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List of abbreviations

V ventilation
Q perfusion
V volume
V/Q ventilation-perfusion ratio
COPD chronic obstructive pulmonary disease
PvO2 mixed venous pressure of Oxygen
gas R respiratory exchange ratio of

the lung (VCO2/VO2)
Pc partial pressure of a gas in the end

capillary blood
6 blood-gas partition coefficient
V/Vol ventilation per unit of volume or

specific ventilation
S ventilation per unit of volume or

specific ventilation
KeV kilo electronvolt
Kr-81m krypton-81m
Xe-133 xenon-133
Tc-99m technetium-99m
Rb-81 rubidium-81
SPECT single photon emission computed tomography
Gy grey
CT computed tomography
IVC inspiratory vital capacity
FEV1 forced expiratory volume in one second
TLC total lung capacity
TGV thoracic gas volume
T1CO transfer factor of the lung for

carbon monoxide
FRC functional residual capacity
VA alveolar volume
ERV expiratory reserve volume
FRC functional residual capacity
V[V] ventilated lung volume
V[Q] perfused lung volume
SD standard deviation
MBq megabequerel
E efficiency
N number of counts
R regional
T total
o noise
* noise
rms root mean square
£ bias
ii standard error
lnSD natural log standard deviation
y(D) percentage ventilation with V/Q>10
Q(D) percentage perfusion with V/Q<0. 1
pH zuurgraad
SaO2 oxygen saturation of hemoglobin
A-aO2 alveolar arterial oxygen difference
SBC standard bicarbonate
BE base excess
IMP iodoamphetamine
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GENERAL INTRODUCTION

The Ventilation-Perfusion ratio

The primary function of the lung is the exchange of oxygen

and carbon dioxide between the blood and the surrounding air.

This gas exchange takes place in as much as 300 million

alveoli where oxygen from the alveolar air is exchanged with

carbon dioxide from the capillary blood. The rate at which

gas exchange takes place in an alveolar-capillary unit is

determined by the rate of ventilation (V) and the rate of

blood flow (Q) to that unit and by the diffusing capacity of

the alveolar-capillary membrane. From the rates of ventila-

tion and of perfusion a single parameter can be calculated,

the ventilation-perfusion ratio (V/Q). The value of this

parameter can vary from zero, when there is blood flow but no

ventilation (shunt) to infinity, when there is ventilation,

but no blood flow (wasted ventilation).

Significant changes in gas exchange occur mainly within a V/Q

range of 0. 1 to 10 (1). The distribution of V and Q within

the lung is gravity dependent, resulting in a gradient from

the base to the apex of the lung in the upright position.

This effect is more pronounced in Q than in V, resulting in

V/Q ratios which are low at the base (± 0.6) and high values

at the apex ( >3.0), with a mean V/Q ratio of approximately

0. 85 in the normal lung. In the supine position there will be

a gradient from anterior to posterior which is less than the

gradient in the upright position (2,3).

Mismatch of ventilation and blood flow may occur in a variety

of pulmonary diseases, including chronic obstructive

pulmonary disease, bronchial carcinoma, interstitial lung

disease, pulmonary embolism, conditions after radiotherapy

and after thoracic surgery and acute respiratory failure

(1, 4). Depending on the amount of the resulting ventilation-

perfusion inequality this may cause a considerable decrease

in pulmonary gas exchange, especially when areas with very

low V/Q or shunt are present. This can be illustrated by the

findings in patients with chronic obstructive pulmonary

disease (COPD). When the predominant abnormality is lung

emphysema, destruction of alveolar walls exists in the



emphysematous areas with a resulting decrease in perfusion

which is greater than the decrease in ventilation. This

results in regions with high V/Q ratios and no areas of

significantly low V/Q. In these patients gas exchange is

generally well preserved. When significant airway disease is

present, however, low V/Q areas exist because of obstruction

of airways caused by inflammation, bronchospasm and hyperse-

cretion of mucous. In these patients marked hypoxia and

hypercapnia may occur despite the compensating effect of

hypoxic vasoconstriction in underventilated lung tissue (5).

The effect of ventilation-perfusion inequality on arterial

blood gases is influenced by the mixed venous oxygen tension

(PvO2) and the minute ventilation. When severe ventilation-

perfusion mismatch is present and PvO2 is decreased, as in

the case of exercise or a decreased cardiac output, arterial

blood gases will deteriorate as a result of the inability of

low V/Q areas to adequately oxygenate the blood (5,6). A high

minute ventilation may cause an increase in V/Q ratio in all

lung regions, resulting in normal or nearly normal blood gas

values despite significant V/Q inequality (7).

Because therapy in many cases is directed towards the

improvement of gas exchange, the existence of ventilation-

perfusion inequality may have considerable therapeutic

consequences with respect to the choice of therapy, the

evaluation of therapy and the assessment of post-therapy

pulmonary function when surgery or radiotherapy is consi-

dered. It is difficult to estimate the degree of ventilation-

perfusion inequality directly from the arterial blood gas

analysis because their values are affected by the minute

ventilation and the PvO2 and by other causes of hypoxaemia

such as shunts or diffusion impairment. (1,5).

Measurement of the ventilation-perfusion ratio of the total

lung has no significance because it is a constantly varying

parameter dependent on the degree of exercise as well as on

compensatory or primary hyperventilation. Furthermore it is a

mean value which averages different V/Q ratios over all

regions. Measurement of regional V/Q ratios gives insight

into the pathophysiology of regional abnormalities. The

distribution of all regional values reflects the effect of

regional abnormalities on overall gas exchange.



Measurement of regional Pulmonary Function

Since Wolffberg in 1871 first attempted to measure regional

pulmonary function using an intrabronchial tube (8), many

reports have been published concerning the assessment of

regional pulmonary function.

Bronchospirometry with double lumen catheters enables the

comparison of the right and left lung with respect to the

spirometric values and oxygen uptake. Using this technique it

was demonstrated that, for a subject in a lateral position,

both the minute volume and oxygen uptake are increased in the

dependent lung (9,10). In dogs as well as in humans a reduced

perfusion was demonstrated in the un-ventilated lung as a

repult of hypoxic vasoconstriction (11-14).

A refinement of the bronchospirometric techniques was the

introduction of the triple lumen catheter (15, 16) which

allows separate assessment of the right upper lobe. It was

shown that perfusion to the right upper lobe changes with

body position with only a minimal change in regional

ventilation so that regional ventilation-perfusion ratios

will change as well. Limitations of bronchospirometry are the

considerable discomfort to the patient, the non-physiological

state because of the high airflow resistance (17) and the

insensitivity of the technique with respect to regions

smaller than a whole lung or a lobe.

A method that causes less discomfort to the patient and

causes no increase in airflow resistance is the sampling of

gas within the lung using fine catheters, first reported by

Birath in 1947 (18). From analysis of gas samples the

regional respiratory exchange ratio or "gas R" (VCO2/VO2) is

calculated which is determined by the ventilation-perfusion

ratio (19,20). When a mass spectrometer is connected to the

sampling tube, not only can gas samples withdrawn during a

part of the respiratory cycle be analyzed but continuous

analysis of the gas composition is also possible (21).

Typical patterns of oxygen and carbon dioxide tensions during

the respiratory cycle exist in regions with bronchial and/or

arterial obstruction (22,23). Although much information about

regional pulmonary function has been obtained with the

techniques described above, there are important limitations.

Firstly, they all require some kind of intubation technique
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which is a burden to the patient and interferes with normal

physiology. Secondly, the sensitivity for regional differen-

ces is limited because each lobe or segment that is analyzed

separately has alveoli at very different topographical

levels. This causes gravity dependent ventilation-perfusion

inequality, apart from any pathologic ventilation-perfus ion

inequality. The values measured from these regions have only

the significance of a mean.

The Multiple Inert Gas Infusion Technique

In the early 1970's Wagner and co-workers developed a

technique which describes the total amount of ventilation-

perfusion inequality. Using a multiple inert gas infusion

method they obtained virtually continuous distributions of

ventilation-perfusion ratios (24). This technique is based on

the retention in the lungs of six inert gases with different

blood-gas partition coefficients at a rate which depends on

the ventilation-perfusion ratio.

Pc 8

Pv 5 + V/Q

Where 5 is the blood-gas partition coefficient, Pc is the

partial pressure of the gas in the end capillary blood and Pv

is the mixed venous pressure. From the shape of the reten-

tion-solubility curves the distribution of ventilation and

perfusion against ventilation-perfusion ratios is computed.

These two distributions are combined on a single graph which

was called the distribution of ventilation-perfusion ratios.

Several different types of ventilation-perfusion distribu-

tions in lung disease have been described (25).

In spite of its limitations (26), much information about

ventilation-perfusion distributions has been obtained with

this technique (8,27-30). The relatively demanding nature of

inert gas technique however, including infusion, collection

of blood and expired air, gas chromatography and elaborate

computer analysis prevents its widespread use, especially for

clinical applications.



Scintigraphic Techniques

An important step in the field of regional pulmonary function

measurements was the introduction of radioactive tracers by

Knipping in 1955. He let patients inhale Xe-133 gas and

measured the accumulation of radioactivity in different parts

of the lung with external counters. Regional differences in

ventilation could be detected this way (31). West and co-

workers studied regional distribution of ventilation and

perfusion using 0-15, C-ll and N-13 (32,33). These radionu-

clides are produced in a cyclotron. Because of their short

half-lives (2, 20 and 10 minutes respectively) they must be

produced adjacent to the laboratory in which they are to be

used. For this reason and because of the more complex

techniques needed with these short lived tracers they are

only used for research procedures in specialized centres.

Since Ball in 1962 described a technique for the measurement

of regional ventilation and perfusion using Xe-133 which was

readily available at relatively low cost, this technique

became the method of choice for research purposes as well as

for clinical assessment (34). Xe-133 is a noble gas which

decays by emitting 81 KeV gamma-rays. Its half-life is 5.3

days. In order to measure ventilation, the patient is

connected to a closed circuit spirometer containing Xe-133 in

air. There are three ways of measuring regional ventilation:

-Single Breath: the patient takes a single breath from the

spirometer and holds his breath. During the breath-hold the

distribution of radioactivity is recorded. With this

technique the distribution of inspiratory capacity is

obtained.

-Wash-in: during tidal breathing the wash-in of activity is

recorded in different regions until equilibrium is reached.

The slope of the wash-in time-activity curve is a measure of

regional ventilation. At equilibrium, the alveolar gas has a

uniform Xe-133 concentration and the regional radioactiviti

is a measure of regional volume.

-Wash-out: After the patient is disconnected from the

spirometer, the wash-out of activity is recorded. Similar to

the wash-in procedure, the slope of the time-activity curve

is a measure of regional ventilation.
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A measure of regional ventilation per unit of volume (V/Vol)

can be obtained by dividing regional activity after the

single breath by the regional activity after equilibration.

Regional blood flow can be measured by injecting a bolus of

Xe-i33 in a saline solution intravenously and subsequently

recording the activity distribution of radioactive gas that

has been cleared into the lung during a breath hold (35).

Regional ventilation-perfusion ratios can be calculated from

the separate distributions of ventilation and perfusion.

Anthonisen described a method for measuring regional V/Q

ratios directly using constant intravenous infusion of Xe-

133 (36). When steady state has been reached there is

equilibrium between the arrival of xenon determined by

perfusion and the removal determined by ventilation so that

the regional activity is a measure of the local ventilation-

perfusion ratio.

Disadvantages of Xe-133 are the low photon energy of 81 KeV

with consequently high absorption in tissues and scattered

radiation (37) and the relatively high solubility in blood

and fat (38). These two factors may cause considerable error

in measurements and calculations using the xenon technique

(39).

In 1964 Taplin, and Wagner simultaneously introduced perfusion

imaging with radioactively labelled macroaggregates of

albumin (40,41)- When injected intravenously, these particles

with a size range of 10-50 micrometer are trapped in the

small pulmonary vessels proportional to blood flow. Normally

less then 1 in 1000 arterioles is obstructed temporarily.

Initially 1-131 labeled particles were used. For in vivo use

this was replaced by Tc-99m which is superior because of its

shorter half-life, more favourable photon energy and

dosimetry. This technique, together with the introduction of

the gamma-camera (42) has been of enormous value in the

assessment of pulmonary perfusion. Advantages compared to

perfusion imaging with Xe-133 are the superior image quality

because of the higher photon energy (140 KeV for Tc-99m),

the minor background activity and the long residence time in

the pulmonary capillaries. For these reasons perfusion

imaging in multiple views is possible.

Another important development was the introduction of

Krypton-81m gas as a ventilation tracer by Fazio and Jones in
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Fig. 1
Theoretical relationship between lung concentration
relative to the inspired concentration of Kr-81m ([Kr-
81m]lung/[Kr-81m]insp) and ventilation per unit of volume
(V/Vol).

1975. Kr-81m is an insoluble, noble gas that decays emitting

a single 190 KeV gamma-ray which is very suitable for imaging

with the gamma-camera. Kr-81m has a very short half-life of

13 seconds and is produced continuously from its parent Rb-81

in a generator with a half-life of 4. 58 hours. When adminis-

tered continuously via a face-mask or a mouth piece the rapid

decay of Kr-81m prevents equilibration between alveolar and

inspired Kr-81m concentrations. Therefore, the regional Kr-

81m concentration depends mainly on the arrival of fresh

Krypton which is governed by regional ventilation (42).

The theoretical relationship between the Kr-81m concentration

and V/Vol is shown graphically in Fig. 1. It can be seen that

in the normal range of V/Vol (1-2.5 /min) the Kr-81m

concentration varies almost linearly with V/Vo1.

Kr-81m has several advantages over Xe-133 for ventilation

imaging.

-Due to the higher energy and the lack of background

activity because of the short half-life, image quality of

Kr-81m is superior.

-Ventilation imaging can be performed in multiple views.
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-Radiation dose to the patient as well as to the technolo-

gists is low. Because of the short half-life there is no

waste problem.

-Very little patient cooperation is required. In fact even

comatose patients can be examined.

-Because of the higher energy, ventilation imaging can be

combined with perfusion imaging using TC-99IR r.;acroaggregates

or microspheres. (43).

Disadvantages are the limited availability due to Che short

half-life, the cost, which is considerably higher than the

xenon techniques and the difficulties in quantitating

regional ventilation from the Kr-81m steady-state count

distribution because of the asymmetrical relationship between

Kr-81m concentration and ventilation per unit of volume.

(44,45).

Increasing interest has "been directed in the past couple of

years towards the assessment of the non-respiratory functions

of the lungs using radioactively labelled amines (46-51).

There is experimental evidence that the pulmonary uptake of

1-123 iodoamphetamine is an active process, possibly due to

an endothelial receptor binding (48). When the endothelial

cell is the initial site of damage in disease processes in

the lung, the retention of these tracers could be a sensitive

marker for pulmonary vascular integrity enabling assessment

of the extent of the disease in an early stage. The exact

properties of these tracers with respect to the metabolic

function of the pulmonary endothelium still have to be

established.

SPECT

In a standard scintigraphic procedure the concentration of

radioactivity is recorded in a single projection, summating

activity concentrations lying perpendicular to the projection

plane. In order to facilitate visual interpretation,

additional images can be obtained in different projections

provided that the activity distribution remains constant. The

accuracy of quantitative analysis in a planar image is

always limited by overprojection of underlying or overlying

tissue, especially in a large organ like the lung. With



Fig. 2

Double headed rotating gamma camera used in this study
(Siemens 2LC-75 Rota II).
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Fig. 3

Different projections of the ventilation study (Kr-81m) and
the perfusion study (Tc-99m) of a 15 year-old male with a
scimitar syndrome (aberrant insertion of the pulmonary artery
in the abdominal aorta) (A). The activity distribution seems
normal. On the transaxial (B) and the coronal (C) reconstruc-
tions of the perfusion study an activity defect can be seen
at the site of the aberrant pulmonary artery (arrows)
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single photon emission computed tomography (SPECT) a three

dimensional activity distribution can be obtained by

recording radioactivity in multiple projections (typically 60

or 64) during a 360 degree rotation of a gamma-camera mounted

on a rotatable gantry (Fig. 2). From these tomographic data,

transverse slices are reconstructed using a filtered

backprojection algorithm (Fig. 3) (53-56). Single slice SPECT

devices have been developed (57) but are not generally used

because of the higher cost. SPECT increases depth resolution

and enables intra-regional quantitation by eliminating

overlying and underlying source activities (3,58,59). A SPECT

examination takes approximately 20 to 30 minutes and half

that time when a dual head system is used. Because steady

state count distribution using Kr-81m reflects the distribu-

tion of ventilation, ventilation SPECT can be performed

provided that the ventilatory rate remains constant during

the acquisition. SPECT of perfusion is possible because the

activity distribution is static, reflecting the distribution

of perfusion at the time of intravenous injection. Ventila-

tion SPECT with long lived tracers like Xe-133 is not

possible due to the changing distribution. As mentioned

earlier, ventilation is calculated from time-activity curves

when long lived tracers are used.

Aim of the study

Scintigraphic techniques provide a relative simple, non-

invasive way of obtaining information of regional pulmonary

function which may be helpful in the evaluation and manage-

ment of many forms of pulmonary pathology and which cannot

otherwise be obtained with current pulmonary function tests.

Many reports have been published concerning the quantifica- '*U

tion of regional pulmonary function using scintigraphic •;>,

techniques. In most of these studies xenon was used as a "'•;.

ventilation tracer as mentioned earlier. In the more recent

literature an increasing number of publications on this

subject concern the use of Kr-81m gas (2,60-66). -••-,

In only a few studies SPECT was used in spite of its

advantages with respect to quantification regarding the -j

overproj ection of underlying and overlying structures. (3,4). "~JC"
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The aim of this study was the development of a technique for

the quantitative analysis of ventilation-perfusion SPECT.

Such a technique may be helpful in the clinical assessment of

regional pulmonary function in non-thromboembolic pulmonary

disease. To be of value the technique has to be generally

applicable, preferably operator independent and provide

quantitative information on the distribution of regional

ventilation, perfusion and ventilation-perfusion ratios.

In addition an effort is made to establish the properties of

a new tracer, N-isopropyl-p[1-123Jiodoamphetamine, used for

the assessment of the metabolic function of the pulmonary

endothelium.
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Abstract. A method is presented for deriving regional values for lung volume, ventilation,
perfusion and dV/dQ ratios suitably plotted for clinical interpretation. Necessary data
are obtained from a 12 min dual-head, dual isotope (8lKr™ and "Tc"1) SPECT acquisition
and subsequent graphics and image processing. Computed histograms make possible a
detailed quantitative impression of lung function.

1. Introduction

Single photon emission computed tomography (SPECT) systems can provide fairly
accurate mapping of the three-dimensional radiopharmaceutical distribution within
an organ, provided very careful quality control as well as calibration procedures are
performed on a regular basis (Larson 1980, Harkness et al 1983). We have set up a
programme to test the possibility of employing SPECT of the lung. Simultaneous
registration of the photon emission of two isotopes, "Tcm and 8lKrm, at a combination
of 60 images per 360° and 20 s per image was used to get a 3D impression of perfusion
and ventilation respectively. Volume estimation by SPECT of phantoms simulating
clinical conditions as well as organs in vivo has been reported by several authors
(Tauxe et at 1982, Strauss et al 1984). We found that the accuracy of this method is
heavily dependent on an unambiguous identification of the edges of the object. Values
for volume, ventilation, perfusion and d V/dQ ratios are calculated per transaxial slice
and the results are plotted on a computer display screen to facilitate clinical interpreta-
tion. The physical and radiation burden to the patient necessary for this examination
is small (estimated absorbed doses: lung, 4.5 mGy; total body, 0.4 mGy) and the
examination can be completed in 12 min using a dual-head gamma camera system.

2. Imaging of ventilation and perfusion

To image the capillary bed of the lung, 80-100 MBq of *9Tcm-labelled microspheres
are injected intravenously, the subject being in the supine position. In normal subjects
almost all of these 20-50 nm particles are trapped in the lung capillaries and thus the
local "Tcm concentration is related to the regional pulmonary blood flow (perfusion).
The tracer concentration can be measured by registration of the 140.5 keV gamma
transition of the "Tcm decay. In addition, the distribution of ventilation can be
measured by registration of the 190 keV transition of the radiotracer 81Krm. The patient
inhales a mixture of this fast decaying (T, / 2= 13 s) insoluble gas and air through a
low-resistance mouthpiece. However, the measured 190 keV count rate does not have
such a straightforward relationship with the ventilation dV/dt, because it represents
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a dynamic equilibrium state. In a particular lung unit the effective activity depends
on the rate of arrival and removal of 81Krm in that unit and the decay constant of
"Kr1" (3.2 rain"'). It can be shown (Fazio and Jones 1975) that the 8lKrm count rate
is proportional to

([(dV/dr)/Vol]/{[(dV/dr)/Vol] + 3.2})xinspired air 8lKrm concentration. (1)

3. Instrumentation

Actual acquisition took place using a Siemens Rota camera, model 1788, equipped
with two ZLC 75 detectors. The patient was in a supine position, ensuring sufficient
comfort to avoid involuntary movement. There is the additional advantage that the
gradient in the ventilation/perfusion ratio from anterior to posterior introduced by
this position is of less importance than the top-to-base gradient introduced by a seated
posture. The conventional spirometric and helium dilution technique measurements
to be used for comparison with SPECT were carried out with the patient in a position
similar to that during SPECT. A disadvantage of the method is that the results are not
directly comparable with the standard practice of examining patients when seated.

While the intrinsic detector resolution may be better than 0.5 cm at 140 keV, the
planimetric overall resolution of the imaging system measured in depth would be of
the order of 1-2 cm. This loss of resolution is mainly due to the septum thickness and
large parallel holes of the medium-energy collimator that is required to prevent septum
penetration by the 190 keV gamma rays. A matrix size of 64x64 samples fitted to a
camera's field of view of 40 cm diameter leads to a picture element size of 6.3 mm.
The minimum required digitising rate of 2 samples per cycle leads to a digital image
resolution of 1.26 cm, adequate for our purpose. With a matrix of that size we require
256 K words of memory to store 64 single images. At present, this size of memory can
be chip based, so that no slowing of acquisition is introduced by disc writing. To be
sure that we are comparing ventilation and perfusion in the same lung volume element,
both "Tc"1 and 81Krm studies have to be recorded simultaneously. This dual-isotope
method raises the problem of cross-talk and different spatial registration between the
two energy channels. Test acquisitions were carried out on patients with only one
isotope administered but with both energy channels working. The 99Tcm influence on
the 190 keV channel was negligible and is probably due to pulse pile-up, i.e. two
different scattering events that fall within the decay time of the crystal-photomultiplier
system are accepted as one signal of the summed energy. A more serious influence is
due to cross-talk from the 81Krm radiation to the "Tcm channel. This is not surprising
since the energy of inelastic backscattered 190 keV photons falls right within the 140 keV
range of the primary "Tcm radiation. Two properties of these backscattered photons
help us to cope with this problem: (i) a greater percentage of the primary photons is
scattered in a forward direction instead of backwards; and (ii) since the initial direction
of the primary photon is lost by the scattering event, the influence of the scattered
radiation leads to a more or less uniform background in the other channel (figure 1).

It appears that with a narrow energy-window setting (10%) and a uniform back-
ground subtraction, the cross-talk influence in the "Tcm channel can be reduced to an
acceptable minimum. This narrow energy setting can only be practised with sufficient
uniformity if a modern camera employing uniformity correction circuits is used.

The spatial displacement between the simultaneous registration of both energy
channels appeared to be of the order of 0.5 cm or less, negligible with regard to the
overall resolution.
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Figure 1. Horizontal profiles of 0" images of 81Kr™ ventilacion tomographic acquisition; 140 keV ( " T O
channel backscatter cross-talk shows none of the significant features of the primary 190 keV (8 lKrm) channel
image.

4. Reconstruction and resolution

Typically, during a SPECT acquisition, 80-120 K counts per image are recorded, so the
statistics of counting tend to be unfavourable. For this reason the image series were
pre-processed by a spatial digital filter function before the actual reconstruction. Every
picture element gets an output value that is a weighted function of its original value
and its neighbours. Figure 2 shows a schematic transfer function of such a low-pass
filter. Large-to-small object size in the spatial domain corresponds to low-to-high
frequency in the amplitude-frequency plot. An optimal filter would suppress all
frequencies greater than the cut-off (co) frequency without affecting the lower frequen-
cies. Real filters provide a less ideal reduction. Increasing the neighbourhood size of
the filter leads to a better approximation of the optimum, but takes up more computer
time. Cut-off frequency is defined as the point at which filter output energy falls to
half the input energy, i.e. the output amplitude is 0.707 times the input amplitude.
Appropriate selection of weighting coefficients fixes this co frequency, in our case, at
0.25 cycles, which results in loss of details smaller than 0.63 x 1/0.25 = 2.5 cm.

The tomographic reconstruction into transaxial slices took place according to the
filtered back-projecting method (Medical Data Systems). Although there are more
accurate iterative algebraic reconstr-Uion techniques, their more time-consuming
nature prohibits clinical use. A simple test was carried out to check the linearity of
the algotithms used, by reconstructing an artificially generated series of images of a

Amplitude

output
input

0.2 (cut-off) 05
Frequency

Figure 2. Schematic plot of amplitude against frequency, showing the transfer function used for preprocess
filtering of the tomographic images.
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cylinder containing different quantities of activity. From these tests it could be con-
cluded that non-linearities introduced by the use of this technique do not have a
significant influence on the quantification of activity. In practice, the accuracy of image
reconstruction is limited by blurring and artefacts caused by small errors in detector
matching, uniformity and calibration, and the insufficient reduction of star artefacts
caused by the back-projection reconstruction algorithm. Careful choice of reconstruc-
tion filter parameters is required to reduce the effect of these factors.

To measure the transaxial resolving power in practice, a few point sources were
placed in a water container at variable distances along the transaxial axis. Two sources
could just be separated at a distance greater than 2.0 cm, in agreement with the expected
theoretical value.

5. Attenuation correction

A number of different methods have been proposed to tackle the problem of attenuation
correction (Webb et al 1983). None of them achieve a proper compensation for a
complex tissue distribution such as the thorax. Most existing methods are designed
for relatively simple anatomical structures for which assumptions like the use of a
mean overall attenuation coefficient and a uniform surrounding medium seem reason-
able. A method applied recently (Osborne et al 1985) for the thorax that includes
scatter compensation gives more promising results. To avoid the difficulties of attenu-
ation correction all regional values are expressed relative to the overall total value.
The ventilation/perfusion ratios calculated from these relative values are correct if we
assume that the attenuation coefficient function along any ray path is energy indepen-
dent. For two energies as closely related as 140 keV and 190 keV and with human
tissue as the main attenuating medium this is a plausible assumption. The accuracy
of the approximations of the relative values are themselves dependent on the measure
of self-attenuation in the lung. Considering that the lung tissue density (0.3 g cm"3)
is far less than that of bone (1.8 gem"3) or tissue (l.Ogcm"3), the acceptance of a
model in which a non-self-attenuating organ is surrounded by an attenuating structure
can be justified. A simple example will illustrate the maximum suppression of central
values introduced by neglecting this self-attenuation:

Linear attenuation coefficient for lung tissue, n = 0.03 cm
Centre-to-surface distance, d = 5 cm

• Centre/surface suppression = e'1"1 = e"003*5° = 0.86.

Neglecting this place-dependent factor in the attenuation thus introduces a maximum
error of 15% in the registered count values and this defines the limitations of the
accepted model.

< 6. Edge detection

f The main reason why the sharp edges of an object, which are in reality distinct, often
V degrade in nuclear images to vague indistinct contours is the limited spatial and energy
••' resolution of the imaging devices. In the case of reconstructed transaxial lung slices
.' there are two additional edge-deforming factors: (i) where boundaries meet at an acute
£ angle edges are disturbed by reconstruction filter oscillations; and (ii) the lung edges
!>. are a mean of an activity border line that moves 1-2 cm up or down. This implies
| that there is no point in using very extensive and accurate methods of edge detection.
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What is required is a method to identify a reproducible edge point as independent as
possible from the shape of the edge. One obvious method is to outline the contour of
each individual transaxial left and right lung slice with a light pen on the display
screen. Apart from its time-consuming nature this method is not very reproducible
because of the variability in human judgement. Looking at a count profile through a
slice, a more feasible method is to delimit the boundaries by thresholding: all
picture elements that exceed a certain count level belong to the object. However, the
selection of the correct threshold value turns out to be crucial. There is a strong
relationship between the resulting calculated volume and the threshold level chosen.
For volumes with a more or less uniform count distribution, like a phantom or a
kidney, good results are obtained once the right level value is determined. In our case
the count distributions in the different slices showed too much variation to arrive at
one definitive level. To get rid of these problems we have chosen a gradient method.
A first derivate matrix operator

[df/dx]=f(ij)-f(i + l,j)

ldf/dy]=f(i,j)-f(i.j + l)

was used to detect large rates of change between adjacent picture elements. These
operators have been used quite successfully in detecting ventricular edges in nuclear
heart studies (Chang el al 1980). In applying this operator to the transaxial lung slices
two problems arose: (i) the matrix operator also detected structures in the image that
did not belong to the organ but were artefacts originating from the reconstruction;
and (ii) activity voids inside the lung slice due to insufficient ventilation and/or
perfusion were misinterpreted as outer edges.

The first problem was solved by not taking into account rates of change between
picture elements that have count values lower than a certain level. From all those
picture elements left, those that are part of an edge have a very high probability of
having a high gradient in comparison with their neighbours. When these high-gradient
picture elements are sorted out and used for contour tracing it is sometimes not possible
to form a closed segment because, due to activity voids, too many picture elements
on one image line can be high-gradient picture elements. To overcome this confusion,
all high-gradient picture elements are first distributed according to count level. The
maximum in this distribution then defines the correct count level to be used for threshold
contour tracing for that particular slice. A closed area including inside activity voids
can now be delimited by thresholding the image from the outside inwards. The final
form of the program had to be simplified somewhat because of the limited amount of
CPU space and time a multi-user minicomputer system has to offer. The neighbourhood
size for edge searching had to be limited to two pixels, while the edge sensitivity was
restricted to two directions. Although these modifications make the operators more
sensitive to noise and amplitude irregularities, the results were not seriously affected
owing to the smoothing effect of the spatial and reconstruction filters. Also, a limited
number of misinterpretations scarcely affect the maximum in the count level distribution
of a high-gradient pixel. The program is written in FORTRAN IV and it takes about
10 min to process two studies (64 images each) on a 16 bit Data General Nova IV.
Multiple display is used to indicate the processing progress (figure 3); on the right-hand
side are the 0° images of "Tc1" and 81Krm with lines drawn at the position of the
corresponding transaxial slices, which are displayed on the left-hand side. Selected
areas for the calculated regions of interest are covered by single line ("Tcm) and double



28 A Klumper and A Zwijnenburg

I. I-
•.ft:

<

Figure 3. Single line ("Tc") and double line (slKr™) plot of detected regions overlying com uansaAJai
images and indication of their position in the raw 0° tomographic images.

line (8lKrm) plotting. In this way one is able to recognise immediately any differences
indicating mismatching of local ventilation and/or perfusion volume.

7. Results of volume calculations

The results of the volume calculations are presented in a graphical manner that has a
certain analogy to that used by Burton el al (1984). There are three major differences,
as follows, (i) No effort was made to force the lung upper and lower boundaries to a
normalised scaling; thus studies of patients with changing top and/or base ventilation
and/or perfusion can be compared, (ii) A more objective method of edge detection
was used, (iii) The information is three-dimensional, i.e. the additional available
regional volume values allow the estimation of ventilation per unit volume and sub-
sequent d V/dQ ratios which, in case of plane scintigrams, are incorrectly derived from
local8I Krm count values or would require another volume tracer (e.g. 85Krm) scintigram
(Lavender 1978).

The main vertical axis represents the diameter of the camera's field of view. It is
divided into 64 parts, each representing a theoretical slice thickness of 6.3 mm. For
each left or right lung slice the actual ventilation and perfusion volume is calculated
by multiplying all points inside the detected edges by its elementary volume:

Vol(elementary) = [(pixelsize X) x (pixelsize V) x 6.3] (mm3).

•• The actual pixel size, as well as the centre of rotation value, has to be established by
•• adjusting gain and offset of the X and V amplifiers after calibration tests with four
•- point sources placed at known distances in a (levelled) square Plexiglas phantom.

Curves are plotted on the display screen with each point representing the calculated
'•• volume for each individual left or right transaxial lung slice. Different intensities are
•;' used for the 8lKrm and "Tcm results. With normal volunteers these curves should be
: • close together, reflecting the equality of the volumes calculated for both isotopes within
;„• the noise-based deviations. Significant relative deviation suggests abnormal ventilation
\\ and/or perfusion functioning (figure 4). The calculated volume becomes a close
i'v approximation to the lung volume if the three following conditions are met. (i) The
-, tissue volume presents a negligible part of the anatomical volume, (ii) There are no
;• such badly ventilated and perfused areas in the outer parts of the lung that the amount
% of photon emission is too small to reach the detection limit of the imaging system
| (such areas inside a closed slice segment are counted as volume points regardless of

count level), (iii) Errors due to partial volume effects are negligible for a large and
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regular shaped structure like the lung (Mazziotta et al 1981). To get an optimal
approximation of this volume a third curve is plotted. This curve indicates the envelope
volume, compounded from all picture elements that fall inside the "Tcm or the 81Krm

volume (figure 5).
The lung volume functional residual capacity (FRC) is measured conventionally by

means of a spirometer according to the helium dilution technique. It is clearly desirable
to compare these results with the sum value of all individual slices from the ventilation
SPECT method. In 10 patients and 11 normal subjects lung volume was determined by
both methods. Two patients were examined three times, one patient was examined
twice and all other patients and normal subjects were examined once. This resulted
in a total of 26 examinations. Total volume as calculated from the tomographic data
was found to correlate well with helium FRC (Zwijnenburg et al 1985a,b).

8. The activity distribution

In figure 6 the detected activity within each left and right lung slice for both isotopes
is plotted as a percentage of the total detected activity. Under the accuracy restrictions
previously mentioned, the 9*Tcm curve presents an impression of the regional perfusion.
To get an equal impression of the regional ventilation we have to correct the 81Krm

activity values according to equation (1). Calling the number of counts detected in
one (left or right) lung slice N(K), the slice volume V(R), its specific ventilation S(R),
the inspired-air 8lKrm concentration C(I) and putting in a global efficiency factor £(R)
to describe the ability of the system to express the regional s'Kim tissue content into
registered counts, equation (1) leads to

N(R) = E(R) x C(I) x[(S(R) x V(R))/(S(R)+3.2)]. (2)

Since all values are measured relative to the total we have to adapt this formula.
Dividing (2) by the expression for the total lung,

N(R)_E(R)xC(I)x[(S(R)xV(R)) / (S(R) + 3.2)]
JV(T) £(T)xC(I)x[(S(T)xV(T))/(S(T) + 3.2)] { )

is strictly only valid for the case of a total homogeneous ventilated lung. Different
regional specific ventilation values result in different regiona' slKrm tissue concentra-
tions and by using equation (2) for the whole lung an error is introduced that is
dependent on the measure of difference between the regional values. Regions with
low specific ventilation will contribute more proportionally to the overall total count
value and regions with high specific ventilation less. Detailed calculations on artificial
lung models show that at an overall specific ventilation of 1.5 min~' the over- and
under-estimation in lung regions with a specific ventilation of 2.0 min"1 and 1.0 min'1

will be about 11%. This implies that in case of very inhomogeneous ventilation the
calculated regional specific ventilation values can only be approximations. Working
out equation (3) gives

S(K)= (E(R)/B(T» x (AT(T)/N(R)) x (V(R)/ V(T)) x

in accordance with the expression found by Amis et al (1978), except for the efficiency
term. Considering the way in which the tomographic slice counts are compounded
from 60 views at different angles we believe E(R) and £(T) differ very little, so for
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the final calculated and displayed (figure 7) specific ventilation values for each left
and right lung slice the ratio £(R)/£(T) was taken to be unity.

The value of the mean total specific ventilation is measured when stable physiologi-
cal conditions have been reached, i.e. the patient has to be acclimatised and have a
steady and continuous inhalation.

9. Discussion

In judging the quantity and quality of lung functioning the dV/dQ ratio is a very
important parameter (West 1977). Regional detection and display of d V/dQ mismatch-
ing using "Tcm and 81iCrm conventional planar imaging is possible (Goris and Briandet
1983). With SPECT, the separation of overlying and underlying activity regions and
the additional volume information results in more accurate regional dV/dQ ratio
calculation and thus improves this detection method considerably.

A two-way graphical presentation was implemented for showing the calculated
d V/dQ ratios per slice with a normal and a logarithmic scale (figures 8 and 9). In
logarithmic scaling, equal amounts of regional ventilation or perfusion disturbance
will lead to equidistant graphical deflections, while normal scaling favours perfusion
defects. If both studies are normalised using the overall total count value, for a normal
volunteer the value of d V/dQ should fluctuate in a narrow range around 1.0. Significant
deviations suggest abnormal lung functioning in this area. The reasonably reliable
three-dimensional ventilation and perfusion data that are acquired with the technique
described offer the opportunity to construct volume-dependent lung function his-
tograms. The number of volume elements that belong to certain classes of ventilation
and/or perfusion values are counted. Class range is determined by the total available
number of elements. The normal range of the FRC is 2.S-4.01. One elementary
reconstruction volume element amounts to 0.000251 theoretically. The practical value
is dependent on actual pixel size after (weekly) matching offset and gain of both
detectors. So this value is stored and plotted with the histogram display. A suitable
class range (5 log N) is calculated from

1/(5 x log(2.5/0.00025)) = (1/20) x (total range).

Four of the available options have been worked out in detail. For every elementary
volume element in the detected lung volume the ventilation, perfusion and dV/dQ
ratio are calculated and the resulting histograms are displayed (figures 10,11 and 12).
Because necessary data like cardiac output etc are missing, these graphics cannot show
absolute values but have an arbitrary normalisation. However, essential properties
like dispersion and variance are retained. A fourth histogram shows the distribution
of elements with certain blood flow values over the classes of d V/dQ ratios. It can
give an indication of the efficiency of gas exchange of the lung or parts of the lung
and thus forms a sensitive test of lung function (figure 13). For normal volunteers the
volume/(d V/dQ) histogram shows a sharp peak around 1.0. Malfunctioning parts of
lung volume influence this function and are indicated by a more broadly spread picture
(figure 14). Large parts with excessive ventilation or perfusion show as left-sided or
right-sided lobes respectively (figure 15). Quantification of malfunctioning is possible
by calculating the percentage of lung volume that falls within the d V/dQ range of,
say, 0.8 < (d V/dQ) < 1.2. Clinical implications of these findings are now the subject
of further study.
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Figure 10. Plot of histogram of all detected lung
volume elements distributed over 20 classes of venti-
lation values; patient with slightly disturbed venti-
lation.
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Figure 11. Plot of histogram of all detected lung
volume elements distributed over 20 classes of blood-
flow values; patient with disturbed right top per-
fusion.
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Figure 12. Plot of histogram of all detected lung
volume elements distributed over 20 classes of venti-
lation/ perfusion ratios (10>dV/d(?>0.1); normal
volunteer.
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Flgwe 14. Plot of histogram of all detected lung
volume elements distributed over 20 classes of venti-
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with disturbed right top perfusion.
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Figure 13. Plot of histogram of all detected lung
volume elements with certain blood-flow values dis-
tributed over 20 classes of ventilation/perfusion
ratios (10>dV/d<?>0.1); normal volunteer.
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Resumé

Tomographie d'émission par photon unique (SPECT) et ä I'aide de deux radionucléides ("Kr1" et "Te1")
pour l'exploration de la fonction pulmonairc.

Les auteurs proposent une methode permettant de determiner, dans les poumons, les valeurs regionales du
volume, de la ventilation, de la perfusion et des rapports dV/dQ, el de les présenter sous une forme adequate
pour ('interpretation clinique. Les données sont obtenues par une acquisition de 12 min en double isotope,
avec deux détecteurs, et consistent en graphiques et images fournies par un Systeme de traitement. Des
histogrammes rendent possible {'edition quantitative détaillée de la fonction pulmonaire.

Zusammenfassung

Doppel-Isotopen (81Krm und "Tcm)-SPECT in der Lungenfunktionsdiagnostik. ",

Vorgestellt wird ein Verfahren zur Herleitung lokaler Werte für Lungenvolumen, Ventilation, Perfusion und
d V/dQ-Verhältnisse, die für die klinische Interpretation in geeigneter Weise dargestellt werden. Die dazu
notwendigen Daten erhält man mit Hilfe einer 12 min Aufnahme eines Doppelkopf-, Doppel-Isotopen
(''Kr1*1 und MTcm)-SPECT mit nachfolgender Graphik und Bildverarbeitung. Die berechneten Histogramme
vermitteln einen genauen quantitativen Eindruck der Lungenfunktion.
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Abstract. Lung volumes, calculated from s l Kr m single-photon emission computed
tomography (SPECT) of the lungs, were compared with functional residual capacity (FRC),
measured with the helium dilution technique in controls and in patients with various
pulmonary diseases, SPECT volume was greater than FRC, which was attributed to non-gas-
containing structures in the lung such as the alveolar walls, the interstitium, the blood vessels
and the blood, included in the SPECT volume. A good correlation (r = 0.91) was found between
the two volumes and there was no difference in this relationship between patients and controls.
It was concluded that the relative volume distribution, calculated from SPECT, can be used for
the quantification of ventilation from 81Krm SPECT steady-state count distributions.

1. Introduction

In the past decade, ventilation-perfusion scintigraphy has proved to be a useful technique
in the management of pulmonary disease (Atkins 1984). An important development was the
introduction of the short-lived krypton-81m gas as a ventilation tracer (Fazio and Jones
1975). Because of its fast decay (T,A = 13 s), "Kr™ lung activity in equilibrium represents
mainly ventilation rather than volume as does 133Xe gas (T,A = 5.3 d) (Milic-Emili et al
1966) and also allows multiple ventilation projections to be obtained using a gamma camera,
and single-photon emission computed tomography (SPECT) (Lavender et al 19P4). The
general relation between regional ''Kr™ content iVf'Kr"1) and ventilation v (1 min"1) in a
region with volume VK (in litres) is given as

where C, (counts I'1) is the inspiratory slKrm concentration and X (min'1) is the decay
constant for "Kr™ (3.2 min'1).

Because of its high value compared with a normal value for ventilation per unit volume
(v/Vf) of about 1.5 min*1, X dominates the denominator in equation (1) and 8lKrjn

activity therefore depends mainly on ventilation. It can be seen from this equation, however,
that at higher ventilation rates v / VA has a greater influence on the denominator, e.g. on
"Kr"7 wash-out, and therefore the measured 81Krm activity will underestimate ventilation.

Recently we described a method for quantitative SPECT analysis of the lungs in which
the volume distribution was derived using volume calculations from tomographic
reconstructions of SPECT performed during the steady state inhalation of 91Krm gas. This
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volume distribution was subsequently used to calculate regional values for v / FA

(Zwijnenburg et al 1985, Ktumper and Zwijnenburg 1986). Volume estimations from
tomographic slices have also been successfully used to calculate liver and renal volumes
(Kawamura et al 1984, Strauss et al 1984).

In the present study we validated the results by comparing total lung volume, calculated
using this technique, with functional residual capacity (FRC), measured with the helium
dilution technique (Quanjer 1983).

2. Patients and methods

2.1. Patient Studies

Two groups of patients were included in the study. The first group consisted of 10 patients,
5 with Hodgkin's Disease and 5 with early breast cancer, who had no pulmonary or
mediastinal involvement and no history of respiratory disease. These patients were
examined before treatment and were considered normal controls with respect to pulmonary
function (table 1). The second group consisted of 28 patients with various forms of
pulmonary disease as shown by clinical diagnosis and pulmonary function tests (table 2).
Spirometry was performed in the sitting position (Lode D-75 spirometer).

Table 1. Clinical data, pulmonary function tests and SPECT volume in
patients without pulmonary disease ^controls).

Subject

I
2
3
4
5
6
7

8
9
10

Age
(a)

21
22

23
25
26
42
41

46
52
63

Sex

F
F
F
F
F
F
F

F
F
F

Diagnosis

HD

HD

HD

HD

HD

BC

BC

BC

BC

BC

VC

92
94

109
81

101
114
87

113
93

86

FEVj/VC

0.86
0.88
0.75
0.84
0.83
0.80
0.85
0.77

0.70

0.81

BRC

(1)

1.53
2.34
2.80

1.90
2.40
1.44
2.13
2.44

2.16
2.70

SPECT volume

(1)

2.41
3.03
3.67
2.64
3.03
1.&3
2.88
3.48

2.55
3.22

Key:
vc = vital capacity {% predicted according to Tammeling (1961);
FEV, = forced expiratory volume in one second; FRC = functional residual
capacity (supine position); HO = Hodgkin's disease; BC = breast cancer.

Scintigraphy was performed with the patient lying supine, at rest on the examination
table with the arms raised above the head. Krypton-81m was delivered via a mouthpiece
with low-resistance inspiratory and expiratory valves, SPECT of the lungs was carried out
using a dual head rotating gamma camera system (Siemens ZLC-75 rota II, linked to an
MDS Nova IV computer) with medium energy, medium resolution collimators. For each
camera head 30 images were acquired at 20 s per image over 180 deg. Acquisition time was
13 min.

From the resulting images transaxial slices were reconstructed using filtered back-
projection. The contour of the lungs was detected in each slice with an edge detection
technique based on a gradient method as described previously (Klumper and Zwijnenburg
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Table 2. Clinical data, pulmonary function tests and SPBCT volume in patients with pulmonary
disorders.

Subject

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Age

(y)

34
47
49
54
54
54
54
56
56
57
60
66
68
71
71
73
74
47
77
25
35
48
54
43
59

62
29
48

Sex

M
M
M
F
M
M
M
M
M
M
M
M
M
M
M
M
M
F
F
F
M
M
M
M
F
F
M
M

Diagnosis Treatment

LC

LC

LC

LC

LC

LC

LC

LC

LC

LC

J.C

LC

LC

LC

LC

LC

LC

BC

BC

HD

BT Chemo.

Chemo. Surg.
Surg.

KT Chemo.

KT

Surg.

Surg.
Surg.
Surg. Chemo.
Surg.

HD(mcdiasi.)
HD

HD

COPD

COI>D

IPF

MTC

AF

HI

RT

Surg. Chemo.

vc

83
63
80
85
98
65
74
66
93
85

95
108
96
76

110
85
36
92
72
80
69

61
65
90
93
56
39
75

FEVj/VC

0.86
0.73
0.70
0.70
0.61
0.76
0.67
0.57
0.31
0.59
0.75
0.61
0.48
0.82
0.54

0.61
0.67
0.78
0.64
0.79
0.83
0.96
0.75
0.46
0.63
0.83
0.88
0.65

FRC

(1)

3.49
1.50
2.46
2.95
4.37
2.10
1.77
1.55
2.99
2.51
2.93
2.25
3.33
1.66
3.20
3.42
2.35
3.02
2.19
2.20
1.45
3.30
1.53
3.22
2.37
1.74
1.93
2.10

SPECT volume

(1)

4.74
1.75
3.06
3.31
5.03
2.54
1.97
1.94
3.06
3.43

3.63
2.66
3.34
2.02
4.10
3.49
2.79
3.60
2.88
2.86
2.20
3.95
2.47
3.31
2.22
2.64
2.84
2.58

Key to abbreviations:
LC - lung cancer; Be * breast cancer; HD'Hodgkin's disease; COPD = chronic obstructive
pulmonary disease; IPF = idiopathic pulmonary fibrosis; MTC = metastatic testicular cancer;
AP = alveolar proteinosis; RT « radiotherapy; Chemo = chemotherapy; Surg. = surgery.

1986) (figure 1). The volume per slice was calculated by multiplying the number of volume
elements within the contour with their elementary volume (0.238 ml per element). Total
volume was calculated by summing the values per slice over all slices. In 11 patients volume
calculations were made from three different tomographic projections: transaxial, coronal
and sagittal.

Htconttructad image AfWr •dga dmctton

Figure 1. Estimation of the lung contour by edge detection in a trmtariil section, reconstructed from SPECT
during steady state inhalation cf "Kr™ gas.
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Immediately before and after SPECT, with the patient remaining on the examination table,
spirometric measurements were made of vital capacity and expiratory reserve volume (ERV).
Within two days of the scintigraphic examination FKC was determined using the closed
circuit helium dilution technique (Quanjer 1983) (Lode LPA 76 katapherometer), with the
patient in the same position as during SPECT. Helium dilution was started at the beginning
of tidal inspiration and the reading was taken after an equilibration time of 5 min, provided
that there was no change in helium concentration for at least 2 min. During helium wash-in,
oxygen was supplied at a constant rate to compensate for oxygen consumption from the
spirometer. The mean of two consecutive measurements was taken and a maximum
difference of 5% between the 2 measurements was accepted. Gas volumes were corrected
for body temperature and pressure saturation (BTPS).

2.2 Phantom studies

Besides the patient studies, phantom studies were performed with a thorax-shaped, Perspex
phantom with a volume of 12 litres (figure 2). The phantom was filled with an aqueous
solution of "Tc1". To determine the relationship between count density and calculated
volume, seven consecutive SPECT studies were performed with the time per image varying
from 5 to 40 s. The volume in each study was calculated.

Figure 2. Perspex phantom used for volume calculations.

3. Retults
3.1. Phantom studies

The results of the phantom studies are shown in figure 3. Below a count density of 100
counts per volume element the boundaries of the phantom became less well defined. This
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200 400 600
Counts per volume element

800

Figure 3. Volume calculations from SPECT data with increasing count densities of a 12 I phantom. The shaded
area represents the normal range of count densities in patient studies.

resulted in an increase in the volume calculated from the SPECT data. There was no
correlation between count density and calculated volume over a range of 100 to 750 counts
per volume element. The mean calculated volume in this range was 12.22 litres, which is
102% of the actual phantom volume. The standard error of the volume measurements was
less than 1%. The normal range of the count density in patient studies is between 300 and
500 counts per volume element.

3.2. Clinical studies

Functional residual capacity is a variable parameter, consisting of a relatively constant
residual volume and a varying ERV. Differences in breathing level are reflected by changes
in ERV. The difference in ERV, measured before and after SPECT, was never greater than 100
ml and in most cases (27/38) smaller than 50 ml. It was therefore assumed that FRC remained
constant during SPECT. The difference between ERV during SPECT and ERV during helium
dilution showed a considerable range of - 0 . 2 5 to 0.27 litres, FRC values were therefore
corrected for changes in ERV values obtained by helium dilution compared with the values
measured during SPECT:

FRC = FRc(He) + [ERV(SPECT) - ERV(He)] (2)
Tables 1 and 2 summarise the results of pulmonary function testing and lung volume

calculations in controls and in patients. Figure 4 shows volume calculations from SPECT data

(a)

.'

A

1 =
r »

l.061?x + 0.565
0.93

(6)

/

• f •

y = 0.9807xH
r - 0.91

/

0.567

0 1 2 3 4 5 0 1 2 3 4 5
Functional residual capacity (I)

Figure 4. Relation between functional residual capacity (FRC) measured with the helium dilution technique and lung
volume calculated from SFECT data (SPECT volume) in controls (a) and in patients with various pulmonary disorders (b).

I:

i
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plotted against FRC obtained in the same individuals, SPECT volume was clearly greater than
FRC, but there was a good correlation between the two parameters in both groups. Multiple
linear regression showed no interaction between both groups (P = 0.97) and no main effect
of group on SPECT (P = 0.18). The two groups could therefore be considered as one group
(figure 5). The relation between FRC and SPECT volume in this group is given by:

volume (SPECT) = 1.059 x FRC + 0.445 (3)
with a correlation coefficient of r = 0.91. The standard error of lung volume
calculations from the three different tomographic projections in 11 patients was 2%.

o 1 2 3 4 5
Functional residual capacity (I)

Figure 5. Relation between FRC and SPECT volume in all subjects.

4. Discussion

The use oj 8'Krm gas as a ventilation tracer offers many advantages over
the use of long-lived tracers such as n3Xe (Fazio and Jones 1975, Goris et al 1977, Fazio
et al 1978, Ciofetta a al 1980, Spies et al 1983). The photon energy of 180 keV is more
favourable for imaging with the gamma camera and because of this high photon energy
ventilation images can be obtained in the presence of "Tc"1 which has a photon energy of
140 keV and may be used for simultaneous perfusion imaging. The required patient
cooperation is minimal in comparison with the complex procedure in xenon ventilation
imaging. Because of the very low solubility and the short half-life, there is no build-up of
background activity as is the case with l!3Xe. Ventilation imaging in multiple projections
as well as SPECT can be performed, in contrast with "3Xe where ventilation has to be
calculated from time-activity curves in single projections or from a single breath image.
Disadvantages are the higher cost and the less ready availability arising from the short half-
life of the 81Rb parent (4.58 h).

Obtaining quantitative values of ventilation, one should take into account that the
8lKrm response to ventilation depends on the ventilation per unit of volume (equation 1).
This causes 8lKrm activity to underestimate ventilation when the ventilatory turn-over
increases, which is especially a problem when there is an uneven distribution of ventilation.
This underestimation can be corrected when regional values for ventilation per unit of
volume are known (Amis et al 1978).

The combined use of "'Kr™ with long-lived tracers such as Xe-133 to allow calculation
of ventilation per unit of volume, as suggested by several authors (Jones et al 1978, Acevedo
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et al 1982), would undo many of the advantages of using 81Krm. Furthermore, it would not
be feasible with SPECT because of the background activity which would increase significantly
if the tracer is breathed continuously during the 15 min needed for acquisition. Moreover,
positioning errors may easily occur between sequential studies (Jones et al 1978).

It has been shown in phantom studies that with the edge detection technique described
(Klumper and Zwijnenburg 1986), an accurate estimate of volume can be obtained from
SPECT studies, provided that the counting statistics are sufficient. The calculated regional
lung slice volume, however, cannot be compared directly with actual regional volume. The
only way to validate these values is by comparing the sum of all regional values with the
total lung volume measured otherwise. The total lung volume, calculated from the
transaxial slices, correlated well with FRC measured with the helium dilution technique,
whether or not the patient suffered from pulmonary disease. We therefore assume that the
regional lung volume, calculated from SPECT, is proportional to the actual regional volume.
Similar volumes were obtained from transaxial, coronal and sagittal projections, but
routinely the transaxial projections were used.

The contour of the lungs as outlined in the tomographic reconstructions includes not
only ventilated gaseous volume, but also non-gas-containing structures such as the alveolar
walls, the interstitium, the blood vessels and the blood. This non-gas-containing
compartment explains the systematic overestimation of FRC by the SPECT volume. Other
sources of difference between SPECT volume and FRC can be patient movement during
acquisition, which will result in overestimation of the volume, and differences in breathing
level between the two measurements. Patient movement was reduced to a minimum by the
short acquisition time that was needed because a dual head gamma camera was used and
by supporting the patients arms. Differences in ERV were corrected.

Although the regional SPECT volume is not only ventilated gaseous volume., but includes
tissue volume as well, the relative value can be used for the calculation of regional
ventilation per unit of volume (v / F)R according to equation (4). The equation can be
obtained by dividing equation (1) for regional 8lKrm content (NR) by the expression for the
total lung (NT) (Klumper and Zwijnenburg 1986).

where fAtR is regional lung volume and VAT is total lung volume.
In conclusion, lung volume estimations from 8'Krm SPECT studies are

feasible and offer the possibility of obtaining quantitative values of the
regional distribution of ventilation.
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ABSTRACT

In order to evaluate changes in regional pulmonary function

induced by radiotherapy, single photon emission computed

tomography (SPECT) of ventilation and perfusion was performed

in 7 patients with Hodgkin' s disease, treated with mantle

field irradiation. Quantitative analysis of the tomographic

data was performed using a previously described method. The

results were correlated with those of pulmonary function

tests. A decreased perfusion in the irradiated areas was

observed two months after the start of radiotherapy. The

perfusion changes preceded changes in ventilation which were

relatively minor. Perfusion loss was maximal after 7 months,

the perfused lung volume being 70% of the pretreatment values

at tidal breathing. Some recovery was seen after 12 months.

No changes were observed outside the irradiation portals.

Pulmonary function tests showed a restrictive lesion

appearing after 4-7 months with also some recovery after 12

months.
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INTRODUCTION

The high sensitivity of lung parenchyma to irradiation is one

of the main factors limiting dose for the radiotherapy of

intrathoracic tumours. The response of normal lung tissue to

irradiation is generally divided into an early pneumonitis

phase and a late fibrosis phase. The histopathologic changes

have been well described (1,2,3). Depending on the volume of

lung irradiated and the dose, the clinical syndrome of

radiation pneumonitis occurs between 2 and 6 months after

radiotherapy in up to about 10% of all patients. Eventually

lung fibrosis will develop, which will be asymptomatic in most

patients but may result in severe impairment in pulmonary

function (4). i

Radionuclide studies have shown to be of particular value in

detecting regional pulmonary damage after radiotherapy. The

regional distribution of blood flow as determined using

radioactive labeled particles or infusion of dissolved

radioactive gas shows a decreased perfusion in the irradiated

region as the earliest sign of lung damage (5-8). Only a few

reports concern combined ventilation-perfusion studies after

radiotherapy, showing regional ventilation to be less affected

compared to perfusion (6-8). The time of onset of ventilation

changes is uncertain. To our knowledge, no studies have been

published where ventilation scintigraphy was performed as soon

as 3 to 4 weeks after radiotherapy when the first changes in

perfusion might be observed. In all the studies described,

planar imaging techniques were used. Single photon emission

computed tomography (SPECT) increases the sensitivity of

scintigraphic imaging and provides a better means for quanti-

fication (9). SPECT of ventilation is not possible with Xe-133

but can be employed when Kr-81m gas is used as a ventilation *]

tracer (10). Recently we described a method for quantitative |

analysis of ventilation-perfusion SPECT of the lungs using ;f

Kr-81m gas and Tc-99m microspheres (11). In the present study

we used this technique to evaluate changes in ventilation and '•:

perfusion after radiotherapy. Our aim was to establish the

time of onset, the relationship between ventilation and

perfusion changes, and to obtain a quantitative measure of

these changes. The results of quantitative V/Q SPECT were ]

correlated with those of pulmonary function tests. ;
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PATIENTS

Seven patients with stage I-II Hodgkin' s disease were

selected for the study, 6 females and 1 male. The mean age

was 25, ranging from 22 to 35 years. Two of the patients had

intrathoracic lymphoma localizations. In patient E. O. the

diagnosis was made after the removal of a mediastinal

tumour. During operation the left phrenic nerve was cut,

resulting in an immobile left hemidiaphragm. Patient E.M. had

a tumour in the mediastinum near the right hilus. None of the

patients had general (' B' ) symptoms. All were non-smokers and

no one had a previous history of pulmonary disease. Patient

characteristics and baseline pulmonary function values are

summarized in Table 1.

All patients were treated with mantle field irradiation

(12, 13) to a uniform total dose of 40 Gy in 20 fractions over

4 weeks.

The irradiation fields included the cervical, supraclavi-

cular, infraclavicular and axillary lymph node areas and the

mediastinum. Customized Cerrosafe blocks were used for

shielding as much of the lung parenchyma as possible. From

CT-scan treatment plans it was concluded that approximately

2 5% of the lung parenchyma was included in the irradiation

fields. Examinations were performed before radiotherapy and

when possible at 2, 4, 7 and 12 months after radiotherapy.

Table 1.
Patient characteristics and Baseline Pulmonary Function Data
in 7 Patients with Stage I-II Hodgkin' s Disease

patient mTf age TVC* FEV1/IVC TLC* TGV* T1C0/VA*

I. M.
V. W.
M. M.
A. C.
M. D.
E. M. &
E. O. # f 25 80 .82 116 89 85

~: % predicted (15); &• mediastinal tumour; #: left phrenic
nerve paralysis; IVC: inspiratory vital capacity; FEV1:
forced expiratory volume in one second; TLC: total lung
capacity; TGV: Thoracic gas volume; T1CO/VA: transfer factor
of the lung for carbon monoxide per unit alveolar volume

f
f4-1

f

•4-1

m

26
22
28
22
21
35

81
109
101
94
92
71

. 84

. 75

. 83

. 88

. 90

. 84

105
138
112
122
94
75

87
111
104
92
91
72

119
70
93
94

102
115
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METHODS

Scintigraphy was performed with the patient lying supine, at

rest on the examination table with the arms raised above the

head. 100-150 MBq of Tc-99m microspheres were injected

intravenously. A mixture of Kr-81m gas and air was delivered

via a mouthpiece with low resistance inspiratory and

expiratory valves. SPECT of the lungs was carried out using a

dual head rotating gamma camera system (Siemens ZLC-75 Rota

II, linked to an MDS Nova IV computer) with medium energy,

medium resolution collimators. For each camera head 30 images

of ventilation and perfusion were acquired simultaneously at

20 seconds per image over 180 degrees. Acquisition time was

13 minutes. From the resulting images transaxial slices were

reconstructed using filtered back-projection. The quantita-

tive analysis of the tomographic data has been described

previously (11,14). The contour of the lungs was detected in

each slice of both the ventilation and the perfusion studies

with an operator independent edge detection technique.

Subsequently the volume, ventilation, perfusion and ventila-

tion-perfusion ratios within the contour were calculated.

Pulmonary function tests were performed within two days of

scintigraphic examination, including measurement of inspira-

tory vital capacity (IVC) and forced expiratory volume in one

second (FEV1) (Lode D-75 wet spirometer), thoracic gas volume

(TGV) and total lung capacity (TLC) (Jaeger Bodytest volume

constant body piethysmograph) and transfer factor for carbon

monoxide (T1CO) (single breath, Gould Diffumatic). Pulmonary

function tests were made in the sitting position. The best

performance of 5 sequential spirometric measurements was

taken (IVC, FEV1/IVC). Plethysmographic measurements were

made allowing 3 minutes for temperature stabilization. Three

sequential measurements were made which had to be reproduci-

ble within 1 degree with respect to the TGV. TLC was

calculated from [TGV-ERV+IVC] measured with the bodybox'

pneumotachograph. The mean of two sequential T1CO measure-

ments was taken, provided that they were reproducible within

5%. Predicted values are according to Quanjer (15).
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RESULTS

The ventilated lung volume increased in the first 4 months,

then decreased, was lowest at 7 months and returned to

pt-;therapy levels at 12 months after the start of radiothera-

py. The perfused lung volume showed a decrease in the first 4

months and behaved similar to the ventilated volume in the

rest of the follow-up period. In fig. 1 the perfused lung

volume is plotted relative to the ventilated volume,

eliminating the differences in end expiratory level or

functional residual capacity (FRC) between examinations. A

sharp decline was seen at 2 months after the start of

radiotherapy, progressing at 4 and 7 months. From 7 to 12

months the difference between ventilation and perfusion

became somewhat less. The decline at 2 months was significant

(p<0.01, Wilcoxon test), the values at 4, 7 and 12 months

were not significantly different from those at 2 months.

Fig. 2 shows horizontal and vertical count profiles of all

patients before radiotherapy and 2 months after the first day

of treatment. All profiles were scaled to 26 data points and

the count values were expressed as % of the maximum.

(Vvv)to 90

80

70

4 7
tinw after irradiation (months)

Fig. 1

Changes in perfused lung volume (V[QJ) relative to
ventilated lung volume (V[V]) in 7 patients after
mantle field irradiation for Hodgkin' s disease. The
values after radiotherapy (ti) are expressed relative
to pretreatment values (to). Mean values ± SD
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Before radiotherapy the ventilation and perfusion profiles

are very similar. After therapy the perfusion profile

diverges from the ventilation profile in the irradiated

regions, confirming that perfusion has diminished in those

regions.

Regional ventilation-perfusion ratios showed a normal

distribution before radiotherapy. After therapy an increase

in high V/Q areas was found. The mean V/Q in the rest of the

lung was slightly decreased with an otherwise normal

distribution (fig. 3 ).

Pulmonary function tests showed no change at 2 months (table

2). From 4 to 7 months after the start of radiotherapy the

static lung volumes decreased. The decrease was most

pronounced in IVC and TLC, while FRC was relatively less

affected. FEV1/IVC showed no change over the entire follow-up

period. The transfer factor per unit alveolar volume

(T1C0/VA) showed no consistent change.

Radiographic examinations showed changes compatible with

irradiation reactions after 4 to 7 months in 6 patients. No

changes were observed outside the irradiation portals.
vwitUdion = = = = =

pollution

A B

I WOr

1 I J
top base top

a

D I M

Count profiles of vertical (I) and horizontal (II) cross-
sections through the Kr-81m (ventilation) and Tc-99m
(perfusion) activity distributions in 7 patients before
and 2 months after mantle field irradiation. Mean values ±
standard deviation.
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Table 2.

Changes in pulmonary function parameters after mantle field
irradiation in 7 patients with Hodgkin' s disease: means ±
standard deviation as % of pre treatment values

IVC
FEV1/IVC
TGV
TLC
T1C0/VA

time after

99
102
100
100
89

2

± 9
± 3
± 5
± 8
± 12

the start
4

88 ±
101 ±
96 ±
91 ±
96 ±

of

6
4
4
5
15

radiotherapy (months)
7

75 ±
103 +
<J5 ±

78 ±
88 ±

6
4
9
11
14

12

88 + 6
100 + 5
92 ± 10
89 + 8

insufficient
data

3R

1SX

Percwtase of
total V I B

arc

0.1 1.0 10.00.1 1.1 10.0
Ifcnt.rttrf.dog.scale)

Fig. 3
Distribution of regional ventilation-perfusion ratios before
(A) and 2 months after (B) mantle field irradiation. After
radiotherapy the percentage ventilation with V/Q ratios >10
has increased.
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DISCUSSION

After radiotherapy to the thorax, pulmonary function tests

have shown decreasing lung volumes from 4 to 8 months after

the start of radiotherapy with partial recovery after about a

year. In patients with intrathoracic tumour localization,

pulmonary function indices may show an initial increase with

tumour resolution (16,17,18).

Radiographic changes reflect the increase in density in the

irradiated areas and are first seen two to three months after

completion of radiotherapy (19-23). Although there is no

correlation with the clinical picture and no quantification

is possible in a functional sense, it is important to

recognize irradiation induced radiographic changes as such

and not ascribe them to other etiologies (24).

We have shown previously that the ventilated volume as

calculated from Kr-81m SPECT ventilation studies correlates

well with the lung volume during tidal breathing (14).

Consequently we believe that the lung volume calculated from

the Tc-99m SPECT perfusion studies is a reliable measure of

the perfused lung volume, i. e. the parenchymal volume in

which the blood flow is distributed.

This study clearly demonstrates that perfusion changes

precede changes in ventilation after mantle field irradia-

tion. Two months after the start of radiotherapy a decrease

in the perfused lung volume compared to the ventilated lung

volume was observed, thereby indicating perfusion loss in the

irradiated areas. Although some decrease in ventilation in

the irradiated areas could be appreciated visually from the

tomographic reconstructions after 4, 7 and 12 months, this

was not readily evident from the quantitative analysis for

two reasons. Firstly the ventilated volume which is calcula-

ted from SPECT is not a fixed parameter, but depends on the

FRC of the patient. The calculated values include changes in

FRC which may exceed irradiation-induced ventilation changes.

Secondly, in mantle field irradiation the irradiation to both

lungs is essentially symmetrical and therefore no change in

the right to left ratio will occur. It is evident from the

ratio of perfused to ventilated volume however, that the

ventilation changes are minor compared to the perfusion

changes.
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Ventilation-perfusion distributions after mantle field

irradiation showed an increase in high V/Q areas. These areas

represent ventilation in irradiated regions with diminished

perfusion resulting in an increase in wasted ventilation. The

ventilation-perfusion ratios in the rest of the lung were

slightly decreased as a result of redistribution of blood

from the irradiated areas, but had a normal distribution.

Pulmonary function tests demonstrated a restrictive lesion

appearing after 4 months. JVC is most affected, the decrease

in TLC was somewhat less, while TGV was least affected. This

indicates that the primary effect is a decrease in inspirato-

ry capacity, apparently caused by increased stiffnes of the

lung in the irradiated areas. This will have only little

effect on lung volume at tidal breathing as can be seen by

the relatively small changes in TGV and ventilated SPECT

volume.

Although one might expect a decrease in T1CO/VA as a result

of diminished blood flow in the irradiated regions, this was

not evident from the measurements. Apparently the decrease in

diffusing capacity at rest caused by irradiation is too small

to be detected in these patients with preexistent normal

1ungs.

At 7 months both scintigraphic and pulmonary function

parameters are lowest. At that time TGV is 85% of pretreat-

ment values and the ratio of perfused to ventilated volume is

0. 82. This combines to a perfused lung volume at tidal

breathing of 0. 82*85%=70% of pretreatment values. After 12

months this value is 81%, indicating some recovery. These

values are in accordance with the calculated value of 25% of

the lung tissue included in the irradiation fields in mantle

field irradiation.

When a larger portion of the lung is irradiated, or in the

case of pre-existent abnormalities in ventilation-perfusion

distribution, the diversion of blood from the irradiated

regions to unirradiated lung may cause the development of a

considerable number of low V/Q regions. This may cause a

deterioration in gas exchange, especially when the response

of ventilation to exercise is limited by the mechanical

effect of scarring of irradiated lung (25). Therefore it may

be important when a radiotherapy regimen is considered,

including irradiation of major parts of the lung;
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1. to assess not only the spirometric reserve, but also the

pretherapy ventilation-perfusion distribution.

2. to assesi in an early stage the magnitude of the damage

caused by radiotherapy.
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Distribution of Ventilation-Perfusion Ratios in Pulmonary Sarcoidosis
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Abstract. In 14 patients with advanced stage pulmonary sarcoidosis the distribution of regional
ventilation-perfusion ratios (V/0) was obtained by quantitative analysis of ventilation-perfusion
single photon emission computed tomography (SPECT) of the lungs. In 6 patients normal V/0
distributions were found with a decreased DLCO in only one of them. In 8 patients abnormal
distributions of V/0 ratios were found. Six of these patients also had a decrease in diffusing
capacity for CO (DLCO). It is suggested that the decrease in DLCO in these patients is partly a
result of uneven distribution of V/0 ratios.

Key words. V/0 ratios. SPECT. Regional Lung function.

Introduction

Disturbance of pulmonary function in
sarcoidosis has been the subject of many
investigations for more than 25 years [1,2,3],
The relation between the pathological
changes, the radiographic appearance and
the pulmonary function measurements are
still uncertain. Lung function abnormalities
do not always correlate with radiographic
appearance of parenchymal involvement [4].
Disturbance of gas exchange in pulmonary
sarcoidosis is commonly due to a reduced
diffusing capacity, but may also be caused by
an uneven distribution of ventilation-perfu-
sion. Impaired distribution of ventilation can
especially be observed in patients with
accompanying airway obstruction [5].
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Plesmanlaan 121
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Impairment of the diffusing capacity can
be estimated by measuring the diffusing
capacity for carbon monoxide (DLCO). How-
ever, ventilation-perfusion inequality cannot
be measured easily. Capnography and He or
N2 wash-out curves can give an approximate
indication of ventilation inequality. With the
multiple inert gas elimination technique
developed by Wagner and West [6] continu-
ous distributions of ventilation-perfusion
ratios (V/0) can be obtained, but this
technique is invasive and very complicated
and therefore not very suitable in clinical
practice.

Distribution of regional ventilation and
perfusion can be visualized and quantified
using scintigraphic techniques. Generally
used are Tc-99m labelled macroaggregates or
microspheres for perfusion scintigraphy and
Kr-8im, Xe-133 or Xe-127 gas or Tc-99m
labelled aerosols for ventilation scintigraphy.
With planar scintigraphy only the distribu-
tion of ventilation and perfusion in relatively
large areas can be obtained because of the
overprojection of central parts of the lungs.
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Fig. lb . Anterior (A) and posterior (B) ventilation-
perfusion scintigram. Ventilation on the left.

Fig. la. K.ulioiiiaphic Mage III pulmomirs sarcoulosis in a
.W-vcar-uld male patient with a 15-ycar history of sarcoi-
dosis.

* \ * \

Fig. It. Anterior to pmtcniir (1-1V) coronal slices, reconstructed from ventilation-perfusion SPECT. Ventilation on the
left.
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Single photon emission computed tomogra-
phy (SPECT), however, gives a three-dimen-
sional mapping of activity distribution and
offers the possibility of intraregional quanti-
tative analysis of trie distribution of ventila-
tion and perfusion [7]. Recently, we de-
scribed a method for the quantitative analysis
of SPECT of the lungs, using Kr-81m gas as a
ventilation tracer and Tc-99m microspheres
as a perfusion tracer [8]. With this method
the distribution of lung volume, ventilation,
perfusion and V/0 ratios is obtained.

This paper describes the results of our
investigation into the existence of abnormal
V/0 distributions in chronic patients with
pulmonary sarcoidosis showing widespread
parenchymal involvement with or without
evidence of fibrosis on the chest radio-
graph.

Patients and methods

We studied 14 patients (5 women and 9 men, aged
26-75 years, mean 45 years) with pulmonary sarcoidosis,
who had been followed up for varying periods of time. At
their presentation the diagnosis of sarcoidosis was sup-
ported by clinical, radiographic and laboratory findings,
and confirmed by a tissue biopsy (showing non-caseating
epitheloid cell granulomas). Pulmonary function tests
were performed, including spirometry, body plethysmo-
graphy, D ,co (single breath) and blood gas analysis at
rest (9|. Clinical and functional characteristics of the
patients are presented in Table I. All patients but one had
radiographic stage III pulmonary sarcoidosis (paren-
chymal involvement without lymph node enlargement).

whether or not accompanied by evidence of fibrosis (F)
resulting in contraction and distortion of lung architec-
ture. Seven patients were treated with systemic cortico-
steroids; they had a maintenance alternate day dosage of
5-15 mg of prednisone. Blood gas analysis at rest was only
clearly abnormal in patient no. 8 who had a marked
hypoxaemia and hypercapnia.

Scintigraphy was performed with each patient lying
supine and relaxed with the arms raised above the head.
After intravenous injection of 100-150 MBq of Tc-99m
microspheres, a mixture of Kr-81m gas and air was
delivered from a 730 MBq Rb-81m/Kr-81m generator via
a mouthpiece with low-resistance inspiratory and expir-
atory valves. SPECT of the lungs was performed using a
dual headed rotating gamma camera system (Siemens
ZLC 75 rota II, linked to an MDS Nova IV computer)
with medium energy, medium resolution collimators. For
each camera head, 30 images were acquired at 20 seconds
per image over 180 degrees for both Kr-81m and Tc-99m
activity simultaneously. Total acquisition time was 13
minutes and the total radiation absorbed dose to the lungs
was approximately 750 mrem. From the resulting images
transaxial slices were reconstructed and the lung contour
in each slice was detected. Within each lung contour
ventilation, perfusion and V/Q ratios were calculated
within the whole lung contour and within 6.3 cubic mm
pixels. Plots were made of the calculated values per slice
as well as histograms of the distribution of ventilation and
perfusion over V/Q ratios. As a measure of ventilation-
perfusion inequality the log standard deviation (InSD) of
the distribution of ventilation and perfusion with 0 . K V /
6 < 1 0 was calculated, as well as the percentage of
ventilation with V/QS10 and perfusion with V/QsS0.1. In
our experience so far, the normal range of this InSD is
0.15-0.40, dependent on age, while the fraction of venti-
lation with V/QslO and perfusion with V/Q=s0.1 normal-
ly does not exceed 10%. The techniques mentioned were
described extensively in a previous publication [8].

Table I
Clinical and functional characteristics of 14 patients with pulmonary sarcoidasis

PATIENT
N"

1
2
.1
4
5
6
7
K
y

10
II
12
13
H

AGE
(YR)

36
46
26
.W
30
56
5(1
75
44
29
47
56
51
51)

SEX

m
f
i
m
m
m
m
f
f

m
m
m
r
m

YEAR
OF DIAGN.

I9B5
1974
1986
1972
1981
1963
1(164
197S
1979
1983
19811
1964
1957
1981

STEROID *
TREAT.

5 mg

10 mg
15 mg
5 ing
5 mg
10 mg
5 mg

RADIOGR.
STAGE

11
III
III
III
III

I I I (F)
HI (F)
III (F)
111 (F)
III <F>
III (F)
II I (F)
HI (F)
III (F)

FEV,
(% VC)

61
83
79
74
81
38
39
63
64
62
57
44
69
61

VC

76
78
75
98
78
88
91
60
93
93
118
84
81
103

TLC

80
73
80
94
67
112
109
64
106
102
111
94
109
99

DLco

99
96
75
92
59
71
88
43
88
78
94
73
52
54

*: maintenance altcrnaic-day regimen (prcdnisone); F: radiographic evidence of fibrosis; FEV,: forced expiratory volume in one second; VC: vital capacity;
TLC: lota) lung capacity; D,io carbon monoxide diffusing capacity (corrected for Hb-conccntration). VC, TLC and D (coas % predicted |9J,

I
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Results

Presentation of scintigraphic results

Fig. la shows the chest radiograph of
patient no. 4 with the signs of stage III
pulmonary sarcoidosis. The anterior and pos-
terior view of the planar ventilation-perfu-
sion scintigram (Fig. Ib) show irregular dis-
tribution of both Kr-81m and Tc-99m activity
and a combined ventilation-perfusion defect
in the left lung top, but only in the tomo-
graphic sections (Fig. lc) does the full extent
of the functional defects become clear. Fig.
2a shows the graphical plot of the distribution
of ventilation and perfusion volume. The
main vertical axis represents the diameter of
the camera's field of view, divided into 64
equal parts each representing a slice thick-
ness of 6.3 mm. For each right and left
transaxial lung slice from top to base the
ventilation and perfusion volume is displayed
on the horizontal axis. In this patient perfu-
sion volume is smaller in each slice compared
to the ventilation volume, indicating that the
perfusion defects are larger than the ventila-
tion defects. This will result in regions with
very high V/0 ratios as can be seen on the
V/0 histogram (Fig. 2b), with the percentage
of ventilation and perfusion on the vertical
axis and the V/0 ratio on the horizontal axis.
The histogram shows a normal distribution of
ventilation and perfusion around V/0 = 1 as
indicated by and InSD of 0.29 and 0.28 for
ventilation and perfusion respectively and an
increase in percentage ventilation (17%) with
V/03=1O, representing ventilated but unper-
fused or nearly unperfused regions.

The chest radiograph of patient no. 8
shows stage HI (F) pulmonary sarcoidosis
and an elevated right hemidiafragm (Fig. 3a).
The planar ventilation-perfusion scintigram
(Fig. 3b) and especially the tomographic
sections (Fig. 3c) show small lungs with
matched and mismatched ventilation-perfu-
sion defects. The volume distribution (Fig.
4a) shows perfusion volume with absent ven-
tilation volume in the right lower lung field.
The V/0 histogram (Fig. 4b) shows a broad

distribution of ventilation (lnSD = 0.51) and
perfusion (InSD = 0.64) over V/0 ratios and
a very high percentage (27%) of perfusion
with V/0^0.1, representing perfused but
unventilated or nearly unventilated regions.

Results obtained in all patients

Table II summarizes the results of quan-
titative analysis of ventilation-perfusion
SPECT in all 14 patients. In 6 of these
patients (n° 1, 2, 6, 9,10 and n° 11) a normal
V/0 distribution (lnSD<0.4 and V/0=£0.1
and V/Os=10 smaller than 10%) was found in
spite of severe abnormalities on the chest

base >- iiter
Kr-81m

0.3

Fig. 2a. Graphical p!ot of ventilation (Kr-81m) and
perfusion (Tc-99m) right and left transaxial lung slice
volume values in the same patient as in fig. 1.

Percentage of
total V S D

1.0 10.0
Vent. / P e r t . ' log . s;a

— uerii 1 Jatior. t l jMiJ-ij i,

Fig. 2b. Histogram of the distribution ul lemilation and
perfusion over V /0 ratios. The InSD is calculated over
0.1<V/Q<10. The value with V/Q=10 is the sum of all
values with V/OslO. The value with WQ=O. 1 is the sum
of all values with V/O^O.I.
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radiograph and considerable defects in venti-
lation and perfusion which apparently were
very well matched.

in 6 other patients (n° 3, 4, 5, 7, 12 and
n° 13) a pattern similar to that in patient n° 4
was observed with an increase up to more
than 10% of ventilation with V/Q^10 and
otherwise a normal V/0 distribution.

In 2 patients (n° 8 and n° 14) serious V/0
maldistribution was found with lnSD>0.4
and increased fractions of perfusion with
V/0^0.1.

Discussion

The main cause of impaired gas
exchange in sarcoidosis is thought to be a
decrease in diffusing capacity, which can be
estimated easily by measuring the diffusing
capacity for CO. Although ventilation-perfu-
sion inequality may also play a significant
role in the development of disturbed gas
exchange, information on this point is not
easily obtained. On the one hand, this is
because the techniques generally used, such
as capnography an He and N2 wash-out, can
only give an approximate indication of
uneven ventilation, while on the other hand,
a more sophisticated technique like the mul-
tiple inert gas elimination technique is inva-
sive and rather complicated. With quantita-
tive analysis of ventilation-perfusion SPECT,
information can be obtained about the

distribution of regional V/0 ratios in a non-
invasive manner.

In the 14 patients examined, 6 had a
normal distribution of ventilation and per-
fusion over V/0 ratios, despite extensive
abnormalities on the chest radiograph. This
means that the ventilation and perfusion
defects, visualized on the scintigram, were
completely matched, leaving the rest of the
lung unaffected. These matched defects are
functionally non-existent and therefore have
no influence on gas exchange other than
decreasing lung volume. Only one of these
patients (n° 6) had a decrease in DLCO,
probably caused by abnormalities in the
alveolar-capillary membrane.

In 6 other patients an increase in percen-
tage ventilation with V/O^10 was found with
a normal V/0 distribution in the rest of the
lung. This part of the ventilation is function-
ally wasted ventilation, and therefore with-
out direct influence on gas exchange. In 4 of
these patients (n° 3,5,6 and n° 12) a decrease
in DLCO was observed. Besides abnormalities
in the alveolar-capillary membrane, this
decrease could partly be a result of the
increase in wasted ventilation. In patient n° 5
this can also be explained by a decrease in
lung volume.

In two patients, there was a broad
distribution of ventilation and perfusion over
V/Q ratios and an increased percentage of
perfusion with V/0=£0.1. Both patients also
had a marked decrease in DLCO which may

Table II
Results or quantitative analysis of ventilation-perfusion SPECT in 14 patients with pulmonary sarcoidosis

i I'ATIKNT
I N .

Ill
II
12
13
14

InSD
VENTILATION

0.31
0.33
0.18
0.29
0.31
0.30
0.38
0.5]
0.31
(l.2->
0.31
0.27
H.2K
0.41

InSD
PERFUSION

0.36
0.36
0.19
0.28
0.27
0.32
0.35
0.54
0.31
0.25
0.33
0.28
0.29
0.45

% VENTILATION
with V/0 > 10

9
10
IS
17
12
7
19
3
(r
2
4
17
17
7

% PERFUSION
wilh V/0 s 0.1

1
4
1
3
1
1
2

27
5
2
3
3
4
14

lnSI>: log .standard deviation of the distribution over (U<V/0<W-
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Kig. 3b. Anterior (A) and posterior (B) ventilation-
perfusion scintigram. Ventilation on the left.

Fig. 3a. Rudiographic stage 111 pulmonary sarcoidosis
with signs of fibrosis in a 75-year-old female patient with a
9-year history of sarcoidosis

Fig. 3c, Anterior to posterior (I-IV) coronal slices, reconstructed from ventilation-perfusion SPECT. Ventilation on the
left.

I
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K- 91-
0.3

Fig. 4a. Right and left transaxial lung .slice volume values
in the same patient as in fig. .1.

valuable information, additional to the classi-
cal pulmonary function tests, giving more
insight in the pathophysiology of gas
exchange in pulmonary sarcoidosis. Our find-
ings suggest that the decreased DLCO,
observed in seven of the 14 patients, are
partly due to the existence of V/O abnormal-
ities in at least six of them. Although the
abnormalities mentioned above might be
expected to give rise to gas exchange disturb-
ances, only one patient showed a marked
hypoxaemia at rest. Future studies, in pul-
monary sarcoidosis as well as in other inter-
stitial diseases of the lung, will therefore be
directed towards the correlation of ventila-
tion-perfusion abnormalities with gas ex-
change parameters under exercise condi-
tions.

/iSH'4.51

ln9i«i=0.H

O.I 1.0 10.0
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Fig. 4b. Histogram of the distribution of ventilation and
perfusion over V/O ratios.

in part be explained by V/O inequality and
patient 8 had a hypoxaemia and hypercapnia
at rest, indicating respiratory insufficiency.

Although the number of patients exam-
ined is still small, we feel that the ventilation-
perfusion V/O distribution, as derived from
quantitative analysis of ventilation-perfusion
spect, is an important parameter. It can give
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AMsopropyl-/?[123I]iodoamphetamine, a new agent for
lung imaging studies
N VAN ZANDWUK, A ZWIJNENBURG, C A HOEFNAGEL, H R MARCUSE

From the Divisions of Nuclear and Internal Medicine. Netherlands Cancer Institute, Antoni van Leeuwenhoek
Huis. Amsterdam. The Netherlands

ABSTRACT /V-isopropyl-/7[123I]iodoamphetamine, originally designed for brain scintigraphy, has
been found to be retained by the normal lung and to produce excellent camera images. Ten patients
with gross abnormalities on their chest radiographs due to lung cancer have been studied with this
drug. The diseased parts of the lung consistently showed less uptake and these defects matched those
obtained with microspheres labelled with technetium-99m, indicating that ' 23I-iodoamphetamine
has the characteristics of a perfusion tracer. In five out of the 10 patients studied sequential studies
showed that improved iodoamphetamine uptake was encountered shortly after a favourable
response to radiotherapy and reduced uptake was seen in congruence with the radiation field at a
later stage. This first clinical demonstration indicates that the retention of 123I-iodoamphetamine
could be a sensitive marker for pulmonary vascular integrity and a useful new tool to identify the
extent of disease where the pulmonary circulation is the initial site of the disorder.

During the last 10 years the lung has been recognised
as an important metabolic organ. It has been shown
to produce, inactivate, and modulate a variety of
hormones, drugs, and amines, endothelia! cells having
a central role in these processes.1"3 Recently a new
radiopharmaceutical, yV-isopropyl-y7[l23I]iodoam-
phetamine, which was originally designed for brain
scintigraphy, has received attention because of its
high—possibly metabolic—retention by the lung.45

In this study of patients with gross abnormalities on
the chest radiographs due to lung cancer we examined
the imaging properties of mI-iodoamphetamine to
assess its use as a possible marker for pulmonary vas-
cular (endothelial) integrity. In five of the patients
sequential images were used to try to gain insight into
the effects of radiation treatment on pulmonary
uptake of 123I-iodoamphelamine.

Methods

We studied 10 men, aged 34-67 years, with inoper-
able, hislologically proved limited stage non-small
cell lung cancer and a Karnofsky index greater than
7,0. and without overt cardiovascular, hepatic.

Address for reprint requests: Dr N Van Zandwijk, Netherlands
Cancer Institute (Antoni van Leeuwenhoek Huis), 121 Plesrcianlaan,
1066 CX Amsterdam, The Netherlands

Accepted 21 April 1986

thyroid, or neuropsychiatric disease. After giving
informed consent the patients, while supine, received
a bolus injection 2-5 mCi 123I-iodoamphetamine (2-5
mCi or 92-5 MBq/ml, 50 Ci/g iodoamphetamine) via
a cubital vein. Heart and respiration rates were
monitored for 60 minutes after injection. The tem-
poral behaviour of the ' 23I-iodoamphetamine was
determined from a sequence of images acquired over
a period of 40-50 minutes after the injection. Data
were recorded on a Siemens ZLC 75 gamma camera
interfaced with a MDS A2 data system. I23I-iodo-
amphetamine images were compared with con-
ventional perfusion studies obtained with human
albumin microspheres labelled with technetium-99"1

(99mTc). In five patients sequential 123]-iodo-
amphetamine, 99mTc, and krypton-81m (81mKr) ven-
tilation images were made just before and 8-24 weeks
after the start of the radiotherapy. This consisted in
all cases of 5500 rads (cGy) given in two (split)
courses to the primary tumour and mediastinal
nodes.

Results

In all 10 patients distinct areas of reduced
l23I-iodoamphetamine uptake were found, while
other parts of the lungs were excellently delineated by
appreciable retention of the iodoamphetamine.
About 90% of the injected dose was found in the lung
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il tl
Fig I fa) X2i l-iodoamphetatnine uptake: (b) g 9 m7Vperfusitm;
(c) &imKr ventilation image in a patient with cancer of the left upper lohe.

11 11 It
a b c

Fig 2 Examples of'"' 1-iodoamphelamine uptake in a patient (No 5 in the
table/ with non-small cell lung cancer of the left upper lobe, showing (a) a
defect of uptake before treatment; fb) amelioration II weeks after initiation
of radiotherapy: and (ct decrease of uptake congruent with the radiation
field 15 weeks after the start of radiotherapy.

Zandwijk. Zwijnenburg, Hoefnagel, Marcuse

to the slight uptake oi the latter 99mTc
was not retained at all by the affected
parts of the lungs (fig I).

All five patients who had repeat
scans had a response to radiotherapy
according to UICC criteria. In four of
them the second l23I-iodoampheta-
mine study was carried out 8-13
weeks after initiation of treatment
and showed improved uptake in the
diseased parts of the lung. Shortly
afterwards (4-11 weeks), however,
without any sign of recurrence, four
of the five patients again showed an
area of diminished retention (table).
This time the defects seen were
grossly congruent with the radiation
field (fig 2). In contrast to the reduc-
tion of 123I-iodoamphetamine and
99mTc concentrations in the irradiated
parts, the ventilation image of those
regions with 81raK.r remained
unaltered (four patients) or slightly
improved (one patient) (table).
Amphetamine like side effects were
not seen in any patient.

Discussion

within five minutes of administration. After 50
minutes 41% of the activity was left.

In the preradiation studies the areas with reduced
uptake corresponded in each case to the abnormali-
ties on the chest radiograph. The images with " T c ,
used as a perfusion reference tracer, mimicked the
pattern of l23I-iodoamphetamine uptake. In contrast

The potential for using
123l-iodoamphetamine for quanti-

tative pulmonary imaging studies was recognised by
Rahimian et al, who produced experimental evidence
for the suggestion that pulmonary retention of
123I-iodoamphetamine was an active process, possi-
bly due to an endothelial receptor binding.6 7 This is
an attractive hypothesis in view of the rapidly
increasing reports on the metabolic properties of

Sequential pulmonary '2i l-iodoamphetamine scintigraphy* before and after radiotherapy^ in men with non-smalt cell lung cancer

Pudent Age Site of
\'ti i v i tumour

Before treatment After start of radiotherapy

Sfinligram
appearance

Reg % Week Scintigram Reg %
appearance

Week Scimigram Reg %
appearance

56

54

53

RUL

RUL

RUL

Defect RUL
( - Q V)

Defect RUL
I - 0 * )

Defect RUL
V

59 Central left Defect LUL and LLL

51 LUL Defect LUL

56

78

80

38

36

13

8

(Q and V at

9

11

T
1
10 *f|

r
T

63

90

58

73

24

18

15

19

15

i
1

I

r
i

53
(V unchanged)
67
(V unchanged)
58
(V unchanged)
74
(V improved)
50
(V unchanged)

" ' ' Jl-iodoamphetamine uptake is expressed as a regional percentage (Reg %) by dividing counts of the diseased part or parts of the lung by those of the
conlralaleral (normal) lung. Arrows f and i indicate improvement or decrease of uptake by comparison with the previous image.

„.„ „:_.. , . . . . . , .„ ._,. ._ , . , . . . . , - . . L. „ , : - " '"'"•Tc-microspheres;V-venlilation as estimated byRUL Right upper lobe; LUL—left upper lobe: LLL- left lower lobe; 6—perfusion as estimated by
" • K r .
*55OO rad (cGy) in split course fashion.

f
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endothelial cells, which are more abundantly present
in the lung than in any other organ. The capacity of
the monoamine oxidase system of endothelial cells to
metabolise endogenous and exogenous circulating
amines has been proved in several studies (for review
see ref 8).

Consequently changes in lung morphology or pul-
monary vascular integrity can be expected to affect
uptake and retention of radiopharmaceuticals that
are actively handled by endothelium. Although the
present study does not reveal the exact site of reten-
tion of l23I-iodoamphetamine. this is the first clinical
demonstration that it has the characteristics of a per-
fusion tracer. The uptake in areas where the 99mTc
image is completely absent may be explained either by
(1) the inability of the microspheres to penetrate into
a considerably diminished pulmonary vascular bed
with proportionally reduced perfusion or by (2) the
vascularisation of the pathological part of the lung by
the bronchial arterial system. There could be a combi-
nation of both processes. The amelioration of the
defect shortly after a positive response to radiation
treatment, seen in all of the patients studied, supports
both explanations. We think that the reduction of the
" T C image that accompanied the reduced
'"I-iodoamphetamine uptake within the margins of
the radiation field without alteration of the 8 l mKr
ventilation image is due to loss of pulmonary artery
circulation induced by radiotherapy.9 Since theendo-
thelial cell has been identified as the initial site
involved in the pathogenesis of radiation induced
damage.10 ' 23I-iodoampheiamine may serve as a sen-
sitive marker for early (vascular) damage. We believe
that it might prove to be a useful marker for assessing
the extent of disease in other disorders where the
endothelial cell is affected early in the disease process.
Moreover 123I-iodoamphetamine might be used as an
alternative in cases of severe pulmonary hyper-
tension, whfre an embolising tracer is con-
traindicated.

We gratefully acknowledge the gift of N-iso-
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propyl-/7['-MI]iodoamphetamine by the CYGNE
Cyclotron Laboratories. Eindhoven. The Nether-
lands. We also thank Dr JG McVie. Drs TJ Schoe-
maker. Professor Dr HM Jansen, Professor Dr J van
der Schoot. Dr EA van Royen. and Mrs HR Franklin
for helpful advice and comments on the manuscript.
This work was supported by grant NK.I 83-7 from the
Netherlands Cancer Foundation.
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GENERAL DISCUSSION

The activity distributions as measured in nuclear medicine

techniques using single photons are not a direct measure of

function but a derivative of this function based on the rela-

tionship between the radioactive tracer used and the examined

function. When ratios of different functions are computed

using different tracers, this may cause an error which is

difficult to determine. In this thesis a method is described

for the quantitative analysis of tomographic ventilation-

perfusion studies using Kr-81m gas as a ventilation tracer

and Tc-99m microspheres as a perfusion tracer. The relation-

ship between Tc-99m activity concentration and regional

perfusion is relatively straightforward as mentioned in '.

chapter II. The radioactive particles are trapped in the

pulmonary circulation proportional to the regional blood

flow. The relationsnip between Kr-81m concentration and

regional ventilation is more complicated as was also

indicated in chapter II. The problems related to the use of

Kr-81m gas as a ventilation tracer are discussed below in

more detail.

The use of Kr-81nt as a ventilation tracer

The theoretical model proposed by Fazio and Jones concerning

the steady state concentration during continuous inhalation

of Kr-81m gas assumes a single compartment with a constant

volume and a continuous flow (1). The lung however is a

multicompartment organ with a dead space and a discontinuous

flow in a varying volume. Several variables may influence the

accuracy of the Kr-81m signal to reflect ventilation (2-6). ;
it

-It is well recognized that the Kr-81m activity underesti- 5
.11

mates ventilation in highly ventilated areas. In case of ft

regional differences in ventilation per unit of volume the ';

overall Kr-81m activity will be lower than the theoretical

value for the whole lung as a result of the depressing

effect of highly ventilated areas. This will cause a

ventilatory rate dependent overestimation in the calculated
regional values as can be seen from equation [4J(chapterii)
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S(R)=3. 2/(E(R)/E(T))x(N(T)/N(R))x(\7(R)/V(T))x[l+3. 2/S(T)]-l [1]

where S is specific alveolar ventilation or ventilation per

unit of volume, E is an efficiency factor, N is the number

of counts detected, V is volume/ R is the regional value and

T is the value for the total lung. Because N(R) is the only

variable in this equation when regions of equal volume are

considered, it can be rewritten as:

S(R)=3. 2/(N(T)/N(R))xC-l

with C=(E(R)/E(T)xV(R)/V(T))x[l + 3. 2/S(T)]

It can be seen that when N(T) decreases, the value for the

whole expression increases. For high values of N(R) as in

highly ventilated regions, this effect is more pronounced.

Because all regional values are expressed as a percentage of

the total ventilation, this results in some overestimation

of highly ventilated areas and some underestimation of

poorly ventilated areas.

-The effect of the dead space is three-fold:

Firstly: the decay of Kr-81m during transit through the dead

space will decrease the concentration in the lung.

Secondly: the first part of inspiration consists of dead

space air with a low Kr-81m concentration compared to the

inspired fresh air. This dilution decreases lung Kr-81m

concentration. As long as dead space concentration equals

the expired concentration, as is the case in a uniformly

ventilated lung, this decrease will be uniform.

Thirdly: In the case of uneven ventilation, some underesti-

mation of highly ventilated areas and overestimation of

poorly ventilated areas will occur because of mixing of

expired gas in the common dead space, resulting in exchange

of tracer between regions. For highly ventilated areas the

Kr-81m concentration of the inhaled dead space air is low

compared to the expired air. This effect is opposite to the

error caused by underestimating the total lung concentra-

tion.

-When tidal volume decreases, the relative contribution of

the dead space air will increase with the same effect on

Kr-81m concentration as an increase in dead space. An

increase of the tidal volume will have the inverse effect.
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-The influence of a change in breathing frequency depends on

whether it is accompanied by a change in tidal volume.

Generally tidal volume decreases with increasing respiratory

rate and vice versa.

-The inspiratory/expiratory time ratio has very little

influence on the Kr-81m concentration. When inspiratory time

increases, the residence time of Kr-81m in the dead space

increases as well resulting in only a minimal decrease in

lung concentration.

Considering the influence of the factors mentioned, care must

be taken to maintain steady state because the activity con-

centrations must remain constant during SPECT acquisition.

Factors which equally affect the Kr-81m concentration, such

as the decay of tracer in the dead space and the inspira-

tory/expiratory time ratio have no influence on the distribu-

tion of the tracer.

The effect of uneven ventilation on the Kr-81m total lung

concentration and the effect of gas mixing in the common dead

space are opposite to each other with respect to the

calculation of regional ventilation.

The effect of changes in tidal volume and breathing frequency

can be attributed to a change in the contribution of dead

space air.

Because the errors caused by uneven ventilation and dead

space air increase with increasing ventilatory and respira-

tion rates, hyperventilation should be avoided.

The effect of noise in Kr-81m SPECT reconstructions

Because of the random nature of nuclear decay, scintigraphic

counting suffers from noise. The magnitude of this noise (a)

in a single measurement can be assessed by taking the square

root of the number of counts (N) (Sorensen).

a = y-N

The percentage noise (*) is given by

* = (l//N)xlOO %

In the case of tomographic reconstructions the noise rate is

complicated by summation of data, the reconstruction

algorithm and filtering processes.
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Budinger derived a semi-empirical relationship between the

random uncertainty or "root mean square" (rms), the total

number of counts and th= number of "active" voxels in a

reconstructed cross-section (7)

rms{%)= 120x/n/VN

where n is the number of voxels containing activity and N is

the number of counts per voxel (count density).

Because the actual noise depends on the reconstruction

algorithm and filter functions used, we performed phantom

studies using the thorax phantom described in chapter III.

From these phantom studies the statistical noise was

calculated at 7-8 % with a mean count density of approxima-

tely 300 counts per voxel. This is better than the estimate

of 20 % obtained using the formula of Budinger.

Because of the asymmetrical shape of the Kr-81m response

curve (chapter I, Fig. 1) this noise will result in an

overestimation of the calculated values for ventilation per

unit of volume, especially in highly ventilated areas. This

can be illustrated by the following example (Pig. 1). Consider

two populations of voxels with ventilatory rates A and B.

These populations will have a normal distribution of pixel

values with a mean value of Na and Nb respectively and a

standard deviation equal to the statistical noise. The

ventilation per unit of volume calculated from these pixel

values using the steady state equation will vary between Al

and A2 for population A and between Bl and B2 for population

B. It can easily be seen that for population A with a normal

ventilatory rate the mean of the calculated values will be

very close to the real value, while for population B, with a

high ventilatory rate, the mean of the calculated values will

overestimate the real ventilation. Assuming that each

calculated value of ventilation per unit of volume is the ;

mean value of its distribution caused by the statistical i

noise in the reconstructed image, this value will overesti- ;

mate the real value :' i regions with high ventilatory rates.

Table I shows tht results of calculations of the bias and the i

standard error of the v'ues, calculated using the steady

state equation and assuming an RMS noise of 8%. In order to

eliminate these errors a bias correction was implemented. The

results of this correction are also shown in table I 18).
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The effect of noise on the calculation of ventilation per
unit of volume (V/Vol) from the registered activity (H) (see
text).

Table I.

Bias (£) and standard error (ft) of the ventilation per unit
of volume calculated from equation [1] before and after bias
correction.

actual V/Vol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

before

£

0. 05
0. 09
0. 16
0. 26
0. 40
0. 60
0. 86
1. 21
1. 64
2. 14
2. 69
3. 26
3. 84
4. 35
4. 91

correction

a

0. 46
0. 73
1. 07
1. 52
2. 11
2. 90
3. 93
5. 18
6. 56
8. 00
9. 41

10. 75
11. 98
13. 10
14. 07

after

£

0. 00
0. 00
0. 00
0. 00
0. 00
0. 01
0. 02
0. 02
0. 03
0. 02

-0. 02
-0. 06
-0. 26
-0. 32
-0. 47

correction

ft

0. 45
0. 69
0. 99
1. 34
1. 77
2. 26
2. 83
3. 43
4. 07
4. 69
5. 27
5. 80
6. 26
6. 86
7. 03
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Volume calculations

The lung volume calculated from the SPECT data as described

in chapter III represents an anatomical volume including the

tissue volume and the pulmonary blood volume. The value of

this non-gaseous volume may be approximated by the intercept

of the regression equation of the relationship between SPECT-

volume and FRC which is 0.647 liters (chapter III). This is a

very acceptable value compared to an estimated tissue volume

of 0. 469 liters in an average 70-kilogram adult based on a

tissue volume of 5. 95 ml per kg body weight (9) and a

pulmonary blood volume of approximately 250 ml excluding the

large hilar vessels (10).

Normal values

A reliable range of normal values for a technique involving

radioactive isotopes is not easily obtained because it would

be unethical to expose large numbers of normal subjects to

radioactivity. The normal values mentioned in this thesis are

based on the range of values obtained from 10 patients

without pulmonary disease who were examined before radiothe-

rapy to the thorax for Hodgkin' s Disease or breast cancer and

additional values from 8 normal volunteers .

Applications

Nuclear medicine offers the unique possibility of visualizing

regional function with the possibility of quantitative

assessment. With quantitative ventilation-perfusion SPECT

regional abnormalities in the lung can be appreciated both

visually and quantitatively in three dimensions. Two possible

applications of the technique were reported earlier in this

thesis. In chapter IV the effect of ionizing radiation on the

lungs is evaluated. A group of patients treated with mantle

field irradiation for Hodgkin' s Disease was chosen as a model

of radiotherapy to previously healthy lungs.

Chapter V demonstrates the ability of the technique to help

in the clinical assessment of patients with pulmonary

sarcoidosis. Measurement of the transfer factor for carbon
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monoxide (T1CO) often plays a central role in this assess-

ment. A decrease in T1CO, however, does not necessarily imply

worsening of the sarcoidosis in the sense of an increase of

the alveolar-capillary block but may also be the result of

increased ventilation-perfusion inequality. It is therefore

important not to regard the T1C0 as a straightforward measure

of severity of pulmonary sarcoidosis but to consider the

possibility of ventilation-perfusion inequality. Besides

these two examples the technique appears to be applicable in

a variety of pulmonary conditions as illustrated by the

following case reports which may serve to indicate where

quantitative ventilation-perfusion SPECT will have to be

tested as a useful technique in the clinical assessment of

ventilation-perfusion inequality. j

Case 1 (Fig. 2; R. W. )

The ventilation SPECT study of a 23 year-old normal male

subject is shown. There is a normal homogeneous activity

distribution in all projections (Fig. 2A). The perfusion

study was also normal (not shown). The distributions of

ventilation and perfusion volumes are almost completely

identical (Fig. 2B). The V/Q distributions are normal as

shown by their LnSD (Fig.2C). The value of LnSD is dependent

on age but in our experience should not exceed 0.40. Q(D) and

V(D) are normally below 10% of the total perfusion and

ventilation respectively.

Fig. 2 (opposite page)

A. Selection from the 60 tomographic views of the SPECT
ventilation study in subject R. W.
B. Distribution of ventilation and perfusion volume. The main
vertical axis represents the gamma camera field of view
diameter divided into 64 equal parts, representing slices of
6. 3 mm thickness. The volume within the contour of each right
and left lung slice from the base to the top of the lung is
displayed on the horizontal axis. Ventilation and perfusion
volume are superimposed.
C. Distribution of regional ventilation-perfusion ratios. On
the horizontal axis the range of V/Q ratios is displayed on a
log scale. The horizontal axis represents the percentage of
the total ventilation and perfusion with a certain V/Q ratio.
LnSD(Q) and LnSD(V) are the log standard deviations of the
V/Q distributions o* perfusion and ventilation. Q(D) is the
percentage of total ventilation with V/Q=<0. 1. V(D) is the
percentage of total ventilation with v/Q=>10.
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Case 2 (Fig. 3; D. L. )

A 73 year-old man (smoker, >20 cigarettes a day) with a central

bronchial carcinoma had a lobectomy of the right lower lobe and

part of the right upper lobe. The operation proved to be irradical

and radiotherapy of the right hilus was considered. Patient was

sent in for pre-radiotherapy evaluation of his pulmonary function.

Spirometry: predicted (1) measured (1) after salbutamol (1)

IVC
FEV1
FEV1/IVC

gas

pO2
pCO2
Hb
SaO2

3.
2.
0.

81
27
60

analysis:

: 10. 6
: 4. 9
: 8. 5
: 0. 97

Kpa
Kpa
mmol/1

2. 29
1. 12
0. 50

pH :
HCO3":
SBC :
BE :

7. 44
24. 7
25. 1
0. 7

2. 29
1. 32
0. 58

mmol/1
mmol/I
mmol/I

Conclusion: IVC decreased after lobectomy. Partly reversible

obstructive pulmonary disease. Marginal pulmonary reserve with

respect to radiotherapy of .the right hilus.

V/Q SPECT:

Irregularly decreased ventilation and perfusion in the right

lower lobe. Status after lobectomy of the right lung (Fig. 3A).

The volume distribution is irregular in the left lower lung field

(Fig. 3B). The left lung contributes 43% to the total ventilation

and 50% to the total perfusion. The V/Q distribution is broad and

Q(D) and V(D) are normal (Fig 3C). The distribution of the left

lung separately is also broad and Q(D) is increased (Fig.3D).

Conclusion: Considerable V/Q inequality in the total lung as well

as in the left lung separately, especially in the left lower lobe.

The assessment of posttherapy pulmonary function is very important

in deciding whether or not to irradiate the right hilus because

this will functionally eliminate the right lung in this patient.

V/Q SPECT can be helpful in assessing posttherapy pulmonary

function by giving a R-L distribution as. well as by assessing the

ventilation-perfusion inequality of separate lungs or lung parts.
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Case 3 (Fig. 4; J. S. )

A 43 year-old man, non-smoker, with a history of chronic obstruc-

tive pulmonary disease, alpha-1-antitrypsin deficiency and

pulmonary embolism a year and a half before the current examina-

tion had increasing complaints of dyspnoea.

Spirometry: predicted (1) measured (1) after salbutamol (1)

IVC
FEV1
FEV1/IVC

ysmography

TGV
RV
TLC

6. 05
4. 37
0. ?0

4. 08
2. 28
8. 33

gas analysis:

pO2
pCO2
Hb
SaO2
A-aO2

: 9.
: 4.
: 10
: 0.
: 5.

6 Kpa
4 Kpa
.1 mmol/1
95
2 Kpa

5. 44
2. 48
0. 46

6. 57
3. 67
9. 11

pH :
HCO3~:
SBC :
BE :

7.
21
22
-2

42
. 1
. 1
. 7

5. 68
2. 68
0. 47

5. 80
3. 40
9. 07

mmol/1
mmol/1
mmol/1

Conclusion: severe irreversible obstructive pulmonary disease,

hypoxaemia and hypocapnia.

V/Q SPECT:

Multiple defects in ventilation and perfusion in the lingula and

the basal segments of both lower lobes. A small ventilation-

perfusion mismatch in the superior segment of the right lower lobe

(Fig. 4A). The volume distribution shows abnormally low volumes in

the left lower lung field (Fig. 4B). The V/Q distribution is broad

with highly as well as poorly ventilated compartments and

increased values for Q(D) and V(D) (Fig. 4C).

Conclusion: Ventilation-perfusion defects in both lower lung

fields and a small ventilation-perfusion mismatch in the right

lower lobe. Severe ventilation-perfusion inequality.

V/Q SPECT shows ventilation-perfusion inequality as a possible

cause of disturbed gas exchange. The small V/Q mismatch in the

right lower lobe is probably a remainder of the previously

experienced pulmonary embolism in view of previous perfusion

scans.

1



Ant Post

LPO RPO

too

hwt
1,2 lite-

B
- IHfc
- M t a

liter 1,2

lnSD(Q)=0. 69
lnSD(*)=O. 61

Q(D)=12 %
V(D)=12 %

1.1 %.%

Fig. 4

Anterior (Ant), posterior
(Post), lef t posterior
oblique (LPO) and right
posterior oblique
projections of ventilation
(V) and perfusion (Q) (A),
volume distr ibution (B)
and V/Q distributions of
the to ta l lung (C) in
subject J. S.



79

Case 4 (Pig. 5; J. v. D. )

A 57 year-old man, non-smoker, with a central bronchial carcinoma

of the right lung was examined for preoperative evaluation of

pulmonary function.

Spirometry: predicted (1) measured (1) after salbutamol (1)

IVC 4. 84 4. 52 4. 55
FEV1 3. 24 1. 40 1. 51
FEV1/IVC 0. 67 0. 31 0. 33

PIethys mography :

TGV 3. 65 5. 10
RV 2. 21 3. 10
TLC 7. 03 7. 56

Conclusion: severe irreversible obstructive pulmonary disease.

V/Q SPECT:

Perfusion defects of the right hilar region, the superior segment

of the right lower lobe and broadening of the fissures of the

right middle lobe. The perfusion defects are matched by ventila-

tion defects. Ventilation is also diminished in the basal segments

of the right lower lobe. The lower border of the left lung is

elevated with otherwise no abnormalities in the left lung (Pig.

5A). The volume distribution also shows the defect in the right

lower lung field (Fig 5B). The left lung contributes 54% to the

total ventilation and 45% to the total perfusion. The V/Q

distribution is broad, Q(D) and V(D) are increased (Fig. 5C).

Separate analysis of the left lung shows a far more normal V/Q

distribution and normal values for Q(D) and V(D) Pig. 5D).

Conclusion: Combined ventilation-perfusion defects of the right

lung. Elevation of the left hemidiaphragm. Severe ventilation-

perfusion inequality of the right lung and a relatively normal V/Q

distribution on the left.

V/Q SPECT can give a right to left ratio of the three-dimensional

activity distribution and a differentiated distribution of

regional V/Q ratios. This may be very helpful in assessing

postoperative pulmonary function.
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Case 5 (Fig. 6, 1; L. vd B)

A 37 year-old female (smoker, >20 cigarettes a day) with a

solitary metastasis of a breast carcinoma in the right upper lobe

was examined preoperatively. She had a history of productive

cough.

Spirometry: predicted (1) measured (1) after salbutamol (1)

IVC
FEV1
FEV1/IVC

4.
3.
0.

31
21
74

3.
1.
0.

97
75
44

4.
2.
0.

26
40
56

Conclusion: severe, partly reversible obstructive pulmonary
disease.

V/Q SPECT:

Very irregular activity distribution with multiple ventilation

defects and to a lesser extent also perfusion defects. In the

right axillary region a small circumscript matched defect is seen

at the site of the metastasis (Fig. 6A). The distribution of

ventilation and perfusion volume is very irregular (Fig. 6B). The

V/Q distribution is broad and Q(D) is increased (Fig. 6C)

Pt. stopped smoXing and was treated with salbutamol and inhalation

steroids. A reexamination was performed after 6 weeks.

Spirometry: predicted (1) measured (1) after salbutamol (1)

IVC 4. 31 4. 75 4. 86
FEV1 3. 27 3. 17 3. 13
FEV1/IVC 0.74 0.67 0.64

Conclusion: slight, irreversible obstructive pulmonary disease.

Considerable improvement of spirometric parameters.

V/Q SPECT:

Circumscript matched ventilation-perfusion defect, somewhat

irregular activity distribution in the rest of the lungs without

clear defects (Fig. 7A). The volume distribution is almost normal

(Fig. 7B), the V/Q distribution has improved and Q(D) is normal

(Fig. 7C).

Conclusion: clear improvement of the ventilation-perfusion

inequality. Unchanged matched ventil&:••--perfusion defect in the

right upper lobe.

V/Q SPECT revealed severe ventila*-:.on-perfusion inequality in this

patient with obstructive pulmonary disease and monitored improve-

ment after therapeutic intervention.
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Case 6 (Fig. 8, 9, 10; D. V. )

A 46 year-old man (smoker, >20 cigarettes a day) with alveolar

proteinosis was examined before treatment with broncho-alveolar

lavage (BAL), after BAL of the left lung and after BAL of both

lungs.

after salbutamol (1)Spirometry

IVC
FEV1
FEVl/IVC

predicted (1)

4. 92
3. 52
0. 71

Plethysmography:

TGV
RV
TLC

3. 38
1. 91
6. 83

Blood gas analysis:

pO2 : 6.
pCO2 : 4.
Hb : 9.
SaO2 : 0.
A-aO2 : 7.

8 Kpa
1 Kpa
4 mmol/1
86
6 Kpa

measured

3. 24
2, 61
0. 80

2. 57
1. 42
4. 66

pH :
HCO3":
SBC :
BE :

7.
19
20
-4

(1)

42
. 6
. 7
. 3

afte

3. 21
2. 68
0. 84

2. 57
1. 47
4. 67

mmol/1
mmol/1
mmol/I

Conclusion: severe restrictive pulmonary disease, hypoxaemia at

rest despite alveolar hyperventilation. Undersaturation and

increased A-aO2 difference.

V/Q SPECT:

Multiple ventilation defects in both lungs. The distribution of

perfusion is also irregular but to a much lesser extent compared

to the ventilation (Fig. 8A). The distribution of the ventilation

and the perfusion volume is irregular (Fig. 8B). The V/Q distribu-

tion is flat with very high values for Q(D) and V(D) (Fig. 8C).

Separate analysis of both lungs shows compartments with very high

and very low V/Q ratios as a result of redistribution of ventila-

tion from obstructed alveoli especially in the left lung (Fig.

8D, E)

Conclusion: multiple ventilation defects in both lungs and to a

lesser extent irregular distribution of perfusion resulting in

severe ventilation-perfusion inequality, especially in the left

lung.

Patient was reexamined 2 weeks after BAL of the left lung.
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Blood gas analysis:

pO2
pCO2
Hb
SaO2
A-aO2

6. 8 Kpa
4. 4 Kpa
10. 1 mmol/1
0. 88
7. 4 Kpa

pH : 7. 46
HCO3": 23. 2 nunol/1
SBC : 24. 1 mmol/1
BE : -0. 3 mmol/1

Conclusion: no change compared to the previous examination.

V/Q SPECT:

Clearly improved ventilation distribution of the left lung.

Unchanged image of the right lung with multiple ventilation

defects (Fig. 9A). Increased ventilation volume of the left lung

and decreased ventilation volume of the right lung resulting in a

shift in the R: L distribution (Fig 9B). The V/Q distribution shows

improvement of the left lung and worsening of the right lung (Fig

9C,D, E).

Conclusion: Improvement of the left lung and worsening of the

right lung after BAL of the left lung.

Patient was examined again 4 weeks after BAL of the right lung.

Spirometry: predicted (1) measured (1) after salbutamol (1)

IVC
FEV1
FEV1/IVC

4. 90
3. 48
0. 79

PIethys mography:

TGV
RV
TLC

3. 39
1. 93
6. 83

Blood gas analysis:

pO2 : 8.
pCO2 : 3.
Hb : 9.
SaO2 : 0.
A-aO2 : 6.

Conclusion: Imr

5 Kpa
9 Kpa
2 mmol/I
94
4 Kpa

>rovement of s

pH :
HCO3":
SBC :
BE :

pirometi

7.
20
21
-3

:ic

45
. 0
. 5
. 4

3. 62
2. 83
0. 78

2. 78
1. 33
4. 95

mmol/I
mmol/I
mmol/1

values

V/Q SPECT:

Considerable improvement of the ventilation image compared to the

pretreatment image (Fig. 10A). More regular distribution of the

ventilation and the perfusion volume (Fig. 10B), normal R:L

distribution and improved ventilation-perfusion inequality

(Fig. 10B,C).
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The last examination of this patient was performed 2 years after
BAL.

Spirometry:

IVC
FEV1
FEV1/IVC

predicted (1) measured (1) after salbutamol (1)

4. 43
3. 43
0. 79

PIethys mography:

TGV
RV
TLC

3. 4'3
1. 97
6. 83

4. 14
2. 65
0. 64

3. 63
2. 35
6. 50

4. 36
3.05
0. 70

3. 50
2. 54
6. 90

Blood gas analysis:

pO2
pCO2
Hb
SaO2
A-aO2

12. 1 Kpa
4. 7 Kpa
8. 2 mmol/1
0. 98
2. 1 Kpa

pH : 7. 44
HCO3": 23. 3 mmol/1
SBC : 24. 9 mmol/1
BE : -0. 6 mmol/1

Conclusion: Improvement of spirometric volumes. Slight, partly

reversible obstructive pulmonary disease. Considerable improvement

of blood gas analysis (values obtained within the normal range).

V/Q SPECT:

Homogeneous distribution of ventilation and perfusion. Normal

volume distribution and R: L distribution (Pig 10D). The V/Q

distribution shows only slight ventilation-perfusion inequality

Fig. 10E).

Conclusion: Slight ventilation-perfusion inequality 2 years after

BAL.

V/Q SPECT visualizes and quantifies the ventilation-perfusion

inequality resulting from the alveolar proteinosis and monitors

the results of therapeutic interventions in the separate lungs.
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Chapter VI describes an alternative to the use of Tc-99m

labeled particles for perfusion imaging. The retention of I-

123 IMP in the lungs mimics the distribution of a perfusion

tracer. In contrast with the microspheres or macroaggregates

however, the lung uptake of 1-123 IMP depends not only on the

continuity of the pulmonary vasculature, but also on the

integrity of the endothelial cells with respect to their

metabolic function. The 1-123 IMP retention may therefore be

a marker of early vascular damage, even in a stage when the

perfusion is still intact.

One must realize that a decreased uptake of IMP itself not

necessarily reflects a disturbance in the metabolic function

of a certain lung region, but may merely reflect a decreased

perfusion. When used in combination with a perfusion tracer,

the IMP lung uptake may be a sensitive marker of the

metabolic integrity of the pulmonary endothelium.

CONCLUSION

A technique was developed for the quantitative analysis of

ventilation-perfusion SPECT studies using Kr-81m gas as a

ventilation tracer and Tc-99m microspheres as a perfusion

tracer. The technique is operator-independent and is

applicable in most patients. The results are presented in a

way partly derived from the inert gas technique described by

Wagner et al (10). An advantage of the technique compared to

non-radioactive methods is that besides functional informa-

tion topographical information can be obtained. Moreover, the

quantitative analysis can be performed on essentially any

part of the lung within the three-dimensional matrix.

Two possible applications were described and a number of case

reports were presented to indicate where the technique may

prove to be useful.

The physical properties of Kr-81m cause some limitations to

its use for the quantification of ventilation. In order to

decrease error as much as possible, steady state should be

maintained during acquisition and hyperventilation should be

avoided.

The use of two different tracers for the calculation of V/Q

ratios is a possible source of error and the exact value of
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the distributions derived with this technique still has to be

established. This may be achieved by performing controlled

patient studies, comparing the results of V/Q SPECT with

those of an established technique such as the arterial blood

gas analysis.

Further investigations are also required to evaluate the

mechanisms involved in the uptake of 123I-IMP which showed to

have the properties of a perfusion tracer, but also depends

on the integrity of the pulmonary endothelium with respect to

its metabolic function.
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SUMMARY

The regional ventilation-perfusion ratio is an important

parameter with respect to the gas exchange function of the

lungs. The possibilities of current pulmonary function tests

are limited with respect to the assessment of regional

pulmonary function. More sophisticated techniques such as the

multiple inert gas elimination technique are invasive and

technically complicated. Scintigraphic techniques offer a

non-invasive way of visual and quantitative assessment of

regional pulmonary function. SPECT increases the in-depth

resolution and solves the problem of overprojection of under

or overlying structures. In this thesis a method for the

quantitative analysis of ventilation-perfusion SPECT studies

is described and an effort is made to evaluate its use-

fullness.

In chapter II the technical details of the method are

described. In the transaxial reconstructions of the tomogra-

phic studies the contour of the lungs is detected and

regional values of lung volume, ventilation, perfusion and

ventilation-perfusion ratios are calculated. The method is

operator independent.

In chapter III the lung volume calculations from the SPECT

studies are validated by comparing them with lung volume

measurements using the helium dilution technique. A good

correlation (r=0. 91) was found between the two volumes. SPECT

volume was greater than the volume measured with helium

dilution, which was attributed to non-gas-containing

structures in the lungs.

Chapter IV describes the use of V/Q SPECT to evaluate the

effect of ionizing radiation on the lungs in patients treated

with mantle field irradiation for Hodgkin' s disease.

Perfusion changes appear as early as 2 months after the start

of irradiation. Ventilation changes appear later and are

relatively minor. No changes are seen outside the radiation

portals.

Chapter V deals with ventilation-perfusion inequality in

pulmonary sarcoidosis. It is suggested that the decrease in

T1CO in these patients may be partly due to an uneven

distribution of ventilation-perfusion ratios.
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In chapter VI an effort is made to establish the properties

of a new tracer used for the assessment of the metabolic

function of the pulmonary endothelium. The lung uptake of I-

123 IMP mimics the distribution of a perfusion tracer and it

is suggested that this tracer may be useful for the early

detection of pulmonary vascular damage, even when blood flow

is still intact.

Chapter VII contains a general discussion. Some aspects of

the use of Kr-81m as a ventilation tracer are discussed as

well as the effect of noise on Kr-81m SPECT reconstructions.

A number of case reports is presented to illustrate the

applicability of the technique in a number of pulmonary

diseases in which it may prove to be useful.

In conclusion: quantitative V/Q SPECT is a non-invasive,

relatively simple way of obtaining semi-quantitative

information about regional pulmonary function. The examina-

tion can be performed in allmost any patient. The technique

is operator independent and is applicable in a variety of

pulmonary diseases. Disadvantages are the limited availabi-

lity of Kr-81m due to the short half life of the Rb-81 parent

and the high cost compared to other ventilation tracers. The

exact value of the derived distributions with respect to

pulmonary gas exchange still has to be established but the

first results as described in this thesis seem promising.



SAMENVATTING

De regionale ventilatie-perfusie verhouding is een belang-

rijke parameter van de gaswisseling in de long. De mogelijk-

heden van het gebruikelijke longfunctie onderzoek zijn

beperkt wat betreft het bepalen van regionale functie.

Geavanceerde technieken zoals de inerte gas methode zijn

invasief en zijn technisch zeer complex. Met behulp van

scintigrafische technieken kan regionale lungfunctie

gevisualiseerd en gekwantificeerd worden op een niet-

.nvasieve manier. Met SPECT neemt de diepte-resolutie toe en

wordt overprojektie van radioactiviteit in boven en onder-

liggend longweefsel voorkomen. In dit proefschrift wordt een

methode beschreven voor de kwantitatieve analyse van

ventilatie-perfusie SPECT studies en wordt getracht inzicht

te krijgen in de toepasbaarheid van deze techniek.

Hoofdstuk II beschrijft de techniek van de methode. In de

transaxiale doorsnijdingen van de tomografische opnames wordt

de contour van de longen bepaald en worden regionale waarden

berekend voor het volume, de ventilatie, de perfusie en de

ventilatie-perfusie verhouding. De methode is operator

onafhankelij k.

In hoofdstuk III wordt het long volume, berekend met de

beschreven techniek, gecorreleerd aan long volume metingen

met de Helium verdunnings methode. Er werd een goede

correlatie tussen berekend en gemeten volume gevonden

(r=0. 91). Het berekende volume was groter dan het gemeten

volume. Dit verschil werd toegeschreven aan het volume van

weefsel en bloed in de long.

In hoofdstuk IV wordt het effect van bestraling op longweef-

sel geëvalueerd met behulp van V/Q SPECT bij patiënten die

bestraald werden in verband met de ziekte van Hodgkin.

Perfusie veranderingen traden al 2 maanden na aanvang van de

bestraling op. Vermindering van de ventilatie werd pas later

gezien en was relatief gering. Er werden geen veranderingen

gezien buiten het bestralingsveld.

Hoofdstuk V geeft een bespreking over ventilatie-perfusie

ongelijkmatigheid bij sarcoidose van de long. De resultaten

geven aanwijzingen dat een vermindering van de TlCO voor een

deel het gevolg kan zijn van een ongelijkmatige ventilatie-
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perfusie verdeling.

In hoofdstuk VI worden de eigenschappen besproken van een

nieuwe tracer die wordt gebruikt bij het onderzoek naar de

metabole functie van de long. De opneming van 1-123 IMP in de

long is vergelijkbaar met de opneming van een perfusie

tracer. Deze nieuwe tracer kan van belang zijn voor de vroege

detectie van longvaatschade, zelfs in een stadium dat de

doorbloeding nog in tact is.

In de algemene discussie in hoofdstuk VII worden enkele

aspecten van Kr-81m gas als perfusie tracer besproken en het

effect van ruis op reconstructies bij SPECT met Kr-81m. De

toepasbaarheid van de techniek wordt geillustreerd aan de

hand van een aantal casuus

Conclusie: kwantitatieve V/Q SPECT is een niet-invasieve,

relatief eenvoudige manier om kwantitatieve informatie over

regionale longfunctie te verkrijgen. De techniek is toepas-

baar bij vrijwel elke patient. De techniek is operator-

onafhankelijk en is toepasbaar in een groot aantal longaan-

doeningen. Nadelen zijn de beperkte beschikbaarheid van Kr-

8lm door de korte halfwaarde tijd van het Rb-81 en de hogere

kosten vergeleken met andere ventilatie tracers. De exacte

betekenis van de met deze techniek verkregen ventilatie-

perfusie verdelingen staat nog niet vast, maar de eerste

resultaten zoals beschreven in dit proefschrift zijn

voldoende aanleiding om op de ingeslagen weg door te gaan.
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ERRATA:

pag. 40 regel 6: volume (SPECT) = 1.059 X FRC+ 0.445
moet zijn: volume (SPECT) = 0.9665 X FRC + 0.647

pag. 55 regel 2: Cavel M. Roos
moet zijn: Carel M. Roos

pag. 59 (II) regel 23: (n° 3, 5, 6 and n°12)
moet zijn: (n° 3,5,12 and n°13)

pag. 70 regel 5: rms (%) = 120x<s/n/4\/N
moet zijn: rms (%) = l20x\/N/4\/n


