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ABSTRACT
This paper reviews methods for the evaluation of lung ventila-

tion and perfusion "based on measurements of the uptake of radioactive
substances in the lung tissues after their respective administration
"by inhalation and injection. Radioactive substances used for such
investigations include Xe administered either by inhalation as a
gas or by injection as a saline solution, QO» C 0 an<i C 0 ad-

131ministered by inhalation as gases and macroaggregated I-labelled
albumin administered by injection as a suspension. Methods used for
the measurement of radioactivity in the lungs include methods based
on the use of fixed multiple-detector systems, methods based on the
use of single- or multiple-detector scanning systems and methods based
on the use of gamma camera systems. In general, only relative measure-
ments of radioactivity are required. The main physical problems in
such measurements are shown to arise from uncertainty regarding the
degree of absorption of the low-energy Xe y radiation in the body
tissues and from the statistical errors inherent in the recording of
fast dynamic changes. The radioisotope Xe is shown to offer certain
advantages over Xe for the evaluation of lung function.
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Evaluation of total lung function has long "been accomplished by such

conventional techniques as spirometry, plethysmography, diffusing capacity,
and three-level oxygen gradients.

Non-radioactive techniques designed to evaluate the function of each lung
separately have "been largely confined to bronchospirometry in which spirometry
of the two lungs, as well as oxygen consumption, have "been measured separately
giving information of gas exchange and ventilation of each lung. While broncho-
spirometry cannot localize a lesion within a lung, it can in some instances
assist in the identification of where in the lung may be found a process causing
a loss of gas exchange (Mibrner (l)).

For this reason, the use of radioactive materials that would reflect both
the regional blood supply to all areas of the lung (perfusion) and the gas
content of various regions of the lung that can be supplied by inhalation
(ventilation) has long been of interest to the clinician. ,

Radioactive Materials Used
The first attempt along these lines was made in 1953 ty Knipping et al.,

(2) who used I-labelled methyliodide to determine regional ventilation of
the lung field. The solubility of methyliodide in blood and bronchial surface
tissue proved a complicating factor in interpretation and these investigators
switched to the less soluble Xenon measured with their system of 16 detectors
and recorders (3, 4» 5> 6).

The above measurements involved ventilation alone. Extension of the radio-
active gases to lung perfusion was introduced later by investigators at
Hammersmith Hospital in London primarily with 0^ and its derivatives (7, 8, 9»

T T T

10) and by the group at the Royal Victoria Hospital in Montreal with Xenon
(11, 12, 13, 14) used as a gas in solution.

While the objective of both groups was the same, the nature of the
substances used implied marked differences in technique. The Hammersmith group
employed soluble gases such as 0?, C -'o and C ^Q introduced into the lung by
inhalation. Following a single breath and 10 second breath-hold, ventilation
of the lung can be determined by noting the maximum increase in counting rate
as the radioactive gas content was measured by an external detector. During
the period of breath-holding, the soluble gases are removed by the pulmonary
blood flow and the slope of the clearance rate provided an index of regional
blood flow.
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Two separate determinations are usually required for measurement of
ventilation and perfusion by the Xenon method. Since Xenon is poorly soluble
in blood, little activity will be removed by pulmonary blood flow following
inhalation. The maximum level following inhalation is thus indicative primarily
of ventilation alone. To determine perfusion, the radioactive Xenon is dis-
solved in saline and injected intravenously. Approximately 90 to 95 % of the

Xenon is discharged into the alveoli during its first passage through the
pulmonary capillary bed (la) so that the relative distribution following intra-
venous injection is indicative of perfusion to the various regions. As pointed
out by Dollery _et aJ. (l5)> the washout curve by this technique is
related to the regional ventilation since the disappearance rate is determined
primarily by the rate of clearance of the gas from the alveoli.

The last group of materials used include a number of radioactive substances
that are not radioactive gases but approximate the action of gases with varioust
limitations.

Most prominent of these techniques involves the use of macroaggregated I
human serum albumin to reflect regional perfusion (16, 1?). Since the macro-
aggregates are captured in the small blood vessels of the lung, a much longer
time is available for detection, enabling both moving scanners and stationary
camera devices to be used for measurement of the distribution. These techniques
have been very useful in identifying large circulatory alterations such as
pulmonary emboli but do not permit the dynamic studies of washin or washout to
be performed. Since this substance is not a gas, it can only be inferred that
the macroaggregate perfusion would be similar to the perfusion measured by a
radioactive gas.

In a similar sense, attempts to measure ventilation by inhalation of
various nebulized materials or aerosols (l8, 19) must be considered as a reflec-
tion of the distribution of various particle sizes in the bronchial tree.

This technique has been useful in identifying sites of deposition of
various particle sizes and in the measurement of clearance rates of the muco-
ciliary escalator in various disease states such as chronic bronchitis, cystic
fibrosis and other entities in which bronchial toilet is compromised.

Instrumentation and Recording

Three methods have been used for measurement of the uptake of radioactive
materials by the lung. The earliest technique involved sixteen multiple
detectors to reflect regional differences; and later measurements have utilized
various combinations of four, six, eight ,and twelve detectors placed both
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anteriorly and posteriorly. Since each detector requires its own recording
system, the choice of the number of detectors is dependent on the complexity
of the instrumentation demands as well as the resolution desired between
individual regions. Recording the original data on tape recorders simplifies
the data acquisition somewhat, but also involves additional expense.

When clearance rates are not required, regional distribution can be measure
by profile scanning of the lung during breath-holding, following administration
of radioactive gas either by injection or inhalation. This technique requires
only two detectors, usually with slit collimators, and a mechanism for moving
the detectors at a constant rate across the lung field. Since the entire
vertical distance of the lung must be encompassed during a single breath-hold,
the time involved over each region is short and the counting rate corresponding!,
low.

Recently, a multi-detector rectilinear scanner has been used to record ,
digital data at specific increments as the detectors are moved across the lung
field and ventilation-perfusion ratios were calculated from these measurements
(20).

The feasibility of simultaneously recording from multiple sites has been
amply demonstrated by the scintillation camera and it is not surprising that
this instrument has been adapted to measurements of the lung. Newhouse et al.,
(21) calculated ventilation and perfusion levels from forty squares (2.5 X 2.5
cm) for each lung following administration of Xenon by both injection and
inhalation. This technique involved recording the distribution on a multi-
channel analyzer and discharging the matrices to a paper punch tape for computer
analysis.

The scintillation camera has also been used to record washout and washin
curves from multiple areas following either injection or inhalation of radio-
active Xenon (22, 23).

In all these methods of camera or scanner utilization, some system of
multichannel storage is required as well as computer-compatible readout. In
addition, for serial determinations, the transfer of storage to readout must
be accomplished in a time short enough so that successive frames can be
recorded to reflect accurately the change in counting rate.
Techniques of Measurement

The basic approach to the measurement of perfusion and ventilation has been
generally agreed upon, but the specific techniques are still far from
standardized.
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A typical -example is shown in Fig.l which illustrates measurements
reported by Miorner (l) as obtained by using eight detectors, anterior and
posterior, recording from two areas of each lung.

The Q values represent the perfusion index of each lung segment and are
taken as the maximum increase in counting rate following the injection of
dissolved Xenon. In this case the subject held his breath at the end-
expiratory level (also known as functional residual capacity or PEC) for 8-10
seconds following the injection. Upon resumption of breathing, the decline in
counting rates is related to the clearance of the Xenon from the alveoli.

Other investigators have chosen to measure both the perfusion and the
disappearance curve following a maximal inhalation (total lung capacity or TLC)
followed by breath-holding. This maneuver may alter both the measured perfusion
level as well as the character of the washout curve. In addition, it has been
recognized that some subjects may not be able to hold their breath for a ,
sufficient time to reach a plateau at all parts of the lung. In this case, it
has been decided that a better reflection of perfusion can be obtained by
utilising the disappearance curve to extrapolate the perfusion level to a
previous fixed time when no loss by washout had occurred.

Techniques of measurement of the ventilation level show similar variation
in method. In the illustration shown, the level of ventilation, V, is taken as
the level reached at the third inhalation from the spirometer. The value
representing the functional residual capacity, FRC, is taken at the end-expirato
level following equilibration reached after a two to five minute period of re-
breathing in the closed spirometer circuit. At the end of the rebreathing
procedure, the subject performed a maximal expiration, breathed normally for a
short period followed by a maximum inspiration. The change in counting rate
between levels representing the maximum expiration and maximum inspiration then
represents the vital capacity, VC, of that area.

Although the solubility of Xenon in blood is low, blood accumulation with
continuous breathing from the spirometer does constitute a factor in total
counting rate assessment (l5)« In addition, Xenon not exposed to air-containing
aveoli during the initial passage through the pulmonary capillary bed will be
deposited throughout'the "body (mainly in fatty tissue and lipids)", and its sub-
sequent slower clearance represents a small but complicating factor.
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For these reasons, while the definitions of functional residual capacity
(FRC), vital vapacity (VC) and total lung capacity (TLC) are fairly well accepte*
the techniques of measurement are not necessarily linear with volume.

Discussion

While many of the problems of standardization of patient procedures have
been mentioned, there are also problems of detection and recording that are not
fully solved.

The primary disadvantage of using Xenon is the difficulty of working wit!
the 80 keV gamma ray. The lung itself may represent little mass, but the body
wall, heart and skeleton all contribute to appreciable absorption. In addition,
it is difficult to distinguish Compton scatter from the undeflected rays of
this energy so that spatial resolution will be considerably degraded. This
becomes of even greater concern when the Anger camera is used since the inherentt
resolution suffers greatly at these energies. Minimizing the effects of scatter

15and absorption is much easier with the detection of 0 by its 510 keV
annihilation radiation. The two-minute half-life, however, restricts this
material to those institutions with immediate access to a cyclotron.

The most promising radioactive isotope at present is Xenon as suggested
by Ttfewhouse e_t al_., (2l). The half-life of 9*3 hours is acceptable and the
primary gamma ray at 250 keV is almost ideal from a combined standpoint of
collimation requirements and scatter consideration. This material is not
generally available at the present time, but it is hoped will be more accessible
in the near future.

Another complexity to be considered is limitation on the maximum counting
rate that can be handled with either multiplexed recorders or scintillation
cameras. Assuming a 10|a second total deadtime for detection, analog to digital
conversion, and addressing each count to a specific storage location, a deviatioi
of recorded counting rate to the true counting rate of about 10 % is expected
when levels of 10,000 counts per second are recorded. If this counting rate wer<
distributed into a 32 x 32 matrix, an average counting rate of about 10 counts
per second per channel would be anticipated. While overall deadtimes can be
expected to be of somewhat shorter duration in the future, it is obvious that
improvements greater than a factor of ten cannot be expected as long as sodium
iodide is the detector used.
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Improvements in statistical accuracy can therefore "be made only at the
expense of spatial resolution by accumulating counts from larger matrices. For
distribution studies, longer"periods of time may be possible but not when fast
dynamic changes must be recorded.

A third factor which is yet undefined is the rôle of the computer in the
complex type of analysis presented here. Both the camera and the moving
detector type of scanner have utilized computers to derive the ventilation-
perfusion ratios from multiple sites. At present the physiological and clinica!
measurements have not indicated how many sites are really necessary to evaluate
meaningful regional variations of lung function. In addition, it has not been
demonstrated how useful the clearance rates are in comparison with static
distribution measurements. If the information obtained through dynamic studies
and multiple areas proves to be beneficial to patients evaluation, the problems
of complex data analysis must be considered equally with the problems of datai
requisition.
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