
Several methods for quantitatively measuring
regional ventilation using an inert gas such as
â€˜33Xehave been described. One such method
provides a functional image of washout. A par
ticularly simple functional image may be de
rived from the mean transit time for clearance.
Regional ventilation may thus be represented
as a single image in which the spatial distribu
tion of washout from multiple small regions of
the lung is disphzyed. In 100 patients for whom
such a functional image of ventilation was ob
tamed, the functional image was found to be
generally more useful and easier to interpret
than sequential images taken during the period
of washout. Distributions of half-time (t,,,) for
washout and the mean transit time (1) in the
same population were similar in shape, but the t
distribution peaked about 15 sec later than the
ti!2 distribution. The mathematical simplicity of

the functional image described here should per
mit its implementation on virtually any nuclear
medicine computer system.

Because the perfusion lung scan continues to be
one of the most difficult studies to interpret in flu
clear medicine, many clinics obtain a xenon ventila
tion study in addition to a careful history and current
chest radiograph. The finding of a segmental pul
monary perfusion defect in a patient who has a nor
mal chest radiograph and xenon ventilation study
supports a clinical diagnosis of pulmonary embolism.
The interpretation of the xenon study depends on
the spatial distribution of the xenon at equilibration
as well as an assessment of the rate of xenon wash
out from the lung following equilibration. The rate
of washout may be qualitatively assessed from se
quential images taken at intervals during washout or
quantitatively by measuring the disappearance of
radioactivity from several regions of the lung dun
ing washout. Precise localization of ventilation de

fects requires that the clearance rate be computed
for many small contiguous regions of the lung, and
thus the presentation and interpretation of the clear
ance rates can become awkward as the amount of
data increases. A functional image ( I ) of the clear
ance rate (often referred to as the washout) pro
vides a single image from which both the regional
distribution and magnitude of clearance rate may
be observed (2â€”6).

The purpose of this paper is to describe the use
of a functional image of clearance rate which we
have found to be useful in clinical practice.

METHODS

Xenon-i 33 was administered by inhalation from a
closed spirometer (Warren Collins Corp., Braintree,
Mass.) at a concentration of 3 mCi per liter of air.
The patient was imaged supine in a posterior projec
tion using a Searle Radiographics Pho/Gamma III
HP scintillation camera equipped with a diverging
collimator. The patient rebreathed the xenon gas un
til a constant lung concentration had been achieved;
then a 200,000-count equilibrium image was ob
tamed followed by a 2.5-mm washout image. These
images were acquired on a 64 X 64 matrix under
computer control and stored on a magnetic disk for
subsequent computer analysis (6) . In addition, se
quential images were made during the washout phase
on 35-mm high-contrast copy film at a rate of one
every 5 sec.

The data processing steps used to construct the
functional image are shown in Table I . The purpose
of the data manipulation was to compute the ratio
of the equilibrium count rate to the sum of the counts
obtained during washout. This ratio was formed for
every picture element (i.e., for every â€œpixelâ€•). The
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preselected range of clearance rates. Each range is
defined as a fraction of the maximum clearance rate
[80â€”100% (D), 60â€”80% (E), and 40â€”60% (F)].
For example, a maximum clearance rate of 3.0/mm
would yield ranges of 9 1â€”95,83â€”91, and 70â€”83% /
mm or, equivalently, in terms of transit times, ranges
of 20â€”25, 25â€”33, and 33â€”50sec.

Normal venlilation and perfusion. Figure 1 shows
part of a ventilationâ€”perfusion study in a 51-year
old woman. She presented with pleuritic chest pain
of 7 days' duration. The pain started after the pa
tient had been stretching to put up curtains.

The perfusion lung scan was normal, with no evi
dence of pulmonary embolism.

Ventilation as determined by the xenon equilib
nium image and the functional image was also nor
mal, showing no parenchymal disease. The three
Z-cuts show that@ was symmetrically distributed in
a pattern similar to that seen in the corresponding
perfusion lung scan.

Pulmonary embolism. Figure 2 presents part of a
ventilationâ€”perfusion study performed on a 20-year
old man who had suffered a transection of the cervi
cal spinal cord following a motorcycle accident. The
patient was quadriplegic. He was referred for a study
for possible pulmonary emboli.

The perfusion lung scan showed segmental de

TABLE1. DATA MANIPULATION

1. Smoothequilibriumimage
2. Smoothwashoutimage
3. Zero all pixels in (1) with counts less than 25Â°!.maxi

mum pixel
4. Multiply each pixel in (3) by the ratio 60/(frame time in

seconds)
5. Compute ratio of (4) to (2) for every pixel
6. Display the resulting ratio image using a linear map

ping:
(maxgray level)

Output brightness . X (input pixel)
(max pixel)

rationale for this procedure is discussed below. Image
smoothing was used to reduce statistical fluctuations.
The choice of smoothing algorithm is not critical;
in our study, a nine-point routine with weights Â½
1 : Â½was applied twice to each image. Counts re
corded outside the lung region, even though they are
relatively low, can lead to large but spurious ratio
values. Accordingly, all pixels whose values were
less than 25 % of the maximum pixel in the equilib
rium image were arbitrarily set to zero.

Each element in the matrix of values computed
by the procedure described in Table 1 represents an
estimate of the clearance rate, which is the reciprocal
of the mean transit time. The brightness of each
pixel in the functional image was made proportional
to the magnitude of the clearance rate. Quantitative
data were extracted from the functional image by
intensifying selected ranges of clearance rates. These
ranges were fixed percentages of the maximum clear
ance rate: 80â€”100% , 60â€”80%, and 40â€”60%. These
data may be presented either as percent clearance per
minute or as the reciprocal, the mean transit time.

RESULTS

One hundred patients referred for pulmonary em
bolism studies were examined with a 133Xe ventila
tion measurement, a standard four-view perfusion
lung scan (99Â°'Tc-HAM) , and chest x-rays. In each
case, a functional image was constructed as described
above. These data were correlated with the findings
on the chest x-rays, the perfusion lung scan, and with
the sequential 5-sec images obtained on 35-mm film
during the washout phase.

Several examples, typical of the results obtained
by this technique, are presented below. The equili
bration distribution of ventilated volume (labeled A)
and a posterior view from the perfusion lung scan
(B) are shown along with the functional image of
clearance rates (C) . In some cases quantitative in
formation is provided by superimposing a â€œZ-cutâ€•
on the functional image. Each Z-cut image was de
nived from the functional image by intensifying a

FIG. 1. Normalventilationâ€”perfusionstudy.(A)Regionaldis.
tribution of ventilation at equilibration (â€œXe,posterior view); (8)
perfusion lung scan (â€œic-HAM,posterior view); (C) functional image
of clearance rate (1 /t); (D) Z-cut: I between 34 and 43 5cc; (E) Z-cut:
I between43and575cc;and(F)Z-cut:I between57and85sec.
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ferred for a lung scan because of thrombophlebitis
of the right deep saphenous vein.

The lung scan showed nonsegmental perfusion de
fects of the right lung, corresponding to the abnormal
ventilation best seen on the functional image of clear
ance rates.

DISCUSSION

A xenon ventilation study often consists of three
measurements : (A) the regional distribution of the
initial breath as an index of ventilation; (B) the re
gional distribution of xenon at equilibration as an
index of ventilated volume; and (C) the regional
distribution of xenon clearance from the lung as a
more accurate index of ventilation than provided by
the initial breath. First-breath maneuvers are difficult
to standardize and require patient cooperation.
Therefore, most quantitative information in clinical
practice has been obtained from the equilibration and
washout data. Data obtained during the washout
phase of measurement (C) may be analyzed either
qualitatively or quantitatively by assessment of se
quential images.

Figure 5A is an idealized graph of counts as a
function of time for the protocol described above.
Many analyses have been applied to such data, most
often single-compartment models of washout. We
have chosen an analysis which makes no assump
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FIG.2. Pulmonaryembolism.(A)Regionaldistributionof yen
tilation at equilibration (â€œXe,posterior view); (B) perfusion lung
scan (Â°â€œTc.HAM,posterior view); and (C) functional image of clear
once rate (lit).

fects in the left superior and left apical posterior
segments.

The spatial distribution of 133Xe at equilibration
(A) and the functional image (C) were both nor
mal.

Chronic obstructive pulmonary disease.Figure 3
again shows pertinent parts of a ventilationâ€”perfusion
scan done on a 49-year-old woman with known hy
pothyroidism, chronic bronchitis, and normal chest
radiographs. She was referred for lung study because
of increasing nonpainful dyspnea. Pulmonary func
tion studies performed after the lung scan showed a
â€œmoderate obstructive defectâ€• ( 1-sec forced ex
piratory volume vital capacity, 61 % of predicted).

The lung scan showed multiple nonsegmental per
fusion defects corresponding to the abnormalities
seen on both the spatial and functional ventilation
images.

Inactive tuberculosis. Figure 4 shows the ventila
tionâ€”perfusion study obtained on a 42-year-old man
with known inactive tuberculosis and (by chest ra
diography) a right apical granuloma. He was re

FIG.3. Chronicobstructivepulmonarydisease.(A)Regional
distribution of ventilation at equilibration (â€œ@Xe,posterior view);
(B) perfusion lung scan (â€œmTc-HAM, posterior view); (C) functional
image of_clearance rate (lit); (D) Z-cut: t between 57 and 71 5cc;
(E) Z-cut: t between 71 and 95 sec; and (F) Z-cut: t between 95 and
143 sec.
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where @ris the mean transit time, V is the volume of
distribution, F is the air flow (assumed constant),
N is the number of counts within a picture element,
and I1N@is the total counts collected during washout.

Figure 6 shows histograms of the conventional
half-time index t,,2 of washout (9) and of the mean
transit time t obtained from the first 60 patients
studied. The shapes of the histograms are similar,
but the histogram of t values is displaced so that its
centroid occurs about I 5 sec later than the centroid
of the t112histogram. That t112is typically less than
I is not surprising since t112is computed on the basis
of a single-exponential model whereas I uses all the
data obtained during washout. The data shown in
Fig. 6 support the contention of Seeker-Walker (7)
that I is an adequate measure of ventilation.

The above protocol allows for a 2.5-mm washout
measurement. Precise estimation of the mean tran
sit time requires measurement until the count rate
falls to zero. This may be impractical in patients with
greatly prolonged washout times. In such cases t is
underestimated, but in clinical use this source of
error has not been a problem, since the clearance
rate is still markedly decreased.

In the construction of functional images it is more
satisfying to display K = I /1 instead of the mean
transit time. The intensity of the image of K is in
creased where ventilation is more rapid and con
versely decreased in poorly ventilated regions. This
conforms to the conventional display of perfusion
lung scans where poorly perfused regions are least
intense.

CONCLUSION

The functional image of K = 1/i provides a dm1-
cally useful and quantitative method for assessing
regional ventilation in patients being evaluated for
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FIG.4. Inactivetuberculosis.(A)Regionaldistributionof yen
tilation at equilibration (â€˜Â°Xe,posterior view); (B) perfusion lung
scan (@mTc.HAM,posterior view); and (C) functional mage of clear
ance rate (1 /t).

tions regarding either the number of compartments
on their interconnections, but which yields a single
parameterâ€”the mean transit time. The use of the
mean transit time has been validated for regional
lung ventilation by Seeker-Walker (7) . The theory
of the mean transit time has been described by Zierlen
(8) and will not be repeated here. Instead, we give
a plausibility argument in the hope that it will pro
vide more insight than a mathematical derivation.

Figure SB shows two idealized washout curves.
Clearly more counts will be recorded during washout
if ventilation is substandard. This inverse relation
ship between the mean washout time and the number
of counts measured during washout is the basis of
the technique. The ratio (@1N1) -i-- (equilibration
count rate) yields the mean transit time.

The denominator may be viewed as a scale factor
which normalizes the @,N,to the total lung volume
viewed by the detector. Note (8) that

I,N,@ V/F
equilibrium count rate
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FIG.5. Idealizedrepresentationofcurvesobtainedduringre
gional ventilatory examination with â€˜@Xe.(A) Shading shows area
under washout curve. (B) As xenon clearance is prolonged, area
under washout curve is increased.
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FIG.6. DistributionofI andt,12in60
patients referred for evaluation for possi
ble pulmonary embolism.

pulmonary embolism. It is convenient to use and
may be easily implemented on any nuclear medicine
computer system. The required computations can
be done faster than those of any previously described
technique (about 10 sec in PDP-9 assembly lan
guage) . Since both the equilibration and washout im
ages, which form the basis for the functional image,
can be measured with good statistical accuracy, a
high-quality functional image can be constructed.
Our impression is that this easily derived functional
image of ventilation often provides information not
apparent on standard sequential images taken during
washout.
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