appropriately short, i.e., is stopped before
backdiffusion of the labeled protein significantly affects the
time-activity curve (Fig. 2). If this approach is taken, however,
k2 cannot be calculated, and therefore its influence or impor-
tance cannot be evaluated.

PET Techniques

All animal studies were performed on PETT-VI. Specifi-
cations of this device have been reported elsewhere (3-4).
Briefly, seven slices of data are collected simultaneously by
multiple rings of cesium fluoride detectors with an intrinsic

VASCULAR EXTRAVASCULAR
-
K
FIGURE 1

Schematic diagram of the two-compartment model used
to evaluate tissue activity measurements obtained with
PET after i.v. injection of ®®Ga-labeled transferrin. k, and
k. are forward and reverse rate constants, respectively. If
the volume of the vascular compartment and the hemato-
crit is known, then the pulmonary transcapillary escape
rate (PTCER) can be calculated as k,/Vpl, where Vpl is
plasma volume in the ROI.
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FIGURE 2

Computer simulation of the effects of
k2 on the time-extravascular tissue
activity relationship, using the model
in Figure 1 and Eq. (14) of the Ap-
pendix. For this simulation, k, was
arbitrarily given a value of 1.0 10~*
sec”' and k, was given values vary-
ing from 0.5 to 4.0 10~* sec™" (similar
to actual values measured in injured
lung, Table 1). Note that the curves
begin to diverge significantly from
one another ~20 min after entry of
the tracer into the intravascular com-
partment. Thus, as k. becomes
larger, fitting such data with models
that assume k to be zero, will clearly
lead to a poor estimation of the initial
behavior of the time-activity relation-
ship. This, in turn, should lead to an
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in-plane resolution of 11.7 mm full width at half maximum
(FWHM). After image reconstruction by filtered backprojec-
tion, images with an 18-mm resolution (FWHM) are obtained.
Slice thickness is ~14 mm (FWHM).

Human studies were performed on a SUPER-PETT I tom-
ograph (5). This device collects seven simultaneous slices using
multiple rings of cesium and barium fluoride detectors with
an intrinsic in-plane resolution of 11.4 mm. Image reconstruc-
tion, in this case, yields an in-plane resolution of 15 mm
FWHM.

In using both types of scanners, blank and transmission
scans were obtained before collecting subsequent emission
scans. The transmission scan was obtained with a ring of %Ge/
%8Ga activity encircling the subject. This scan was then used
to correct the later PET data collection for the effects of
attenuation. Furthermore, since attenuation of the positron
annihilation photons is proportional to tissue density, appro-
priately scaled transverse tomographic images of lung density
can be created (/7). These images can then be used to accu-
rately place regions of interest (ROIs) within normal or ab-
normal lung tissue in other PET scans.

All reconstructed images were corrected for decay back to
the time of isotope injection and calibrated against images of
a phantom containing various concentrations of carbon-11
bicarbonate.

During all emission scans, blood samples were obtained
and the radioactivity in these samples was immediately deter-
mined in a Nal(T1) well-counter. These samples were ob-
tained through a femoral arterial catheter in dogs, and through
an antecubital or femoral vein catheter in human subjects.
Blood activity was decay corrected to the time of injection
and expressed as cts/sec/ml blood, assuming a blood density
of 1.05 g/ml blood. After discarding the first 2 min of data, a
curve-stripping technique was used to find the best fit for the
measured blood time-activity points. Initial attempts to de-
scribe the blood curve data with a mono-exponential curve
did not reliably fit the actual blood-activity data for the first

10 min after isotope administration. Therefore, this approach
was abandoned in favor of using a bi-exponential fit.
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Isotope Preparation

Gallium-68 citrate was produced by mixing 0.5 ml of [%3Ga]
chloride from a %Ge/**Ga generator (6-7) and 4.0 ml of
normal saline in a citrated Vacutainer (R) tube. After intra-
venous injection, the %Ga rapidly exchanges and binds to
native transferrin with a very high stability constant (8).

General Animal Preparation

Six mongrel dogs weighing 20 to 28 kg were anesthetized
with 25-30 mg/kg of intravenously administered pentobarbi-
tal and paralyzed with 4 mg pancuronium given intravenously.
The dogs were ventilated through an endotracheal tube with
a Harvard pump respirator at 15 ml/kg tidal volume and a
rate adjusted to bring the arterial PCO, and pH within the
normal range. A balloon-tipped flotation catheter was placed
into the pulmonary artery under fluoroscopic guidance; in
addition, an arterial catheter was placed into the femoral
artery.

Study Protocols

Dogs were placed supine into the PET device, with the
most caudad slice located at the level of the diaphragm. A
direct injection of oleic acid into the pulmonary circulation
of the left lobe was used to create a localized area of pulmonary
edema due to increased permeability. The oleic acid (0.01-
0.02 ml/kg) was drawn up in 3 ml of 70% ethanol and injected
through the distal lumen of the pulmonary artery catheter
after balloon inflation and “wedging” of the catheter tip. In
this way, injury was confined to approximately one-half of
the left lower lobe. Ninety minutes later, 8 mCi of [**Ga]
citrate was injected intravenously and PET scans were ob-
tained over the next 60 min. The scans were obtained as
sequential 1-min collections during the first 20 min after
injection, followed by ten 4-min collections. Blood samples,
weighing ~0.5 g, were obtained from the femoral artery cath-
eter throughout the scan period in 3-ml pre-weighed syringes.
The hematocrit was determined by routine capillary tube
centrifugation at the beginning of the scan. Approximately 4
hr after this first scan was completed, the procedure was
repeated after injecting 10-15 mCi of [**Ga]citrate.
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Human studies were conducted in a similar fashion. These
studies were approved by the institution’s Human Studies
Committee and the Radioactive Drug Research Committee.
The subject was placed into the scanner supine with the most
inferior slice at the level of the diaphragm. Separate intrave-
nous catheters were placed for isotope administration and
peripheral blood-activity measurements. The [*Ga]citrate (8
mCi) was injected, and after 2 min 12 sequential 5-min PET
scans were obtained. This protocol typically resulted in ~1.4
million and 0.6 million events per slice for scans at the
beginning and end of the 60-min period, respectively. Periph-
eral blood samples were obtained during the scan as in the
animal studies.

Image Analysis

Calculation of PTCER was carried out in three ways. In
two of the methods (Methods A and B), ROIs (~1.3 cm on a
side) were defined in a normal and in an injured portion of
lung (dog experiments) as indicated by density measurements
on the transmission scan. In the human subjects, two regions
were chosen from typical dependent and nondependent re-
gions of the lung. In these regions, tissue-activity curves were
obtained from the sequential PET images and then analyzed
with the bidirectional flux equation (Method B, Egs. (14),
(21), and (22), Appendix) to yield estimates of plasma volume
(Vpl), k, and k,, and the unidirectional flux equation (where
k; = 0, Method A, Egs. (17), (21), and (22), Appendix) to
yield estimates of Vpl and k, only. Since when k; is assumed
to be zero, errors in estimating k; increase as data from
progressively longer periods of time are analyzed, (see Fig. 2),
analysis by method A was limited to the first 20 min of data.
For the third method, (Method C) which again assumes k; to
be zero, linear regression equations, assuming uni-directional
protein flux (Eqgs. (19-22), Appendix), were used to calculate
PTCER and Vpl for each pixel of the PET image, yielding a
whole image map of PTCER and Vpl. Regional values of
PTCER and Vpl were then recorded directly from the tomo-
graphic image, in the same ROIs used in Methods A and B.
For all these calculations, the first 2 min of data after injection
of the radiotracer was excluded from the analysis.

Statistical Analysis

Data are presented as the mean + 1 s.d. Analysis-of-vari-
ance techniques were used to test for statistically significant
differences (p < 0.05) between mean values. The GLM pro-
cedure of the Statistical Analysis System for the IBM-PC (SAS
Institute, Cary, NC) was used for these calculations.

RESULTS

Figure 3 demonstrates typical regional tissue-time
activity from a dog analyzed with method A (Figs. 3A
and 3B) and method B (Fig. 3C). Only the extravascular
tissue activity is plotted. For this illustration only, the
curve fits applied to the data in Figure 3A were extended
to include the full 60 min of data. While the quality of
the computer generated fits for Methods A and B are
indistinguishable for data taken from the normal lung
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region (solid circles), this is clearly not the case for the
fits to the data from the abnormal lung (open circles).
Method B, which estimates a plasma volume and both
forward and reverse rate constants (k; and k;) succeeds
in fitting the tissue data well throughout the entire 60-
min data collection. However, Method A, which as-
sumes k; to be zero, visually fails to fit both the early
steep initial rise in extravascular activity and the later
slower rise in activity when all 60 min of data are used
in calculating the curve fit. The actual fit obtained is
some average of these and results in a lower k, estima-
tion. Incidently, Method A, when used this way, also
resulted in an overestimation of the plasma volume for
this dog leading to the early negative values for extra-
vascular activity. However, when Method A is used and
the analysis is confined to the first 20 min of data, the
curve fit is again excellent (Fig. 3B). Thus, these results
reinforce the concerns previously discussed (see Theory
section, see Fig. 2) and demonstrate the need to limit
analysis of data through Method A (when k; is assumed
to be zero) to only the first 20 min after tracer admin-
istration.

A single slice from the transmission scan of one
animal is shown in Figure 4 to demonstrate the relevant
anatomy. Images of single slices obtained at the same
level as the transmission scan, 3 min and 60 min after
injection of the [**Ga]citrate, are also shown in Figure
4. The increase in tissue activity that occurs in the left
lower lobe (LLL) after oleic acid-induced injury, com-
pared with the rest of the lung, is evident.

Tissue-activity measurements, obtained from all 30
sequential PET scans in regions of interest placed over
the injured area of lung in the LLL, from the same
animal as in Figure 4, are plotted in Figure 5. Total,
blood, and extravascular tissue-activity measurements
are shown. Method B was used to fit the tissue curves
shown. Using method C (similar to method A), PTCER
was calculated on a pixel-by-pixel basis, and an image
of the PTCER distribution for the same slice was cre-
ated, also shown in Figure 4.

Mean data, comparing methods A and B, of calcu-
lating Vpl and PTCER are shown in Figures 6 and 7.
No significant difference was found for the Vpl calcu-
lation by either method. However, in injured lung, Vpl
decreased significantly from the first to the second
measurement. No significant difference was found for
PTCER values calculated by either method. Method C
yielded identical results to Method A, as would be
expected since the equations used to calculate PTCER
and Vpl are mathematically similar. Mean values for
the forward (k,) and reverse (k,) transport rate constants
are given in Table 1; k, was significantly higher in
injured lung compared with normal lung. However,
values for k, were not statistically different.

Data from the human studies are given in Table 2.
Values obtained in two normal human volunteers are
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FIGURE 3

Time-extravascular  tissue-activity
data obtained from one representa-
tive animal. Data were obtained from
one normal region (filled circles) and
one region in injured lung (open cir-
cles). The solid line in each case rep-
resents the computer generated fit
to the data. A: Method A (where k.
is assumed to be zero, see methods)
was used to fit curves to the data.
All 60 min of data were used in these
calculations. B: Method A again was
used for the curve fit, but only the
first 20 min of data were used for
calculations. C: Method B (where
both k, and k., are estimated) was
used to fit the data. Clearly, Method
A does not accurately describe the
data if all 60 min of data are used.
However, when either the analysis
by Method A is confined to the first
20 min, or Method B is used, in which
the influence of k. is taken into ac-
count, the curve fit is much im-
proved.
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FIGURE 4

A: Single tomographic slice from a transmission scan from one dog, shown to depict the relevant anatomy. The color
scale at the right has been scaled to units of tissue density (77,78) (g/100 ml lung). Note that the lung density varies
between approximately 30 and 50 g/100 mi. For this and other PET images of dogs, the animal was supine, and the
right side of the image is the right side of the dog. B: Tomographic image obtained from the same dog as in “A,” at the
same level, 3 min after i.v. injection of ®®Ga-labeled transferrin, and 90 min after oleic acid induced injury to the left
lower lobe. Color scale at the right is in arbitrary PETT units. Note that at this early time, most of the activity is in
vascular structures (heart, vena cava, and aorta). C: Image similar to “B,” except obtained 60 min after injection of the
labeled transferrin. Now note the marked increase in activity in the injured left lower lobe. D: PTCER image, obtained
by analyzing all scans (as in “B” and “C") in a pixel-by-pixel basis, using Eq. (19) and (20) of the Appendix. Color scale
at right is in units of 10~* min~". Note the ~tenfold increase in PTCER in areas of injured lung compared with normal
lung.
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FIGURE 5

Time-tissue-activity plots of data ob-
20000

tained from the same animal shown
in Figure 4. For this plot, only data
from a region within injured lung were
used. Circles: total tissue-activity ob-
tained with PET. Each point repre-
sents data from one of 30 sequential
PET scans. Method B (see text) was
used to generate a fit to this data.
Triangles: blood-activity measure-
ments obtained from femoral artery
blood samples. Each point repre-
sents one blood sample. Also shown
is the bi-exponential curve fit to this
data. After estimating the blood vol-
ume (Method B) in the lung ROI,
blood activity during each of the 30
sequential PET scans was estimated
from the blood volume estimate and
the femoral artery blood-activity
curve. Subtracting this data from the
total tissue-activity measurements, 0
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comparable to those obtained in the normal dog lung.
PTCER was also determined in two patients with the
adult respiratory distress syndrome (ARDS). ARDS was
associated with Pneumocystis carinii pneumonia in one
case, and tricyclic drug overdose in the other. Studies
in the first patient were carried out ~ 10 days after initial
presentation, and ~7 days after presentation in the
second case. Although diffuse infiltrates were still pres-
ent radiographically in both patients, and although both
still required mechanical ventilation and the use of
positive end-expiratory pressure, both patients had
clearly improved clinically by the time of the PET study.
Nevertheless, our data clearly show that PTCER re-
mained abnormally elevated when compared with nor-
mal subjects. PTCER images from single slices from
one of the patients with ARDS and from one of the
normal volunteers are shown in Figure 8.

Vpl (m1/100m1 lung)
15

12

FIGURE 6
Mean (+s.d.) values for regional 9
plasma volume (Vpl), obtained in the

six dogs with left lower lobe oleic

acid induced injury. Note that the 6
estimate of plasma volume does not

depend on the method employed.

However, Vpl did decrease signifi- 3
cantly (* = p < 0.05) from the first to
the second measurement, especially
in injured lung.
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DISCUSSION

This study clearly shows the feasibility of using PET
and %*Ga-labeled transferrin to measure pulmonary vas-
cular permeability (PVP) in both experimental animals
and in patients with diseases known to affect PVP. We
found that PTCER was approximately ten times greater
in lung affected by oleic acid-induced injury than in
normal areas of dog lung. Similarly, the average PTCER
value in two patients with ARDS was approximately
four times the average value obtained in two normal
human volunteers. Our values for PTCER in normal
human subjects are comparable to values previously
reported by Gorin et al. (/-2). It is perhaps important
to note that these values for the PTCER of transferrin
are significantly higher than values obtained with la-
beled albumin, despite their similar molecular weights
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(9). Thus, our values in the ARDS patients cannot be
compared directly to recently reported values obtained
in other ARDS patients (10), using Gorin’s technique
with intravenously administered labeled albumin.
Whether this difference in PTCER value between the
two proteins is of any pathophysiologic or functional
importance is not yet known. Interestingly, in our pa-
tients with ARDS, the abnormality in PVP was still
evident 7-10 days after initial clinical presentation. This
finding implies that the natural history of the permea-
bility defect after lung injury is complex and may not
directly predict outcome. A similar finding has been
reported by others (10,11). Additional information of
this type will obviously be of considerable interest.

Technical Considerations

The PET adaptation for measuring permeability re-
quires several assumptions. The most important of
these is that pulmonary blood volume does not change
during the course of the scan. Gross changes are prob-
ably unlikely during the 1-hr scan period. In Gorin’s
technique, a second tracer is used to measure activity
in the blood pool to avoid this particular problem.
However, this approach is not possible with PET, since
all positron-emitting isotopes result in annihilation pho-
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FIGURE 7

Mean (+s.d.) values for PTCER, ob-
tained in the same dogs and lung
regions represented in Figure 6. Note
that the estimates of PTCER did not
depend on the method employed,
and did not change between the first
and second measurement. Note also
that values obtained in injured lung
were approximately ten times those
obtained in normal lung.

run 2

tons with the same energy (511 keV). The importance
of this assumption during PET studies, therefore, re-
mains to be evaluated.

Another assumption is that the regional estimate of
blood (actually plasma) volume is an appropriate index
of surface area for normalizing the forward rate constant
(yielding PTCER). Although the relationship of blood
volume to surface area may not be linear over wide
ranges of changing blood volume, still our data show
that even when plasma volume decreased significantly
(Fig. 6), the PTCER calculation did not change (Fig.
7). This decrease in regional plasma volume presumably
represents a decrease in vascular surface area by either
vasoconstriction or edematous compression of vessels
during the 4-hr interval between scans.

Normalization of k, for differences in surface area
can be accomplished with blood volume instead of
plasma volume estimates. This approach has the advan-
tage of being independent of changes in hematocrit
between measurements. In this study, we chose to use
plasma volume estimates since this is the approach
reported by Gorin et al. and others (/,2,22).

To use PET to study the natural history of permea-
bility changes during ARDS, a scheme for correct re-
positioning of the patients will be desirable, particularly

TABLE 1
Mean Values* for Forward (k,) and Reverse (k2) Transport Constants in six Dogs with Oleic Acid Induced Lung Injury
to the Left Lower Lobe

Abnormal lung

Normal lung

First measurement Second measurement

First measurement Second measurement

kit k2 kit ka

Ky k2 Ky k2

0.736 £0.242 1.77£1.17 0.581 £0.010 1.53 +0.51

* Units are 10~ sec™".
*p < 0.05 compared with corresponding values in normal lung.

0.099 £ 0.077 1.072+1.900 0.118 +0.121

0.822 + 1.99

No significant difference occurred between first and second measurements.
k, and k. were estimated using Method B, as explained in the text.
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TABLE 2
Values for Regional Plasma Volume (Vpl) and PTCER in
Two Normal Human Volunteers and in Two Patients with

ARDS
ARDS Normals
Non- Non-
dependent DePendent dependent  Dependent
] region . region

Patient g Patient 9
no. Vpl' PTCER Vpl PTCER no. Vpl PTCER Vpi PTCER
1 88 382 130 377 3 133 1 135 14
2 8.7 531 96 583 4 69 70 79 134

* Units are mi plasma/100 mi lung for Vpi and 10~* min~" for PTCER.

if significant inter-slice variation in PTCER values is
present. This aspect of the method will require careful
attention in future studies.

Comparison with Other Techniques

The advantages of measuring PVP with PET are
several. First, the data can be presented in an image
format. Not only is it then possible to detect regional
abnormalities, but also to correlate such abnormalities
with other PET-derived physiologic variables. PET can
now be used to measure regional pulmonary blood flow
(12-13), blood volume (/4), extravascular lung water
(14-16), density (17-19), ventilation (20), and venti-
lation-perfusion ratios (2/). Some preliminary work
indicates that PET may also be useful in evaluating
lung metabolism. For studies of acute lung injury, a
direct measure of PVP in the same region as measure-
ments of these other variables would be an important
addition.

Displaying the PET data tomographically facilitates
the re-measurement of PVP over time. Without this
ability, changes in PTCER measured with single probes
or gamma cameras could occur because either different
portions or different amounts of lung tissue were im-
aged. Thus, PET is ideally suited for sequential studies.
PET studies of PVP should help define the natural
history of permeability changes after lung injury.

PET measurements are also corrected for attenuation
errors, and for artifacts due to chest wall or other soft-
tissue structures (e.g., the heart). This type of correction
is especially important when any type of external detec-
tion technique is used to quantitatively calculate some
physiologic variable from tissue activity measurements.
The quantitative accuracy of single-photon imaging
techniques is always in question because such attenua-
tion errors cannot be measured directly, which may be
particularly important in the lung with its highly vari-
able tissue density.

PET-derived estimates of PVP (the PTCER) are also
normalized for regional variation in blood (plasma)
volume and tissue density. Thus, ideally, the PET esti-
mate of PTCER is independent of regional differences
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in surface area or varying degrees of lung inflation. This
makes the PTCER measurement unique when com-
pared with other pulmonary measurements made with
PET (14,15).

Other techniques which have been used to evaluate
PVP lack most of these advantages. Gorin’s method
obviously comes closest, since the PET method is a
direct adaptation of his technique. However, with Gor-
in’s method, no correction for attenuation or chest wall
artifacts is made, and reproducible regional information
is not easily obtained. When abnormalities of PVP are
regionally inhomogeneous, the use of single probes may
lead to inaccuracies, since a variable and unknown
amount of abnormal and normal lung may be included
under the probe.

Recently, Dauber et al. (22) extended Gorin’s origi-
nal observations by calculating PTCER with a method
similar to our Method B (with albumin, not transferrin)
during different types of pulmonary edema. They also
calculated an “albumin leak index,” in which the slope
of the extravascular time-activity relationship (deter-
mined by linear regression) was divided by the intercept
of the regression line with the activity axis at time zero.
Using this approach (which is conceptually similar to
our Method A), they found no significant difference
between the two methods of evaluating vascular perme-
ability. However, these authors as well as others (/,2,10)
excluded the first 25 min of data from their analysis “to
avoid any intravascular mixing artifacts.” It is uncer-
tain, however, what artifacts are actually involved. In-
stead, we found that the behavior of the blood curve
often required a two, not a mono, exponential fit, in
order to accurately describe blood-activity changes dur-
ing the first portion of the data collection. This behavior
apparently represents mixing of the tracer within the
vascular pool and with certain rapidly exchangeable
extravascular spaces (such as liver), over the first 10-20
min after isotope administration. However, as can be
seen from Figures 2 and 3, if only data obtained 25 min
after tracer injection is used, a serious underestimation
of k; (and therefore, of PTCER) can certainly occur.
Thus, Dauber et al. (22) found that PTCER differed
between normal and injured lung by only three- to
fourfold, whereas we found PTCER values in injured
lung that were ten times control values. Therefore, we
believe our analysis to be a better representation of the
spectrum of permeability changes after lung injury. Our
inclusion of all but the first 2 min of data after tracer
injection is the most likely reason for this difference
between our results and those of Dauber et al.

Sugerman and co-workers (/1) have also used exter-
nal radiation detection techniques to evaluate pulmo-
nary vascular permeability. With their method, a
gamma camera is used to measure the ratio of lung-to-
heart activity over time, after injection of **™Tc-labeled
albumin. Although simple to perform, the major dis-
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FIGURE 8
A: Single transverse tomographic slice of a transmission scan from a normal human volunteer. Color scale as in Figure
4A. Orientation of image is reversed from that shown in Figure 4A (i.e., right side of the image is left side of the subject).
B: PTCER image obtained in the same slice as in A. Color scale in units of 10~* min~'. C: Transmission image from a
patient with ARDS. Note the increase in tissue density, compared with the normal volunteer. D: PTCER image obtained
in the same slice as C. Note the marked increase in PTCER compared with the normal volunteer.

advantages of this approach are the inability to display
the data tomographically or to correlate it with other
relevant regional physiologic measurements, such as
blood flow or lung water, which can be measured by
PET (12,15).

Finally, two other methods for evaluating PVP have
been reported. In one, the permeability-surface area
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product for urea is calculated from indicator-dilution
data obtained after a single-pass injection of several
radioisotopes (23). Indicator dilution methods, how-
ever, are quite sensitive to regional changes in pulmo-
nary perfusion, and produce erroneous results when
regional blood flow is severely reduced. Furthermore,
experimental and clinical data have both shown that
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spuriously low values may be obtained when derecruit-
ment of lung vascular surface area takes place after
injury (23,24). Even less satisfactory is the albumin
clearance technique reported by Anderson et al. (25),
since permeability must be sufficiently abnormal that
alveolar edema fluid can be obtained from the large
airways. Thus, this method would not be useful except
in the most florid cases of pulmonary edema.

CONCLUSIONS

We have used PET to measure the pulmonary trans-
capillary escape rate for **Ga-labeled transferrin in both
normal and injured lung, in experimental animals and
human subjects. The data obtained are reproducible
and provide regional information available in an image
format. Such data should be useful in distinguishing
overlap syndromes involving both noncardiogenic and
cardiogenic forms of pulmonary edema, in examining
the natural history of permeability changes during res-
piratory failure, and perhaps in evaluating the effects of
treatment on pulmonary vascular injury. Thus, this
technique should be a valuable addition to experimental
and clinical studies of acute lung injury.
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APPENDIX

The lung tissue activity measurements obtained with PET,
after in vivo labeling of transferrin with %Ga, represent activ-
ity in both vascular and extravascular compartments. The
model depicted in Figure 1 can be used to interpret this data,
so that forward and reverse rate constants for movement of
the radiotracer between the two compartments can be calcu-
lated. With the assumptions that blood-activity measurements
in peripheral blood samples will be equivalent to blood activity
in lung within the scan, and that all movement of labeled
protein between vascular and extravascular compartments is
by passive, not active, transport, activity in the vascular com-
partment (Q,) of any lung region can be described as follows:

Q«(T)=BKT) - V,, (N
where Bl is the measured blood activity (in counts/sec/ml
blood) and V, is the regional blood volume in ml/100 ml
lung.

On the other hand, activity in the extravascular compart-
ment (Q), can be described as follows:

dQxT) _

dt

where Q; is the total activity, in the extravascular compart-
ment in counts/sec/100 ml, k, is the forward transport rate

ki - BI(T) = k2 - Q(T), (2)
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constant in 1/sec and k, is the reverse transport rate constant
in 1/sec. When the assumption is made that extravascular
activity is zero at time zero, integration yields,

T
QAT) =k, - f BI(t) - e - T -4t 3)
0

or,
QuT) =k, - BI(T)se™ - T, 4)
where “*” is the convolution operator.

Since external detection of the labeled protein sums both
vascular and extravascular compartments, Eqgs. (1) and (4) are
added to yield.

QT) = Q(T) + Q«T) (5)
or
QT) = BKT) - V, + k, - Bi(T)se7"T, (6)

where Q is the total tissue activity at any time. Equation (6)
is analogous to that developed by Gorin et al. (/-2). However,
a PET scan requires a finite amount of time to collect sufficient
data for image reconstruction, typically 15 sec to several
minutes depending on count rate. Thus, our PET adaptation
requires the integration of Eq. (6).

Ty
PETMT, -» T)) = | QT), 0]

Ty

where T, and T, are the start and stop times of the nth PET
scan.
Substituting for Q(T) yields:

PETNT, — T>)

T T,
=V, . f BI(T) dT + k, f BI(T)se ™" dt. (8)

T T

Since numerical integration of the plasma activity, B1(T),
and the convolution term, are computationally cumbersome,

BI(T) is replaced with a biexponential approximation,
BIT) =A, - e+ A, . e )

where A and « terms are determined by a bi-exponential fit
to the measured plasma activity after excluding the first 2
min. This substitution and integration yields

Ty

PETT,—»Ty) = [Vl f A, -6~ dt

L

T, T

+ kl ffA' . e—«.l.e—kz('r—l) dt]
T, 0

T, T

T2
+[V.fAz.e-""dt+k.ffA;
T, T o

Le . e""”'"dt]. (10)
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and

Vi

PETMT, » T,) = [ ;IAI] (e — e™Ty) (11)

K - A, [e—k,'r. —ekaT2  g-aTi e"T’]

a.—kz

Vi-A

a3

kz [+ 3]

+

(eazTn — g2

k- Ay |e N —g T2 g-aTi _ g~mT2
+ - .
a—k; k; az

These equations can be simplified by the substitutions,
(e‘ﬂﬂ'l - e-ﬂsz) A (e""ZTI - e‘ﬂsz)
+A;-

B(T,, T2)=A, - (12)

) a

and

Ty, Tz, kp) =

—kaT) _ a—koT: -aTy _ a=ayT:
Al.[CZI ezz—enl el}]
k2 ay
ay — kz

ekl — g2 g-amT) _ g2
Az - -
kz «;

2
+ (13)

ax — kz
yielding the operational equation

PETMTi > T) =V, - B(T),, To) + ki - C(T, T, k). (14)

Equation (14) calculates the expected regional lung activity,
integrated from T, to T, given a blood-activity curve described
with a biexponential curve, and assumed values for the vari-
ables V|, ki, and k,. Thus, the sequential PET measured lung
activity values can be used to estimate V,, k;, and k, by
optimizing these variables to minimize the difference between
the actual and expected tissue activity values. In our applica-
tion, we used the Marquart parameter optimization technique
(26) to estimate the three variables V,, k;, and k.

However, as discussed in the text (see Theory) it may be
appropriate to assume k, is negligible. This simplifies the
operational equation. Starting with Eq. (11) and assuming k,
= 0’

PETT, — T)) = [M (o™ — Ty
a

A [(Tz -T)) +_(°“"T’;e'°”-)]]

a)

+ [V| . Az (e'“ITZ - e'“sz) + M
a az

Gl i) e-aﬂ')]]. (15)

az

[(Tz =Ty

Now with the one additional substitution,

ez — e-a.T.]

ay

A
T, T2)=a—I[T2—T1+
1
+&[T2_Tl+

e T2 — gy
az

(16)
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yields

PETMTi = T2) =V, - B(T,, T2) + ki - (T, T2), (17)

since each nth PET scan has a unique set of nonoverlapping
start and stop times, rewrite Eq. (17) to be

PET(N) = V, - B(N) + k, - D(N). (18)

The above equation allows the calculation of the expected
regional lung activity for a given PET scan when values for
V, and k, are assumed. Since the equation is linear with
respect to both V, and k;, a linear regression analysis can be
used to solve for the best V, and k, values for a given set of
actual PET measured tissue activity values, represented here
by PET(N). The solution for k, and V, which minimizes the
sum of the squared error in PET (expected) and PET,, (meas-
ured) is:

ZB(N) - Z(PETw(N) - D(N) _ -
S(B(N) - D(N)) Z(PETw(N) - B(N)

ID(NY’* - TB(N)’ - Z(B(N) - D(N))

19

v, = ZPET(N) - B(N)) — k; - S(B(N)-D(N))
' TB(N)? :

However, the best estimate of vascular permeability requires
that the transfer rate constant, &, be normalized for regional
differences in surface area. Since surface area per se is not
directly measurable, blood volume or plasma volume is as-
sumed to be proportional to surface area. Calculation of
pulmonary transcapillary escape rate (PTCER) as defined by
Gorin et al (/-2) requires calculation of the plasma volume,

(Vpl)

(20)

Vpl = V,/(1 = HCT).
Then, PTCER is calculated by
PTCER = k,/Vpl.

@n

(22)
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