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INTRODUCTION

Imaging in nuclear medicine is basically two-dimensional.
Two-dimensional images from many angles, provide information
about regional radioactivity distribution in a three-dimensional
volume. The procedure is denoted single photon emission
computed tomography or SPECT. From the reconstructed
volume images are extracted for further analysis. The analysis
of function is hampered by the fact that calculated regional
activity does not reflect true activity because photons are
attenuated and scattered by matter. The correction for errors in
quantification is complex, particularly so in the thoracic region,
as attenuation and scatter change with the large variations of
density in thoracic tissues. Still, correction is most important
when quantification of cardiac and pulmonary tracer uptake is
required to optimise diagnostic procedures.

Attenuation
The intensity of a beam of primary photons, No, is

attenuated as photons interact with matter between the source
and the detector (Fig.1).

source detector

Figure 1. Attenuated
photons are absorbed or
scattered. Only photon
rays emitted straight
towards the detector are
shown.



Photons may be absorbed or scattered. Absorbed photons

are totally eliminated from the beam. Scattered photons are

deflected away from the beam and loose some of their energy.

The intensity of a narrow beam, I, after attenuation, is

l=lo-e"Md (eq. 1)

JJ., the linear attenuation coefficient (cm"1), is the fraction of
photons absorbed or scattered per unit length of the material,
d (cm) is the length of the pathway through the material.

Radionuclide

Tc
67Co
153Gd
133Xe
241Am

Mode

Transmission &
Emission

Transmission

Transmission

Emission

Transmission

Energy

140 keV

122 keV

100 keV

81 keV

59keV

Half-life

6 hours

272 days

242 days

5 days

458 years

Study no

I, II, IV, V

I, III

IV, V

ill

V

Table I. Radionuclides used in the present studies.

Photons are emitted from radionuclides or isotopes. These
are characterised by their decay rate, or half-life, and the
energy of the photons emitted. The radionuclides used in the
present studies are listed in Table I.

Attenuation coefficient
The degree of attenuation depends on photon energy and

the atomic nature and density of the material. The linear
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attenuation coefficient, for a given photon energy, increases in
proportion to the density of a material:

Linear attenuation coeff. = density • mass attenuation coeff.

The proportionality constant is thus the mass attenuation
coefficient (cm2 g"1) which depends on the atomic weight and
atomic number of the material, in a way that is specific for a
particular photon energy (Greening 1981). Density (g cm'3) can
thus be calculated from the measured linear attenuation
coefficient. Values of the mass attenuation coefficient for
different materials and photon energies are obtained from
reference tables (Hubbel 1969).

Transmission
In an emission study photons are emitted from a

radionuclide in the object to the detector. In a transmission
study the source of photons is positioned outside the object,
opposite the detector. The photons are detected after their
transmission through the object. Photons are attenuated during
transmission as during emission. Eq. 1 applies to emission as
well as to transmission studies.

In a so-called blank study the unattenuated count rate, No,
from a transmission source is obtained without the object
positioned between the source and the detector. Accordingly,
No represents the count rate when no attenuation takes place. It
serves as a reference for the transmission study with the object
in place. In single photon transmission tomography (SPTT),
eq. 1 is applied to every volume element (voxel) through which
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the photons travel a distance d (cm). The process can be
further explained (Fig. 2):

(

\
s

N

. ^

\

A
Figure 2. Single photon
transmission tomography.

The unattenuated intensity of photons from the transmission
source, corresponding to No, goes into the first voxel within the
object. Out of the first voxel comes an intensity of photons, Ni,
which is lower than No due to attenuation. The attenuation
coefficient of the first voxel is denoted m.

According to eq. 1 Ni is:

Ni goes into the second voxel with attenuation coefficient [i2.
Out of this voxel comes:

This is repeated through all the voxels of the object. The
photon intensity that remains to be detected, N, after
transmission through the object is thus depending on the
attenuation in each voxel and can be expressed as:
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and rearranged to:

In=(1/d)-ln(No/N) (eq. 2)

The left-hand side of eq. 2 is the sum of attenuation
coefficients throughout the object. In SPECT the recorded
photon intensity reflects the sum of activity emitted in the
column of voxels. The same algorithms that are used in SPECT
to calculated the distribution of activity between voxels is
applied in SPTT to obtain the distribution of attenuation
coefficients along the column. Accordingly eq. 2 is used to
obtain three-dimensional information on regional attenuation
coefficients. The transversal image reconstructed from SPTT
data is often called an attenuation coefficient map.

Transmission sources
The transmission scan adds an insignificant radiation dose

to the subject in a clinical nuclear medicine procedure (Almeida

1998). An example from the present study is an effective dose

of about 10 mSv for rest plus stress emission myocardial

scintigraphy compared to max 0.02 mSv for the simultaneous

transmission studies. The activity used in a transmission source

is restricted by the risk of exceeding the maximal count rate of

the gamma camera during the blank study. The different

transmission source configurations and isotopes used in the

present studies are listed in Table II.
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Transmission source design

99mTc flood source

57Co flood source

Two moving 153Gd line sources

Stationary 241Am line source

Transmission source activity

150 MBq

500 MBq

180 MBq

450 MBq

2x6 GBq

5.5 GBq

Study no

I

II

I

III

IV, V

V

Table II. Single photon transmission sources used in the present studies.

In a simultaneous emission-transmission protocol lower
photon energy in the transmission than in the emission study
eliminates contamination of the emission images by the
stronger transmission source.

The mass attenuation coefficient of the body compartments
is not constant at high and low photon energies. The mass
attenuation coefficient is about the same for compact bone and
muscle at 150 keV photon energy. Below 150 keV it is higher
for bone than for muscle and over 150 keV it is lower for bone
than muscle (Hubbel 1969). If the energy of the photons used
for transmission differs widely from the photon energy in the
emission study, there can be a problem to obtain an accurate
attenuation map for photons emitted in the body.

A long half-life of the isotope used for transmission is
requested for practical and economical reasons.

Three different transmission source configurations - flood
source, moving line source and stationary line source - are used
with three different gamma camera geometries in this study
(Fig. 3).
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Figure 3. Principle gamma camera
and transmission source geometry.
Single headed gamma camera with
a flood source (upper panel).
Double headed gamma camera
with two moving line sources
(central panel). Triple headed
gamma camera with a stationary
line source (lower panel). Only
photon rays that will be selected by
the collimator are shown.

Scatter
Since the gamma camera has a finite energy resolution,

mono-energetic primary photons are registered as having a
spectrum of energies. We therefore have to accept a range of
detected photon energies, i.e. use a relatively wide energy
window, in acquisition of scintigraphic images. Some scattered
photons are also detected within the selected energy window.
These photons contribute to the measured intensity. The
contribution of scattered photons from one isotope to those
detected in the energy window used to detect the primary
photons from the same isotope is referred to as build-up.
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When two isotopes are measured simultaneously, two
different energy windows are used corresponding to the
energies of the primary photons from the two isotopes.
Scattered photons have a range of energies that is lower than
that of the primary photons emitted from the same isotope.
Scattered photons from the isotope with the higher primary
photon energy may thus have energies that fall within the
energy window used for the isotope with the lower primary
photon energy. They may therefore add to the intensity
measured in the lower energy window. The contribution of
scattered photons from one isotope "down to" the measured
intensity in an energy window, used to detect primary photons
from another isotope with lower primary photon energy, is called
down-scatter.

Another effect of scatter is decreased resolution. As
photons are scattered and lose energy they are also deflected.
Scattered photons do not follow a straight pathway from the
source to the detector as primary photons do. However,
registered photons are assumed to have travelled along a
straight line. Secondary photons are therefore misplaced with
respect to their origin.

Individual attenuation coefficient maps
Attenuation correction in SPECT was introduced in the

1970'ies (Sorenson 1974, Chang 1978). These methods were
based upon the assumption of a constant attenuation coefficient
or density. In the thoracic region densities vary between
0.3gem"3 (lung) and 1.85gem"3 (bone). Individual differences
are large with respect to size of the thoracic cage, size of the
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heart and lungs, amount of "extra-thoracic" soft tissue (muscle
mass, breasts and subcutaneous fat) and, to some extent, the
position of the organs in relation to each other. Therefore
methods to measure individual regional attenuation coefficients
using transmission (as described above) have been developed.

The transmission and emission studies must be exactly
positioned as misalignment may cause serious errors in
attenuation correction (Stone 1998). The size, density and
position of the organs and tissues may vary with time: muscles
are moved with the position of the arms, breast position may
alter, density of the lungs and cardiac volume and/or position
may change. Therefore with every emission study that is to be
corrected for attenuation, a new transmission study, aligned
with the emission study, is needed.

Transmission and emission acquisition protocols
A transmission measurement performed before any isotope

is administered to the subject is often called pre-emission
transmission. The transmission and emission studies are
acquired separately. Scattered photons can not cause
interference between them. The studies should be acquired
with the subject in the same position and be exactly aligned,
preferably without movement between the transmission and
emission measurement. The risk for misalignment caused by
movement increases at prolonged acquisition times.

In a simultaneous emission and transmission protocol the
two studies needed for attenuation correction are acquired at
the same time. The transmission study is then acquired with an
isotope present in the subject, i.e. "post-injection". Such a
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protocol is necessary when the tracer used must be
administered some time before the emission study or in another
situation, e.g. in myocardial stress perfusion imaging with 99mTc-
tetrofosmin. The risk of movement between the transmission
and emission study is eliminated. Since the total acquisition
time is shorter than with the pre-emission transmission
protocol, the risk of movement during acquisition is lower.
However, here is a risk of errors induced by down-scatter
between the simultaneously acquired transmission and
emission studies.

Reconstruction and correction for non-homogeneous
attenuation
SPECT is based on a number of two-dimensional images,

called projections, acquired from different angles around the
object. Three-dimensional tomographic images are reconstructed
from the projections.

Filtered back projection, FBP, is based on back projection
of each acquired projection into the reconstructed volume. The
contributions from each projection will be superimposed. The
intersection of the back projections gives the location of a
source in the tomographic plane. However, data are also back
projected into regions where no activity is present. This results
in a background with a star like pattern around an area with
high activity. To reduce these artefacts the projections are
filtered before back projection. Different types of filters can be
used and can also be modified by the user (Cullom 1995).

Maximum likelihood expectation-maximization, MLEM, is a
statistically based algorithm employed to estimate the isotope
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distribution in the body that resulted in the acquired projections
(Shepp 1982). An initial three dimensional image is estimated,
often using FBP. From this first estimate a set of new
theoretical projections are calculated using known properties of
the gamma camera. These theoretical projections are
compared to the acquired projections. The difference is used to
obtain a second estimate of the isotope distribution in the
volume studied. This step in the calculations employs an
algorithm for MLEM. Then, new theoretical projections are
calculated from which a third estimate of isotope distribution is
calculated. Each new estimate implies that the true distribution
is approached. The number of iterations is usually predefined to
a number, beyond which no significant improvement can be
expected according to previous experience.

Correction for non-homogeneous attenuation is in this study
performed before or as part of the reconstruction process. The
prereconstruction method modifies the projections before they
are back-projected using the same filtered back projection
method (FBP) as for uncorrected projections (I,II and III). FBP is
also used in the iterative precorrection method (I PC) (Maze
1993) in study V. Attenuation correction is incorporated in the
iterative reconstruction procedure that uses MLEM in study IV
and V. The methods used in this study is further described in
the Methods section.

Scatter compensation
In the separate transmission and emission method

described in study I and applied in study II and III, an algorithm
for build-up compensation was used. An expression that refers
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to an estimate of the effect of build-up (Siegel 1985) was
incorporated in the calculation of the attenuation coefficient map
(Eq. 2). The estimate takes the width of the energy window into
account.

In the simultaneous emission transmission acquisitions in
study V, down-scatter from the emission isotope to the
transmission measurement was compensated for. This was
done by subtraction of a measured or estimated amount of
scatter. Gamma cameras with two or three camera heads were
used in study V. In the double-headed system (2HS) an
estimate of down-scatter was based on measured activity in a
scatter window placed between the emission and transmission
energy windows. In the triple-headed system (3HS) the scatter
was measured in transmission energy windows of the two
detectors not used for the transmission measurement.

In study IV the 2HS did not use an algorithm for down-
scatter correction. The system only reduced the relative amount
of down-scatter from the emission isotope into the transmission
energy window during acquisition. This should be achieved by
using a transmission source so strong that registered down-
scattered photons were relatively few during the short time the
detector was active for acquisition of transmission data, as
further described in the Methods section.

The rationale for attenuation correction in nuclear
medicine

Nuclear medicine offers a possibility to study physiology in
vivo. Sometimes it is the only method available. Regional
distribution of a radioactive tracer reflects physiological
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processes. To give quantitative physiological information, the
scintigraphic image should in the ideal case represent true
activity per unit volume in each region studied. SPECT in itself
is a step in that direction in that measured activity can be better
ascribed to a specific organ than in planar images. However,
traditional SPECT is severely hampered by attenuation. The
problem is a priori modest in small organs in a quite
homogeneous environment. Correction is then relatively easy
assuming constant attenuation. In inhomogeneous and larger
organs within an inhomogeneous structure more complex
corrections for attenuation must be made. In the 1960'ies,
pulmonary perfusion was studied using Krypton-85 (Arborelius
1966) and Xenon-133 (133Xe) (West 1964). Pulmonary
ventilation/perfusion ratios (VA/Q) were studied by Anthonisen
(Anthonisen 1966) using 133Xe. The techniques were non-
imaging and offered limited topographical information. To
extend our knowledge of physiological matters, concerning
basal normal physiology as well as complex pathophysiology,
nuclear imaging techniques must be employed. West presented
a model for gravity dependence of pulmonary perfusion (West
1964). SPECT studies of regional pulmonary perfusion
disagreed on whether or not this model was correct (Maeda
1983, Orphanidou 1986 and Hakim 1987). Attenuation
correction was not used in these studies. Regional VA/Q
distribution was measured in vivo with positron emission
tomography (PET) (Rhodes 1989a, Rhodes 1989b). Attenuation
correction is routinely used in PET. However, PET has not yet
reached the widespread use that SPECT has. These early PET
studies only covered a restricted part of the lung, while SPECT
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detectors can cover the entire lung field. Accordingly, the lung is
one organ for which quantitative SPECT may contribute to our
knowledge of basal physiology and pathophysiology.

Myocardial perfusion scintigraphy is in great demand for the
diagnosis and grading of coronary artery disease. Attenuation
leads to large activity gradients in myocardial images, which
bear no relation to perfusion differences. There is a need for
quantitative indication of perfusion. Commercially offered
systems for attenuation corrected SPECT recently became
available. They have focused on myocardial scintigraphy.
Recent reports in the literature about attenuation corrected
SPECT mainly deal with myocardial SPECT.
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OBJECTIVES

The first objective of this thesis was to develop and validate
methods for quantitative SPECT, useful for studies of lung and
heart physiology and diagnostic studies of these organs.

Initially an attenuation correction method suitable for studies

of the thoracic region with SPECT was not commercially

available. We therefore developed and evaluated a method for

correction of variable attenuation based on transmission

measurements. A test protocol comprising geometrically well

defined phantoms was developed.

We tested the hypothesis that non-gravitational pulmonary
perfusion gradients previously reported using SPECT (Hakim
1987, Orphanidou 1986) were due to attenuation. We also
studied pulmonary density obtained from the transmission
measurement.

We tested the hypotheses that regional VA/Q ratios could
be measured with SPECT, using the only readily available
tracer, 133Xe. Because of the low energy of photons from 133Xe,
this approach relied heavily upon attenuation correction. The
transmission measurement was required not only for
attenuation correction, but also for the calculation of regional
gas volume and for organ delineation.

Systems for attenuation correction later became

commercially available. These were intended to improve
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myocardial SPECT. During the clinical implementation of such a
system, an erroneous performance was identified and further
quantified in a phantom study. A risk for clinical misjudgement
was pointed out. The malperformance of the system could be
explained by down-scatter.

The manufacturer added an algorithm for down-scatter
correction to the same system. Another system, partly based
upon different principles, became available. The two systems
were systematically tested employing an adapted variant of the
test protocol developed in our initial study.
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MATERIAL AND METHODS

Phantoms (I, IV, V)

Block phantoms Geometrically well-defined phantoms
were assembled from solid blocks of variable density. The
blocks were made from polyethylene plastic (density
0.94 g cm"3), wood (density 0.47 and 0.72 g cm"3) or synthetic
rubber (0.20 and 0.37 g cm"3). The blocks were 30 cm long.
They were combined to form both homogeneous and
inhomogeneous phantoms and phantoms with different size.
The cross section varied from 6x6 cm to 24x24 cm. Plastic
tubes with internal diameter of 0.8 mm, filled with technetium-
99m (99mTc), could be inserted centrally into the blocks and
were used as emission line sources. For reference imaging they
could be mounted in the same position in a frame.

Torso phantom A torso phantom was used with activity in
the left ventricle wall, the lungs and the abdomen. The lungs
were filled with damp cork with density 0.3 g cm"3. The wall of
the left ventricle and the abdomen were filled with water. The
height of the torso phantom was 22 cm and maximal width of
"the thoracic cavity" was 35 cm. The phantom walls were made
of perplex and were 1.5 or 4.3 cm thick.

Monte Carlo simulation Monte Carlo simulation was
applied to a computer model comprising a phantom and a
gamma camera. The model described homogeneous and
inhomogeneous phantoms with different size and densities,
corresponding to the block phantoms used in study I. The
distribution of photon emitting isotope within the phantoms was
defined. The properties of the gamma camera were also
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mathematically defined. According to the Monte Carlo
simulation photons were stochastically emitted from the isotope.
The events elicited by each photon were determined on a
statistical basis and their eventual contribution to an image
defined as primary or secondary (scattered) radiation. Monte-
Carlo simulations were used to validate the build-up correction
used in our pre-emission transmission method for attenuation
correction (I).

Normal subjects (II, III)
The normal subjects were healthy, non-smoking volunteers.

Perfusion and density (II) were studied in nine men and one
woman (age range 41-55 yr., mean age 46.5 yr.) and VA/Q (III)
were studied in six men (age range 42-52 yr., mean age 46 yr.).
Vital capacity (VC) and forced expiratory volume in one second
(FEV1.0) were measured in all normal subjects. Total lung
capacity (TLC) and residual volume (RV) were measured in the
VA/Q study (III). All values were expressed as percentage of
predicted values.

Patients (III, IV)
Two male patients with chronic obstructive pulmonary

disease (COPD) were studied with our method to measure
regional pulmonary WO-ratios (III). They were 62 and 71
years old. Lung function measurements were performed as for
the normal subjects, supplemented with diffusion capacity for
carbon monoxide (DLCO).

Twenty-three male (age range 43-80 yr., mean age 58 yr.)
and 23 female (45-80 yr., mean age 60) consecutive patients,
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referred because of suspected coronary artery disease, were

included in the myocardial perfusion study (IV). The mean body

mass index (BMI) was 28, with range 21-40 for the male

patients and 19-41 for the female patients. Their original, not

attenuation corrected, myocardial perfusion scintigrams were

pathologic in 25 patients, with fixed perfusion defects and/or

reversible ischemia, according to a commercially available

normal database (van Train 1993, van Train 1994, Kang 1997).

Attenuation correction with pre-emission transmission
method (I, II, III)
Acquisition Transmission and emission tomography were

performed separately. Transmission tomography always
preceded the emission study. The phantom, subject or patient
was not moved between the two studies. Single headed gamma
cameras were used: Maxicamera 400T (General Electric, USA)
in study I, GCA-901A/ECT (Toshiba, Japan) in study II and
GCA-901A/SA-ECT (Toshiba, Japan) in study III: The cameras
were equipped with low energy, general purpose collimators
modified to support a flood source with 99mTc (I, II) or cobolt-57
(57Co) (I, III) used for transmission and blank studies.
Acquisition was performed over 360 degrees for the blank, the
transmission as well as the emission study. Total acquisition
times were 20-24 minutes each for the transmission, blank and
emission study.
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Figure 4. Principle of the attenuation correction method (study l-lll).
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Reconstruction Sets of the logarithmic quotient between
pixel count rate of the blank, No, and the transmission study, N,
were reconstructed as projections according to the standard
FBP method, to yield transverse attenuation coefficient maps
(Fig. 4 A, b, c). The emission study was also first reconstructed
using FBP to a preliminary emission image (Fig. 4 A-C).
Attenuation correction was performed in three steps: 1) the
activity in the preliminary, uncorrected, emission image
(Fig. 4 C) was added ray by ray to obtain line sums (Fig. 4 D1)
of the image for each of the 64 angles. A second modified set of
line sums was also calculated, (Fig. 4 D2). The preliminary
activity in each pixel (Fig. 4 C) was accounted for, as in D1, but
also the attenuation and build-up along the path from the pixel
to the object boundary, as given by the attenuation coefficient
map (Fig. 4 c). 2) The quotient between the original and the
modified set of line sums, D1/D2, was calculated pixel by pixel
along the projection axis to obtain a set of correction factors
(Fig. 4 E). The quotient D1/D2 estimates how attenuation and
build-up affected the original projections. The data in these
originally registered projections (Fig. 4 B) were therefore
multiplied by D1/D2 to yield 64 corrected projections, (Fig. 4 F).
3) The 64 corrected projections were reconstructed by FBP
resulting in a final corrected emission image (Fig. 4 G).

Scatter The attenuation coefficient map is affected by
"build-up" from scattered photons. By replacing the quotient
No/N by an expression that takes the build-up of scattered
photons into consideration (Siegel 1985) a build-up corrected
attenuation coefficient map is obtained.
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Attenuation correction with simultaneous emission and
transmission methods (IV, V)
Acquisition Simultaneous emission and transmission

tomography was performed with commercially available
systems (hardware and software) for attenuation correction. In
study IV and V, a double-headed gamma camera system
(2HS), ADAC Genesys Vertex (ADAC Lab. USA) with scanning
gadolinium-153 (153Gd) transmission line source was used. In
study V, a triple-headed gamma camera system (3HS),
Siemens Multispect 3 (Siemens AG, Germany) with a stationary
americium-241 (241Am) transmission line source (V) was also
used. Parallel hole collimators were used except in the
transmission study of the 3HS, where an offset fan beam
collimator was used. Principal geometry of the gamma cameras
are shown in Fig. 2. Acquisition was performed over 180 or 360
degrees, except for blank studies, which were planar. The total
acquisition time for emission and transmission together was 13-
20 min.

Reconstruction The attenuation correction programs
associated with the 2HS were Vantage 2.0™ (IV) and Vantage
2.0 ExSPECT™ (V) (ADAC Laboratories, USA). Data were
reconstructed to attenuation corrected transverse slices using
MLEM and twelve iterations, incorporating the attenuation
coefficient maps reconstructed using FBP. Uncorrected
transverse slices were also reconstructed using FBP. The
attenuation correction method associated with the 3HS was
Siemens Mpsic™ (Siemens AG, Germany), utilising the
iterative precorrection method (IPC) method with two iterations.
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Scatter Down-scatter from the 140 keV 99rt1Tc emission
activity to the transmission window is accounted for in different
ways by the 2HS, used in study IV and V, and by the 3HS, used
in study V. The 2HS was designed to reduce down-scatter
during acquisition. Emission and transmission data are acquired
with both camera heads. The activity the line source is high
compared to activity emitted in the patient. The line sources
irradiate the detectors only in a 5 cm wide zone where an
electronically controlled 100 keV energy window moves, in
synchrony with each line source, in the opposite camera head.
The 5-cm wide zone is narrow compared to the width of the
detector, which is 38 cm. The transmission acquisition time in
each picture element is about 7-8 times shorter than the
emission acquisition time (38 divided by 5). The number of
registered photons down-scattered from 99mTc in the patient into
the transmission window, would be reduced by the same factor
because of the shorter time during which these were acquired.
Only this mode of down-scatter reduction was employed by the
attenuation correction program, Vantage 2.0™ (ADAC Lab.,
USA), used in the myocardial perfusion study (IV). A later
version of the 2HS, Vantage 2.0 ExSPECT™ (ADAC Lab.,
USA), had additional down-scatter compensation. Data from a
118 keV gamma window estimated the contribution from 140
keV 99mTc photons to the 100 keV transmission window. The
estimated down-scatter was subtracted from the transmission
data. This method was applied in study V. With the 3HS only
one camera head was irradiated by the 241Arn-transmission line
source and transmission data registered in a 59 keV gamma
window of that camera head. With the other two camera heads
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a 59 keV gamma window was used to directly register down-
scattered photons from 99rt1Tc. The registered amount of down-
scatter was subtracted from the transmission data.

Phantom SPECT studies (I, IV, V)
Different combinations of the block phantoms were used to

study the size and density dependence of the pre-emission
transmission as well as the simultaneous emission-transmission
method for attenuation correction (I, V). The ability of the
methods to give correct attenuation coefficients as well as
correct emission images was studied. Line sources were used
for the emission studies in combination with the blocks.
Emission activity counts from the line sources were referred to
activity values measured in air (I) or to counts per second per
activity unit, (cps MBq"1), of the line source (V). The torso
phantom was used to study a source of interpretation error
associated with attenuation correction in a clinical setting (IV)
and to illustrate the clinical impact of the imperfect performance
of one of the methods studied (V). Simulated block phantoms
were used to validate part of the attenuation correction method
in study I.

Acquisition parameters in study I were 64 frames,
20 sec/frame and 360 degrees, in the blank, the transmission
and the emission studies. The transmission source was a
150 MBq 99mTc flood source or a standard 180 MBq 57Co quality
control source. The pre-emission transmission method
described above was used for attenuation correction.
Uncorrected data were reconstructed using FBP.
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In block phantom studies with the simultaneous emission
and transmission method (study V) acquisition parameters were
60 frames, 15 seconds per frame and 360 degrees with the
3HS and 32 frames, 50 (emission) 49 (transmission) seconds
per frame and 180 degrees with the 2HS. The blank studies
were static planar images obtained in accordance with the
manufacturers recommendations. Transmission source used
with the 3HS was a 5.5 GBq 241Am line source. Two 153Gd line
sources with initial activity 7 GBq each were used with the 2HS.
Data reconstruction was performed using the attenuation
correction programs associated with each gamma camera, as
denoted above. Uncorrected data were also reconstructed
using FBP.

In the torso phantom studies (IV and V) the same gamma
cameras and reconstruction programs were used as in the rest
of each study. Acquisition parameters were in accordance with
clinical myocardial SPECT studies.

Pulmonary SPECT studies (II and III)
Density (II) Single photon transmission tomography, SPTT,

was performed without and with the subject and the
examination couch in the field of view. The subject studied was
in the supine position, with arms above the head, between the
single headed gamma camera and a transmission flood source
with approximately 500 MBq 99mTc-pertechnetate. The distance
between the camera head and the flood source was 40 cm.
Acquisition parameters were 64x64 matrix, 72 frames over 360
degrees, pixel size 5.33 mm and acquisition time 24 min.
Density maps were reconstructed as described above.
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Perfusion (II) The pulmonary perfusion study followed the
pulmonary density study without moving the subject.
Radiolabelled particles, 75 MBq 99mTc-labelled macroaggre-
gated albumin (MAA), were injected intravenously in the supine
position. The particles are trapped in pulmonary pre-capillaries
and activity distribution reflects pulmonary perfusion. Acquisition
parameters were the same as for the density measurement.
The pre-emission transmission method for attenuation
correction described above was used. Uncorrected data were
also reconstructed using standard FBP.

Ventilation/perfusion ratios SPTT was first performed
using a 450 MBq 57Co flood source at a distance of 40 cm from
the camera head. The subject was in the supine position. Then
133Xe was infused through a dorsal foot vein. Five minutes or
more were allowed for equilibration before the emission
tomography was performed. Between 2 and 3.4 GBq of 133Xe in
saline was infused during each study and expired 133Xe gas
was evacuated through a plastic hood placed over the subject's
head. The blank, the transmission and the emission studies
were acquired in 64x64 matrix and with 90 frames over 360
degrees. Acquisition times were 20 min for the transmission and
24 minutes for the emission study. Regional VA/Q-ratios were
calculated from the mixed venous concentration of 133Xe
measured in the right heart, and the regional alveolar 133Xe
concentration. The regional distribution of lung density,
obtained from the transmission scan, and the regional 133Xe
amount in the attenuation corrected emission scan were used.
The method is described in detail in study III.
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Data analysis (II and III) Volume elements with a density of
0.58 g I"1 or less in the density image were considered to
represent lung tissue. To avoid edge effects the 1-2 cm
peripheral part of the lung was excluded. Apicobasal and
ventrodorsal profiles were generated from adjacent regions of
interest, 2.1x2.1 cm, manually positioned over a right lung field
of a density image and transferred to the corresponding
perfusion image. Two-dimensional gradient analysis, using
linear regression, was applied to the individual profile. Density
gradients were expressed as g ml"1 cm"1 and perfusion
gradients were expressed as percent of the central value of the
profile per cm (% cm"1). A user independent three-dimensional
gradient analysis was applied to density, perfusion and VA/Q-
data of the right lung. A multiple linear regression analysis was
used to calculate gradients in the mediolateral, ventrodorsal
and apicobasal direction. The perfusion and VA/Q gradients
were expressed as percent/cm of the value located at the
midpoint of the lung volume and referred to as the central value.
The density gradients were expressed as g ml"1 cm'1.

Statistics (II and III) Individual gradients were analysed
with Student's t-test and difference between means with paired
Student's test, 2-tailed in both cases, (Matthews 1990).
Significance of individual gradients was tested using the F-test
considering 2.1 cm3 volume elements corresponding to the
resolution of the gamma camera.

Myocardial SPECT study (IV)
Perfusion Myocardial perfusion was measured at rest and

at exercise using 99mTc-tetrofosmin and a one-day protocol in a
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standard clinical procedure. 350 MBq was injected at rest
followed by 900 MBq at exercise three hours later. Acquisition
and attenuation correction was performed using simultaneous
transmission and emission with the 2HS and with the down-
scatter reduction during acquisition described above. Down-
scatter correction was not available at the time of the study.
Acquisition parameters were 64x64 matrix, 46 projections over
180 degrees and 45 sec (emission) 44 sec (transmission) per
frame at rest and 35 (emission) 34 (transmission) sec per frame
at exercise. Transmission sources were two 153Gd line sources
with initial activity about 7 GBq each.

Data analysis Volume-weighted polar maps of the
myocardial perfusion were made using the CEqual program
(van Train 1993, van Train 1994, Kang 1997). These maps
were automatically analysed using 5 restricted regions of
interest: apical, anterior, inferior, lateral and septal. Selected
count ratios, considered to be sensitive to attenuation
correction, were calculated: inferior/anterior, septal/lateral, and
apex/remainder. Subdiaphragmatic activity was quantified by
outlining activity up to 10 cm below the left ventricle. An iso-
count level of 50% of the left ventricle maximum was used for
definition of the region of interest.

Statistics The significance of the differences between
group mean values was analysed with Student's t-test.
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RESULTS and COMMENTS

Pre-emission transmission method (l-lll)
Phantom study (I) A simple algorithm, including build-up

correction, applied to the transmission measurement, yielded
attenuation coefficients proportional to known densities and
constant for large and small objects. This was only achieved if
the algorithm included build-up correction.

Registered emission counts from a line source in the central
block of a dense (d=0.94 g cm"3) homogeneous phantom were,
after correction for attenuation and build-up, independent of
phantom size. Uncorrected values were 19-73% of reference in
air and corrected values were 98-108% with 99mTc as
transmission source. Similar results were obtained when 57Co
was used for transmission. An over-correction was seen if only
attenuation, but not build-up, was compensated for since build-
up adds counts to the emission image.

The corrected count rate from a central line source in a
block of the phantom increased slightly with increasing density.
This was seen both in single small (cross section 8x8 cm)
blocks and when these block were surrounded by dense
material. Accordingly, attenuation correction showed slight
density dependence. Nevertheless, when the blocks were
configured in a more complex, mosaic pattern phantom the
attenuation and build-up corrected counts from three line sources
were within 101-110% of the reference value measured in air
(Fig. 5). An adequate reproducibility of the correction was
demonstrated.
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Figure 5. Configuration of a mosaic
pattern block phantom and the
result of attenuation correction with
(closed circles) and without (open
circles) build-up correction.
Uncorrected values (open
rectangles). Inset: source position.

Pulmonary density (II) In density images a gradient in the
ventrodorsal but not in the apicobasal direction was clearly
visualised. A significant ventrodorsal gravity dependent density
gradient was shown in the right lung both in the two-
dimensional analysis of a restricted central part of the lung, and
in the three dimensional analysis representing the whole lung
volume except a peripheral zone. Three-dimensional analysis
also showed a significant gradient in the mediolateral direction
with higher density in the medial than lateral part of the lung. In
the apicobasal direction the two- and three-dimensional
analysis showed gradients of opposite directions. The reason
for these divergent results is probably that the two-dimensional
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analysis is influenced by the position of the part chosen for
analysis along the mediolateral axis since there is a significant
gradient in that direction. The three dimensional analysis is
automatic and not influenced by the operator's choice.

Calculated lung density was dependent on the size of the
lung of the subject studied and on what part of the lung was
included in the calculation. The group mean density of the
central part of the lung, was 0.28 + 0.03 g ml"1. This value was
in accordance with density values obtained using PET (Rhodes
1981). Lung density decreased with increasing lung size when
the whole lung volume, or the lung volume minus the edge
zone, were included in the calculation of density. When the
edge zone of the lung was excluded 0.07 + 0.005 g ml"1 lower
density values were obtained than for the whole lung volume.
These results reflect the restricted resolution of a gamma
camera, implying that surrounding structures influence data in
the lung periphery.

Pulmonary perfusion (II) Perfusion images and profiles
not corrected for attenuation suggested a ventrodorsal and an
apicobasal perfusion gradient (Fig. 6 a and c). In the corrected
images and profiles the ventrodorsal gradient in perfusion was
enhanced and the apicobasal difference had decreased (Fig. 6
b and d). These findings were confirmed in the two- and three-
dimensional quantitative analysis of perfusion gradients. The
significant ventrodorsal gradient, i.e. in the direction of gravity,
increased after attenuation correction. The iso-gravitational
apicobasal and mediolateral gradients became non-significant,
which indicates that they are artefacts caused by attenuation.
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Figure 6. Lung perfusion.Ventrodorsal distribution: a) uncorrected
gradient 3.6 ± 0.9 % cm"1 (p<0.001), b) corrected gradient
5.2 ±1.2 % cm"1 (p<0.001). Apicobasal ditribution: c) uncorrected
gradient 2.6 ±1.7 % cm"1 (p<0.001), d) corrected gradient
0.5 ± 1.9 % cm"1 (n.s.). Dotted lines represent data exterior to the 0.58
g ml"1 border. Closed circles indicate data included in the two-
dimensional analysis.

Pulmonary ventilation/perfusion ratio (III) The lung
function tests of the normal subjects were within normal limits.
The patients had high RV (150 and 172% of normal value), low
FEV1.0 (33 and 29% of normal value) and low DLCO (26 and
43% of normal value).

In the 133Xe images the effect of attenuation correction was
substantial, as would be expected with an isotope of low photon
energy (81 keV). In the original 133Xe-images the right heart
could hardly be seen, but in after attenuation correction there
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was a localised increase in activity in this region. Since the
mixed venous concentration, Cv, is obtained from the measured
right heart activity, this activity greatly influences the calculation
of VA/Q. In the normal subjects the attenuation correction factor
(average corrected/average uncorrected counts) ranged
between 4.5 and 5.9 in the right heart and was around 2.5 in
the right lung. Accumulation of 133Xe was seen in the dorsal part
of the lung in one of the normal subjects. This corresponds to
low VA/Q , caused by either low ventilation or high perfusion. In
the COPD patients large regions with clearly deviating VA/Q
could be identified.

In the normal subjects the mean VA/Q for both lungs together
was 0.56 (Table III). There was no significant difference
between the right and the left lung. However, the VA/Q values
were lower than expected (Wagner 1974). This could be due to

Both lungs Right lung Left lung

Subject

1 0.57(0.12) 0.59(0.12) 0.54(0.11)

2 0.50(0.15) 0.50(0.14) 0.50(0.16)

3 0.49(0.19) 0.46(0.17) 0.54(0.20)

4 0.62(0.16) 0.59(0.15) 0.66(0.18)

5 0.51(0.14) 0.48(0.10) 0.56(0.17)

6 0.65(0.13) 0.64(0.13) 0.66(0.13)

0.57 (0.12)
0.50 (0.15)
0.49 (0.19)

0.62 (0.16)
0.51 (0.14)

0.65(0.13)

0.56 (0.15)
0.07

0.35 (0.19)
0.64 (0.37)

0.59 (0.12)
0.50 (0.14)

0.46 (0.17)

0.59 (0.15)

0.48(0.10)

0.64(0.13)

0.54 (0.14)
0.07

0.39 (0.20)

0.71 (0.37)

Mean 0.56(0.15) 0.54(0.14) 0.58(0.16)
SD 0.07 0.07 0.07

Patient

1 0.35(0.19) 0.39(0.20) 0.30(0.16)

2 0.64 (0.37) 0.71 (0.37) 0.56 (0.34)

Table III VA/Q -ratios (mean (SD))
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an underestimation of Cv by up to 50%, caused by the limited
resolution of the gamma camera (Kojima 1989). A frequency
distribution curve shows the number of volume elements, or the
fraction of lung volume, with a certain VA/Q (Fig. 7). The
variation of VA/Q within the lung can be judged from the
frequency distribution, and is indicated by the standard
deviation (SD) of the VA/Q distribution. The SD of the VA/Q
distribution ranged from 0.12 to 0.19 in the six subjects. The
mean VA/Q was lower than previously reported but the SD of
VA/Q distribution within the lungs was comparable to previous
results (Rhodes 1989b).

0.5 1.0
VA/Q-ratio

1.5

Figure 7. Frequency ditribution of VA/Q for both lungs of six normal
subjects normalised to the group mean of 0.56 (closed diamonds), with
individual frequency ditribution of VA/Q for both lungs of two patients with
COPD (open and closed circles).
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The COPD patients deviated from the normal subjects in

different ways. One of the COPD patients had low mean VA/Q

for both lungs. The other patient had a normal mean VA/Q in

the left lung but high mean VA/Q in the right lung.

In all normal subjects individual VA/Q-gradients showed

higher VA/Q in the ventral than in the dorsal part of the right

lung. This has previously been demonstrated with PET (Rhodes

1989b). Individual VA/Q-gradients of different directions were

found in the apicobasal and mediolateral directions. In each

direction significant gradients were seen in 4 individuals. Only

the ventrodorsal gradient of the group mean VA/Q-gradients

was significant (p<0.05, sign test).

Simultaneous emission transmission methods (IV, V)
Myocardial perfusion (IV) In a study of myocardial

perfusion at rest and exercise the 2HS was used. The

simultaneous emission-transmission method used (Vantage™

2.0, ADAC Lab., USA) relied upon reduction of down-scatter

during acquisition, as described in the Methods section.

Myocardial scintigraphy was performed at rest and exercise in

order to detect differences in perfusion related to exercise

induced myocardial ischemia.

Uncorrected studies showed, as expected, differences

between men and women in the distribution of perfusion within

the myocardium. This gender difference was significant, as

judged from the inferior/anterior ratio, both at rest (p<0.01) and

at exercise (p<0.01). A comparable perfusion distribution

between men and women after attenuation correction has

previously been reported (Ficaro 1996). In our study, however,
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a significant (p<0.05) difference after correction remained at

exercise but not at rest.

The activity distribution in the myocardium, representing

perfusion, was more even after attenuation correction than in

uncorrected images, as indicated by the mean inferior/anterior

ratio and the mean septal/lateral ratio (Table IV).

Men Women

Uncorrected Corrected Uncorrected Corrected

Inf/ant rest 0.8U0.05 t 1.02+0.05 0.99±0.04 1.06+0.03

t
exercise 0.78+0.04 0.85+0.04 0.96+0.04 0.97+0.04

Sept/lat rest 0.82±0.03 t 0.95±0.03 0.88±0.02 t 0.99±0.02

exercise 0.81+0.03 0.86+0.03 0.88±0.03 0.93±0.02

Apex/rem rest 0.94+0.04 0.84±0.03 0.97±0.01 t 0.87±0.01

t
exercise 0.96±0.04 0.91±0.04 0.98+0.01 t 0.93±0.01

Uncorr, Average and SEM of ratios uncorrected for attenuation; Corr, the same
corrected for attenuation; inf/ant, inferior wall/anterior wall; septllat, septal wall/lateral
wall; apexlrem, apex region/remainder of myocardium.
Student's test applied to adjacent values, such as uncorrected versus corrected and
rest versus exercise; * p< 0.05, f P< 0.01, t P< 0.001.

Table IV. Uncorrected and corrected ratios at rest and exercise.

This positive effect of attenuation correction was more
pronounced at rest than at exercise. The mean ratio
apex/remainder decreased after attenuation correction. Also
this expected decrease in relative apical perfusion (Ficaro 1995,
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Ficaro 1996) was greater at rest than at exercise. The more
pronounced effect of attenuation correction at rest compared to
at exercise could not be explained by a difference in
subdiaphragmatic activity.

Differences in group mean perfusion ratios between rest
and exercise, that could be interpreted as exercise induced
ischemia, were seen after but not before attenuation correction.
This remarkable result could be related to an unexpected, lower
degree of attenuation correction at exercise than at rest.

Indeed, inspection of the attenuation coefficient maps, upon
which the correction was based, revealed differences between
rest and exercise. Measured attenuation coefficients, and thus
densities within the subjects, were greater before than one hour
after exercise. This could not be due to true change of density.
A lower injected patient dose at rest, 350 MBq, compared to at
exercise, 900 MBq, was a possible cause of the error, as a
higher emitted activity would result in more down-scatter into
the transmission energy window. The result would be lower
measured attenuation coefficients, as was observed at exercise
compared to at rest. This effect could explain a lower degree of
attenuation correction at exercise, as down-scatter was not
specifically corrected for. In a phantom study it was verified that
the measured attenuation coefficients decreased with
increasing activity in the phantom.

Phantom study (V) The performance of two principally
different systems with simultaneous emission transmission
measurement for attenuation correction, was investigated in a
phantom study. One system used a double-headed gamma
camera (2HS) and the other system used a triple-headed
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gamma camera (3HS). The systems are further described in the
Methods section.

The influence of increasing radioactivity in the phantom on
the transmission measurement was greater for the 2HS than for
the 3HS. When radioactivity was introduced into small
homogeneous and larger inhomogeneous phantoms, the 3HS
produced satisfactory corrected emission count rates that
remained constant at different phantom configurations (Fig. 8).
On the other hand, the 2HS in the presence of activity provided
lower attenuation coefficients for the larger inhomogeneous
phantom than for the smaller homogeneous phantom. There
was a progressive decrease in the correction of emission count
rates with increasing phantom density. About 30 percent lower
corrected count rates were obtained in the large compared to
the small phantom.

So far, either different phantom size or non-homogeneity of
the phantom might cause these differences. However, in a
homogeneous phantom it was found that corrected count rates
decreased with increasing phantom size. Errors could possibly
result from insufficient counts in the transmission measurement
of large objects. This possibility was excluded since similar
erroneous corrected count rates were obtained when the
acquisition time was doubled. In the centre of a large
homogeneous phantom a decrease in measured attenuation
coefficient was observed around the emission line source. This
decrease was not seen in a small phantom. Without activity
present in the phantom the decrease was not seen in the large
phantom either.
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Figure 8. Density dependence of attenuation correction in the density
range 0.13-0.94 g cm"3 obtained with the 3HS (upper panel) and with the
2HS (lower panel). Model A is homogeneous phantoms, 8x8 cm.
Model C is inhomogeneous phantoms 24x24 cm. Open symbols denote
uncorrected and closed symbols denote attenuation corrected values.
Regression lines are shown when the correlation between count rate and
density was significant.

A likely explanation to the under-performance of the 2HS
therefore is erroneous correction for down-scatter into the
transmission energy window.
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A torso phantom with variable thoracic wall thickness and
realistic isotope distribution was used to illustrate the possible
clinical impact of the encountered error. With the 2HS reduced
attenuation coefficients were observed in the heart, i.e. where
the isotope concentration was high, of the thick wall phantom.
The reduction was aggravated when weak transmission
sources were used. Thus, with relatively rapidly decaying
transmission sources, the erroneous performance is variable
over time. The reduction was not observed in the thin walled
phantom or with the 3HS.
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DISCUSSION

The clinical implementation of attenuation corrected
thoracic SPECT has been slow. A pre-emission transmission
method for attenuation corrected thoracic SPECT. performed
well (I). The method was cumbersome to use in human studies,
as we experienced in study II and III. The procedure was quite
uncomfortable for the subject studied because of the long total
acquisition time and a request not to move during or between
the acquisitions. The transmission study for attenuation
correction in cardiac SPECT, except for perfusion measured at
rest using thallium-201 (201TI), would have to be made "post-
injection". Clinical routines also demand a high patient
throughput. As pre-emission transmission protocols are often
unsuitable, they are of limited interest in clinical nuclear
cardiology. Simultaneous emission and transmission became
the common approach for attenuation corrected cardiac
SPECT, enabling post-injection transmission measurements in
a shorter time.

The development of the simultaneous approach was
associated with the construction of multidetector systems. The
camera/computer systems became more complex.
Commercially available attenuation correction methods based
on multidetector gamma cameras capable of simultaneous
emission and transmission measurements were requested. In
clinical trials these systems were used in myocardial perfusion
scintigraphy with SPECT. Both positive and negative results of
attenuation correction were reported, as reviewed by Corbett
and Ficaro (Corbett 1999). Some manufacturers may have
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acted under pressure from the customers and released under-
performing versions of attenuation correction. The nuclear
medicine society appears to have been unaware that some
systems had not been extensively tested. We and others were
encouraged by results from limited phantom studies obtained
from manufacturers and by initial clinical trials (Kluge 1996,
Kluge1997).

Premature application of attenuation correction in cardiac
SPECT led to increasing scepticism. Instead, alternative ways
to deal with the artefacts induced by attenuation are still being
used. Imaging with the patient in positions other than supine,
such as SPECT in the prone position (Esquerre 1989) or adding
left lateral planar images in right-side decubitus position (Suzuki
1989), are example of methods which have been suggested to
decrease left ventricular inferior wall attenuation. Myocardial
perfusion is studied with gated SPECT for combined information
about wall motion and perfusion. A false decrease in perfusion
due to attenuation artefacts, may be revealed by normal wall
motion in the area (DePuey 1995).

Attenuation coefficient maps can be obtained with a gamma
camera also without single photon transmission. An X-ray tube
may be used as transmission source in combination with
SPECT (Kalki 1997). Emission based correction methods in
cardiac SPECT, without transmission, uses predefined
attenuation coefficient values for lung and body compartments
to estimate individual attenuation maps. The lungs have been
delineated using 99mTc-MAA. The body contour has been
measured either with a radioactive binder wrapped around the
thorax (Madsen 1997) or from scattered photons from 99mTc
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measured simultaneously with lung delineation (Wallis 1995).
Attenuation coefficient maps have been estimated by a
combination of data from the primary and scattered photons of
the 99mTc-labelled cardiac perfusion tracer itself (Pan 1997). A
separate X-ray CT study, carefully aligned with the
corresponding SPECT study, can be used for attenuation
correction in SPECT (Fleming 1989).

At present the most popular alternatives to attenuation
correction with SPTT in myocardial perfusion SPECT seem to
be either to use the interpreter's experience to "mentally
compensate" for the artefacts or to acquire the studies with
gated technique. Such methods cannot completely compensate
for attenuation artefacts.

A triple headed systems with fan-beam collimators might be
a good choice for attenuation corrected cardiac SPECT as
studies by Ficaro et al. (Ficaro1995, Ficaro 1996), and also
study V, suggest. However there are some drawbacks with
such systems to consider. Triple-headed gamma cameras are
best suited for head and heart studies. Double-headed gamma
cameras without fixed position of the camera heads are more
flexible. For example both cardiac and whole-body scintigraphy
can be performed with the same system. With triple-headed
systems, extensive routines are needed concerning geometric
parameters e.g. alignment of the camera heads, localisation of
the transmission source relative to the focus of the fanbeam
collimator and matching of picture element size and detector
homogeneity. False geometric parameters will result in complex
errors (Matsunari 1998). Double-headed systems have a more
simple geometry. Initially there may be a request to interpret the
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well known uncorrected images together with the corrected

images. When a fan beam collimator is used with the triple-

headed system for corrected but not for uncorrected studies,

such comparison requires two separate studies.

Our transmission studies were primarily acquired for the
purpose of attenuation correction. The attenuation coefficient
map can also be used to measure regional density. In
pulmonary studies this can be used to delineate the lung (study
II and III). One may also compare perfusion defects to density
variation and study density in pulmonary oedema, emphysema
and fibrosis.

Maeda et al (Maeda 1981) used SPTT to define the lung
border, in order to improve detection of peripheral pulmonary
perfusion defects studied with 99rt1Tc-MAA. Simultaneous
emission and transmission with a moving line source, designed
for attenuation correction studies, was used in planar imaging to
define the lung outline and check for subject movement in a
study of mucociliary clearance (Bailey 1996).

Studies of lung density have several clinical applications.
SPTT is well suited for studies of regional lung density (II).
SPPT can be used when the better resolution of X-ray CT is not
essential. SPTT is well suited for repeated measurements due
to the low radiation dose (Almeida 1998). Pulmonary congestion
and oedema is usually studied with plain chest X-ray. Measured
lung density, calculated from the scattered gamma rays from a
beam directed at the lung, correlated well with chest
radiographs but was more sensitive and suitable for serial
observations (Garnett 1977).
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In multi-modality imaging it is of interest to align SPECT

images with X-ray CT or MRI images of various organs

including heart and lungs. SPTT has been used for fully

automated three-dimensional alignment of SPECT to X-ray CT

(Dey 1999). Alignment is crucial when separate X-ray CT is

used for attenuation correction in SPECT (Fleming 1989).

Attenuation has not been recognised as a problem in
pulmonary SPECT as much as in cardiac SPECT. However, as
shown in study II and III attenuation has a considerable impact
also in pulmonary SPECT. The problem is well illustrated in a
recent study by Gustafsson et al. (Gustafsson 1998).

There is a persisting interest in regional pulmonary
perfusion and perfusion gradients in relation to gravity. Ross et
al (Ross 1997) concluded that in normal subjects, studied with
SPECT and 99mTc-MAA, pulmonary perfusion distribution is
influenced by gravity both in the supine and prone position.
Their interest in these matters emanated from intensive care, in
which patients with acute respiratory failure are sometimes
treated in the prone position (Piehl 1976). Nyren et al reported
in a SPECT 99mTc-MAA study, more uniformly distributed
pulmonary perfusion in the prone compared with the supine
position (Nyren 1999).

Pulmonary perfusion is often studied in relation to
ventilation. Attenuation correction SPECT, based upon X-ray
CT, was used in order to quantify regional perfusion with 99mTc-
MAA and ventilation with 81mKr-gas in patients receiving
radiotherapy (Damen 1994). Changes in these parameters
before and after therapy were related to locally absorbed

53



radiation doses. The attenuation correction factor
(corrected/uncorrected counts) of the lung was about 2 to 2.7
for 81mKr (190 keV) and 2.3 to 3.1 for 99mTc (140 keV) in the
same subject. With the subject supine with arms above the
head attenuation was highest near the apex and decreased
towards the diaphragm.

Direct measurement of ventilation-perfusion ratios with
133Xe-infusion, a single detector gamma camera and a pre-
emission transmission protocol required a long study time (III).
A two or three headed gamma camera system with
simultaneous emission and transmission may shorten the total
study time and/or increase the number of counts acquired. An
attenuation correction program supplied for 201TI may also be
suitable for 133Xe because of similar photon energies (70-81
and 81 keV respectively). In COPD patients it may be of interest
to relate different VA/Q patterns to the degree of hypoxia. It
would also be interesting to study the effect of treatment on
local lung function in COPD and asthma bronchiale. Slow
technical development of commercial, clinically useful systems
has hampered such ambitions.

One important issue, which has been raised, is that of
testing the performance of attenuation correction SPECT
systems before clinical implementation. It has been proposed
that the professional society should define a standard for
industrial pre-clinical testing (Wackers 1999). At present, the
users must still be prepared to perform necessary tests.

We consider that initial validation tests should focus on
radiation physical aspects of attenuation correction, such as

54



scatter-, energy- and activity-dependence. Such tests should be
easy to repeat, whenever new versions are implemented or
additional corrections added. They should be flexible enough to
allow further analysis of identified errors. A well-defined
geometry of the phantoms offering a possibility to isolate
different aspects can lead to better understanding of the
function of complex modern systems, which are partly based
upon "black boxes". Study I and V illustrate the usefulness of a
"simple" phantom system.

Torso phantoms are designed to reflect reality. After the
initial validation, focused on radiation physical aspects, torso
phantoms can be used to illustrate the potential clinical impact
of system limitations. It must, however, be realised that all the
individual variations found in humans cannot be incorporated
even in a torso phantom.

Clinical trials of more or less heterogeneous human
populations are not suitable for initial validation of attenuation
correction. Errors might be obscured by physiological and
pathophysiological variations and will be hard to identify.
Encountered errors are difficult to derive and elucidate. The
effect of attenuation correction can be expected to vary
between patients. Depending on the composition of the
population studied attenuation correction may seem more or
less essential.
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CONCLUDING REMARKS

The main experiences gained from these studies of
attenuation correction in myocardial and pulmonary SPECT are:

Attenuation correction is useful and sometimes necessary
in SPECT studies of pulmonary physiology.

Attenuation corrected SPECT can broaden the spectrum of
methods available for studies of pulmonary physiology and,
presumably, patophysiology.

The implementation of attenuation correction in cardiac
SPECT has been hampered by commercially available
imperfect methods.

Insufficient compensation for down-scatter from the
emission to the transmission study can lead to false indications
of reversible myocardial ischemia in attenuation corrected
SPECT.

Differences in performance between commercially offered
systems for attenuation corrected SPECT can be demonstrated
in phantoms.

Flexible and easily repeatable preclinical tests of
attenuation corrected SPECT are needed. Homogeneous and
inhomogeneous phantoms of varying size suitable for this
purpose can be assembled from blocks with different densities.
The performance of the methods in relation to object
homogeneity, size, density and radioactivity must be assessed.
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SAMMANFATTNING PÅ SVENSKA

I nuklearmedicinska mätningar registreras förekomsten av en
radioaktiv substans, vilken tillförts kroppen, via de fotoner som
substansen utsänder. I denna studie har tomografisk nuklearmedicinsk
teknik, SPECT använts. Denna ger information om regional fördelning av
radioaktivitet i tre dimensioner. Aktivitetsfördelningen avspeglar någon
fysiologisk funktion, exempelvis genomblödning. Analys av funktionen
försvåras av att den beräknade regionala aktiviteten inte representerar
sann aktivitetsfördelning, eftersom fotonerna dämpas, attenueras, av
vävnaden. För att kunna korrigera för attenueringen vid studier av hjärta
och lunga, krävs kännedom om den individuella fördelningen av
vävnader med olika dämpande förmåga. I detta arbete rapporteras
möjligheter och svårigheter med attenueringskorrektion vid SPECT för
studier av hjärta och lungor. I en transmissions-mätning befinner sig den
radioaktiva substansen, källan, utanför kroppen och de fotoner som
registreras har passerat genom kroppen. Från en sådan mätning kan
man beräkna fördelningen av vävnader med olika dämpande,
attenuerande, förmåga. Resultatet används för atttenueringskorrektion
av emissionsmätningen. Attenuering innebär absorbtion och spridning av
fotoner. Absorberade fotoner detekteras inte. Spridda fotoner kan under
vissa omständigheter detekteras och bidraga till den uppmätta
aktiviteten.

Studie I: Vi tog fram en metod för attenueringskorrektion vid SPECT,
som kunde användas vid lungstudier. Metoden baserades på
transmissionsmätning av attenueringen med 99mTc eller 57Co som källa.
Emissionsmätningen utfördes separat. Hänsyn togs till bidraget från
spridd strålning i transmissionen och emissionen. En en-huvuds
gammakamera, Maxicamera 400T (General Electric, USA) användes.
Metoden utvärderades med hjälp av ett testprotokoll baserat på block
med olika täthet, vilka bildade geometriskt väldefinierade fantom.
Mätvärden från emitterad aktivitet, som utan korrektion var sänkta med
mellan ca 5 och 80%, kunde korrigeras så att felet blev mindre än ca ±
10% av icke attenuerat referensvärde.
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Studie II: Vi använde metoden för attenueringskorrektion i en studie av
lungornas genomblödning, med hjälp av 99mTc-MAA. Friska personer
studerades i liggande. En en-huvuds gammakamera, GCA-901A/ECT
(Toshiba, Japan) användes. Analys gjordes såväl två- som
tredimensionellt. Den tvådimensionella metoden var manuell,
användarberoende och omfattande endast en mindre del av lungan. Den
nya tredimensionella metoden var automatisk, objektiv och omfattade
merparten av lungans volym. Lungorna avgränsades med hjälp av
transmissionsmätningen. Deras perifera delar uteslöts för att undvika
oönskade effekter av gammakamerans begränsade upplösnings-
förmåga. Attenueringskorrigerad SPECT visade, som förväntat,
tilltagande genomblödning i gravitationens riktning, men inga andra
riktningsberoende skillnader. Ökningen i gravitationsriktningen var större
efter än före attenueringskorrektionen. Skillnader i genomblödning kan
med icke attenueringskorrigerad SPECT ses även i andra riktningar än
gravitationens. Dessa tolkade vi således som artefakter orsakade av
attenueringen. Det finns ett samband mellan vävnadens täthet och
förmåga att dämpa, attenuera, fotoner. Därför kan man med hjälp av
transmissionsmätningen beräkna vävnadernas täthet. Således studerade
vi, i studie I, normal lungtäthet. Ett förväntat genomsnittligt värde,
0,28 g ml"1, erhölls för en begränsad central del av lungan. Vid analys av
en större andel av lungvolymen, avgränsad med hjälp av täthetsbilden,
fann vi att värdet på lungtäthet minskade vid snävare avgränsning.
Värdet var då också lägre hos individer med större än med mindre
lungor. Vi fann att lungans täthet tilltog i gravitationens riktning. Samtidigt
erhölls i liggande högre täthet medialt än lateralt och basalt än apikalt.

Studie III: Med hjälp av attenueringskorrektion och täthetsmätning
kunde vi mäta regionala kvoter av ventilation och perfusion i lungorna
med en lätt tillgänglig radioaktiv gas, 133Xe. Samma typ av
gammakamera, GCA-901A/SA-ECT (Toshiba, Japan), som i studie II
användes. Den erhållna genomsnittliga kvoten hos normala var 0.56.
Detta värde är lägre än förväntat, vilket kan förklaras av
gammakamerans begränsade upplösningsförmåga. Förekomsten av
olika ventilations/perfusions-kvoter inom lungorna, avseende spridning
och gradienter, var den förväntade.
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Genom studie II och III fann vi att attenueringskorrektion är användbart
och ibland nödvändigt vid lungfysiologiska studier med SPECT.

Studie IV: För kliniska studier på patienter är det praktiskt, och ibland
nödvändigt, att utföra transmissionen samtidigt med emissions-
mätningen. Sådana metoder för attenuerings-korrrigerad SPECT finns
numera kommersiellt tillgängliga. Vi använde en sådan kommersiellt
tillgänglig metod för hjärtstudier, Vantage 2.0™, kopplad till en
gammakamera med två kamera-huvuden, ADAC Genesys Vertex
(ADAC Laboratories, USA). Vi fann att otillräcklig hänsyn tagits till att
emissions-aktiviteten, från 99mTc-sestamibi, i patienten påverkar
transmissions-mätningen utförd med 153Gd. Vi kunde visa att denna
oönskade effekt, som beror på spridd strålning, är sådan att den under
vissa omstädigheter kan leda till kliniska felbedömningar.

Studie V: Tillverkaren (ADAC Laboratories, USA) förbättrade metoden
som användes i studie IV, nu kallad Vantage 2.0 ExSPECT™. Vi fick
samtidigt tillgång till en annan, delvis annorlunda, variant av
attenueringskorrektion vid SPECT för hjärtstudier, Siemens Music™, där
man använde en gammakamera med tre kamera-huvuden, Siemens
Multispect 3 (Siemens AG, Germany). De två metoderna var olika bl.a.
avseende sättet att registrera, och kompensera för, emissions-
aktivitetens påverkan på transmissionen. Transmissionskällan utgjordes
av 153Gd respektive 241Am. För emissions-mätningen användes " "Te . Vi
jämförde metoderna i fantomförsök som liknade dem som gjordes i
studie I. Betydande skillnader påvisades mellan de två gammakamera-
systemen. Emissions-aktiviteten påverkade fortfarande transmissions-
mätningen med två-huvuds-gammakameran, vilket ledde till för liten
attenueringskorrektion. Resultatet av korrektionen med tre-huvuds-
gammakameran var i dessa fantomförsök tillfredställande.

Studie IV och V visar att svårigheten att införa attenueringskorrektion
vid hjärtstudier med SPECT kan sammanhänga med förekomsten av
brister i vissa kommersiellt tillgängliga metoder. Det är således viktigt att
utföra relevanta prekliniska tester av de metoder som erbjuds. Studie IV
och V visar att för närvarande kan användarna själva behöva utföra
dessa tester. Detta är väl genomförbart med relativt enkla blockfantom,
vilket visas i studie I och V.
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Abstract. A method for measuring attenuation coeffi-
cients in single-photon emission tomography (SPECT)
is described and evaluated, together with a method for
attenuation correction using these measured attenuation
coefficients. Build-up, caused by scattered photons, is
corrected for by a simple substitution in the algorithms.
Transmission studies are performed with a 99mTc- or
57Co flood source, and emission phantom studies with
99mTc line sources. The method is evaluated with vari-
able but well-defined phantoms. The result is accurate
attenuation coefficients for different densities, dimen-
sions and geometries, and an accuracy of corrected emis-
sion activities of better than +10% in most cases. The
present limitations of the method for attenuation correc-
tion are discussed.
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attenuation coefficient is assumed throughout the object.
In the thoracic region this assumption is not valid,
whereas studies of heart and lung are of great clinical
and scientific interest. Iterative methods with variable
attenuation coefficients may produce accurate results
(Floyd et al. 1986) but are too computer demanding to
be of clinical use at present. Recent work (Bailey et al.
1987a, b; Gait 1987; Manglos et al. 1987; Ljungberg
et al. 1986) has shown that attenuation correction based
on attenuation coefficient maps, obtained from e.g. trans-
mission measurements, is feasible. This study describes
a method for the determination of effective attenuation
coefficients and thereby prereconstruction correction,
utilizing the former to yield quantitative activity tomo-
grams. The method allows correction for build-up caused
by scattered photons in the determination of both atten-
uation coefficients and activity. The performance of the
method was studied in variable but well-defined atten-
uating geometries.

Quantification is the ultimate challenge to clinical nucle-
ar medicine, for both diagnostic and therapeutic pur-
poses. In single photon emission tomography (SPECT),
photon attenuation and contribution from scattered
photons impose important limitations with regard to the
quantification of activity within specific regions. Several
methods for attenuation correction in SPECT are known
(for reviews, see Lewis etal. 1982; Murase et al. 1987).
In many commercial SPECT systems a constant effective
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Materials and methods

The process described below does not require access to the internal
details of the tomographic reconstruction algorithm. All calcula-
tions discussed below refer to a single tomographic plane.

Transmission tomography was performed with a flood source
mounted at a distance of 47 cm from the camera head, with and
without the object positioned in the tomographic field. For each
of 64 projections over 360° the logarithm of the quotient between
pixel count rate without the object, No, and with the object, N,
was calculated, b in Fig. 1. The 64 sets of ID(NQ/N) can, as projec-
tions, be reconstructed according to the standard SPECT recon-
struction algorithm [appendix, Eqn. (2)] to yield a transmission
tomogtam showing a map of the effective attenuation coefficients,
i.e. a jt-map. This will, however, be affected by build-up during
the transmission study. This problem may be addressed by replac-
ing the quotient No/N [in Eqn. (2) in the appendix] with an expres-
sion that refers to an estimate of the effect of build-up [Siegel
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Fig. 1. Principle of the attenuation correction (see text)

sums was also calculated, D2 in Fig. 1. The contribution from each
pixel to these second line sums takes into account not only the
preliminary activity in the pixel, as in D1, but also the attenuation
and build-up along the path from the pixel to the object boundary.
This is dependent on the "mass" along this path, given by the
/i-map [appendix, Eqn. (5)].

2. The quotient between DI and D2 is calculated pixel by
pixel along the projections axis, £ in Fig. 1. The quotient D1/D2
thus estimates how the originally registered projections, B, were
affected by attenuation and build-up. The data in these registered
projections, i.e. B, are therefore multiplied by D1/D2 to yield 64
corrected projections, F in Fig. 1 [appendix, Eqn. (6)].

3. The 64 corrected projections are reconstructed by SPECT
resulting in a final, correct activity image, G in Fig. I [appendix,
Eqn. (7)].

Imaging. The algorithm requires a reference flood study, No, a trans-
mission study, iV, and an emission study. These were all acquired
in 64 20-s frames over 360°. Correction for radioactive decay during
acquisition was not necessary since all results presented in this
study are expressed in percentage of a similarly decaying source,
i.e. foT the emission scintigraphy line source imaged in air.

Scintillation camera imaging was performed using a Maxica-
mera 400T (General Electric Milwaukee, Wis) with a rotating
gantry, connected on line to a PDP 11/34 computer. The flood
source was a thick-walled perspex container filled with a solution
of about 150 MBq 99rnTc or a standard 180 MBq 57Co quality
control source. The count rate with these sources did not exceed
25 kcounts/s. Phantoms were assembled from 30 cm long solid
blocks with a quadratic cross-sectional area of variable dimension.
The blocks were made from polyethylene plastic (density
= 0.94 g/cm3), wood (if=0.47 and 0.72 g/cm3) and synthetic rubber
(d=0.20 and 0.37 g/cm3). Plastic tubes with internal diameter of
0.8 mm filled with 99mTc were used as line sources. They could
be introduced centrally into each block or mounted in a frame
in the same position for imaging in air.

The statistical accuracy of the transmission tomogram was lim-
ited by the use of a realistic acquisition time (20 s/frame) and the
use of a flood source sufficiently weak not to deform the reference
flood image due to pulse pile-up (Strand and Lamm 1980). Count
rates as low as 30 counts/pixel in the transmission tomogram made
smoothing necessary to reduce noise. The reference flood was
smoothed to the same extent (twice standard 9-point). The emission
projection set was filtered by a 2-dimensional Metz filter (King
et al. 1983) and homogeneity correct by an efficiency matrix, ac-
cording to standard clinical procedures. Tomographic reconstruc-
tions were done by standard software (Larsson 1980) on a PDP
11/73 computer, using a Shepp-Logan filter for the emission set
and a modified low-pass Shepp-Logan filter for the low statistics
transmission set.

The time required for the attenuation correction calculations
was about 1 min per slice.

et al. 1985; Eqn. (9) in appendix], fn this way a ^-map is obtained
that takes build-up into account.

Emission tomography was performed after introduction of the
line sources into the object, without repositioning. The 64 projec-
tions were reconstructed by standard SPECT procedure, Fig. 1 A.-C
[appendix, Eqn. (3)]. The method for correction of the resulting
preliminary activity image was performed in three steps:

1. The activity in the preliminary image, C in Fig. I, was ray
by ray added to obtain a set of line sums, D1 in Fig. 1. This was
repeated for each of the 64 angles. A second modified set of line

Results

The method for determination of effective attenuation
coefficients, /J, and for attenuation correction was evalu-
ated according to size and density dependence in homo-
geneous and inhomogeneous phantoms.

The equation that yields the transmission tomogram
showing the //-map comprises a calibration factor, C [ap-
pendix, Eqn. (9)]. Figure 2 shows data obtained from



589

(cm-')

0.16 -|

0.15 -

0.14 •

0.13 •

0.12 •

0.11 -

0.10 •

• . •

•
D D

D

I
I

•

D

Phantom size, s (cm)
Fig. 2. Size dependence of measured attenuation coefficients, with
(•) and without (a) build-up correction. Phantom density:
0.94 g/cm3. Transmission: 99mTc. Inset, phantom configuration

p-value
(cm-1)

0.00

0.2 0.8 1.00.4 0.6

density (g/cm3)

Fig. 3. Density dependence of measured attenuation coefficients,
with build-up correction. Phantom size: 8 x 8 cm. Transmission:
9 9 mTc. Inset, phantom configuration

(%0
140-

120-

80-

60 "

40 •

20 -

0 -

reference)

o

D

O

* I
S

I

a

10 20

Phantom size, s (cm)

Emission count
(% of reference)

140 -

120-

100

40 •

20 •

• 10 20 30

u Phantom size, s (cm)

Fig. 4a, b. Size dependence of attenuation correction, with (•) and
without (o) build-up correction. Uncorrected counts (D). Phantom
density: 0.94 g/cm3. a Transmission: " T c ; emission: " T c . b
Transmission: " C o ; emission: 99l"Tc. Inset, phantom configura-
tion and source position (*)

single homogeneous phantoms made from polyethylene
plastic (d=0.94 g/cm3). The calibration factor, C, was
determined from these data so that the build-up-cor-
rected /i-values for phantoms of different sizes approxi-
mate the true narrow beam value for polyethylene plas-
tic, i.e. 0.148 cm " ' at 140 keV. That value of C was then
kept constant and used in all further calculations of the
transmission tomograms. The principal result of Fig. 2
is otherwise the demonstration that the calibration con-
stant is valid for a wide range of objects of different
size and that this result could not be achieved without
use of the build-up correction. The points of Fig. 2 show-
ing /i-values obtained with and without build-up correc-
tion were all calculated with the same calibration con-
stant. Pairs of observations at a given phantom size re-
flect, therefore, the estimated effect of build-up on effec-
tive transmission. Figure 3 shows that the /(-values ob-
tained from studies of single homogeneous objects,
8 x 8 cm, were proportional to known densities.

In single homogeneous phantoms with constant den-
sity (0.94g/cm3) and cross-sectional areas of 6x6 to
24 x 24 cm, count rates from a central line-source with-

out correction were 19%-73% of the values obtained
in air (Fig. 4 a). Attenuation correction, without correc-
tion for build-up, produced count rates between 108%—
120% of the true value. In calculation of data corrected
for attenuation only, the falsely low /(-values, likewise
determined without regard to build-up, were used (see
Fig. 2). Should those /t-values have been modified up-
wards to about the true narrow beam value by using
an appropriate calibration factor, C, the overestimation
would have been approximately doubled. When correc-
tion for build-up was applied in the transmission and
emission studies, corrected emission values between
98%-108% of the reference in air were obtained. If " C o
was used for transmission, similar results were obtained
(Fig. 4b).

The density dependence of the attenuation correction
was tested in homogeneous and inhomogeneous phan-
toms. The corrected count rates from a central line source
in a single, small (cross-sectional area 8x8 cm), homoge-
neous phantom increases slightly with increasing density
(Fig. 5). The same tendency was observed when the line
source was placed in the centre of a zone with variable
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density that was surrounded by dense material
(d=0.94 g/cm3) (Fig. 6).

A more complex phantom included a mosaic density
pattern (Fig. 7 a). Figure 7 b shows the quality of the p-
map. The 90% response to a distinct transition from
one density zone to another was 27-30 mm. The plateau
values of attenuation coefficients, /i-values, corresponded
closely to the theoretical values. Three line sources were
introduced (Fig. 8). The uncorrected count rates for these
sources were 39%—43% of the values obtained in air.
They were adjusted by attenuation and build-up correc-
tion to 101%—110% of the reference in air.

Discussion

The number of photons detected by the scintillation cam-
era is highly dependent on the mass and density of the
material between the source and the camera. Two phe-

nomena explain this dependence, namely attenuation
and build-up, both of which reflect interaction between
the photons and the material. Attenuation implies that
photons escape detection; build-up that secondary scat-
tered photons of reduced energy are detected and con-
tribute to measured count rates. Both phenomena de-
pend on the distribution of attenuation coefficients of
the object studied. Therefore, both the transmission to-
mogram of the attenuation coefficients and the emission
tomogram of the activity distribution are affected by
build-up, and this should be corrected for both in the
transmission tomograms and in the attenuation correc-
tion.

Error analysis

The main sources of error in the present method are
the use of a preliminary reconstruction, A0{x, y) [appen-
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dix, Eqn. (3)], and scattering effects. The former is equiv-
alent to early termination of an iterative process to cor-
rect the preliminary reconstruction. The benefits of such
an iteration are small (Murase etal. 1987) but feasible
with our fast algorithms. Considering the small residual
errors in the present study, evaluation of an iterative
technique was not undertaken.

Scattering

Scattering, or build-up, introduces serious errors if not
corrected. For rotational data, i.e. data in many projec-
tions, the build-up problem is complex, but the correc-
tion applied in the present work improves the result,
and it is a computationally simple variant of the basic
algorithm. Small systematic errors remain. A detailed
consideration of the mass distribution as given by the

attenuation coefficient maps might result in further im-
provement. The expression of Siegel et al. (1985) was
used in this work in a variety of experimental configura-
tions, without verification of its validity in each case.
A Monte-Carlo simulation (Ljungberg and Strand 1985)
was therefore performed in order to calculate an inde-
pendent estimate of the build-up to be expected in an
experiment of our kind. The build-up was calculated by
separation of the primary and scattered radiation, in a
region corresponding to 9 x 9 pixels in each of 64 simu-
lated projections. Calculations in accordance with the
Siegel expression were performed for each projection.
The results, averaged over all projections (360°) are
shown in Table 1. It is seen that there is a good overall
agreement in the number of registered counts as calculat-
ed according to the Monte-Carlo principle and the Siegel
expression. For the two size- and density-variation series
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Table 1. Number of registered counts (% of original), as calculated
by Monte-Carlo simulation or by using the Siegel expression

Casel

Case 2

Case 3

size (cm)

6 x 6
8 x 8

10x10
16x16
24x24

Density (g/cm3)

0.20
0.37
0.47
0.72
0.94

0.20
0.37
0.47
0.72
0.94

Registered counts (%)

with
Monte-Carlo
simulation

74
66
57
38
21

92
85
82
72
66

30
28
26
24
21

with the
Siegel
expression

74
65
57
38
21

94

88
83
73
65

34
30
28
24
21

Case 1, homogeneous phantom with high density and varying size,
see Fig. 4.
Case 2, small, homogeneous phantom with varying density, see
Fig. 5.
Case 3, inhomogeneous phantom, see Fig. 6

in homogeneous phantoms, the Monte-Carlo calculation
practically coincides with the result obtained with the
Siegel expression. For the density-variation series in an
inhomogeneous phantom, the Monte-Carlo calculation
yields a somewhat smaller transmission factor for the
phantom inserts of low density. It is not unreasonable
to suppose that a single analytical expression, such as
the Siegel formula, is less accurate in an inhomogeneous
medium. An overestimate of build-up would be consis-
tent with the trend of Fig. 6a, which shows the data
for low-density blocks in an inhomogeneous phantom
to be undercorrected.

Other investigators have found that the scatter con-
tribution can be almost removed by pre-reconstruction
(Axelsson et al. 1984; Floyd et al. 1985; Msaki et al.
1987, 1989; Gilardi et al. 1988) or post-reconstruction
(Mukai et al. 1988) filtering techniques. In this work it
has been shown that quantitation can be improved by
modification to the attenuation correction algorithm it-
self. The two methods relate to complementary aspects
of scattering and can probably be combined.

Reproducibility

The overall reproducibility of the measurements with
this method may be seen by inspection of successive data

points of Figs. 4-6 and by overlapping measurements
in the size and density series, as shown in Fig. 9. The
reproductbility of the corrected count values is in accor-
dance with the reproducibility of the uncorrected, mea-
sured count values.

Transmission-emission pair

For practical reasons, it is of interest to use a standard
S7Co flood source for the transmission measurement
rather than a liquid source with the same radionuclide
as the emission source. Different radionuclides would
also be used in a simultaneous transmission-emission
study (Bailey et al. 1987 a, b). The energy dependence
of the attenuation coefficient in the energy range Ey

= 80-150 keV is approximately proportional to £?~°-30

(Hubbel 1969; Berger and Hubbel 1987). It was found,
however, that this did not account for the change in
the transmission data when a 57Co flood source was
substituted for the 99mTc source. The observed transmis-
sion was in fact, on average, 4% greater for 57Co with
the scintillation-camera-collimator system and phan-
toms used in this study. Similar measurements on an-
other system differed in this respect. This effect proved
collimation dependent, which indicates a variable de-
tected scattering fraction [and a variable value of Ba

in Eqn. (9) in the appendix]. A systematic investigation
of these effects is beyond the scope of this work. There-
fore, only the proportionality constant, C, for calculating
the /(-value [appendix, Eqn. (9)] was determined inde-
pendently lor the two transmission sources, and the
value 8^ = 1.34 [appendix, Eqns. (8) and (9)] employed
for all data.

Clinical applications

The possibility of obtaining quantitative information
about the distribution of radionuclides in the chest has
essentially been limited to positron emission tomography
(PET). This technique allows accurate correction to be
made for attenuation and scatter (Soussaline et al. 1979).
The transmission measurement used for attenuation cor-
rection also provides information about the density of
the lung (Rhodes et al. 1981), which can be used to relate
the pulmonary uptake of radionuclide to the relevant
distribution volume, i.e. lung tissue (Wollmer et al. 1982;
Valind et al. 1985). Applications of quantitative PET
have focused on changes in lung tissue and blood volume
in pulmonary oedema, interstitial lung disease and pul-
monary vascular disease (for references, see Wollmer and
Rhodes 1988). Regional ventilation has been studied
quantitatively with the short-lived gas "Ne (Valind
1989) and ventilation/perfusion ratios by using continu-
ous infusion of 13N in solution (Rhodes et al. 1989 a,
b). Compensation for attenuation and scatter are equally
important for measurements of radionuclide uptake in
the myocardium. Important applications of PET include
measurements of myocardial blood flow with 82Rb- and



13N-Iabelled ammonia, measurement of glucose con-
sumption with 18F-labelled deoxyglucose and measure-
ment of fatty acid utilization with "C-labe]Ied (ScheJbert
1987).

To an extent the quantitative techniques developed
for PET rely on the use of radionuclides of biologically
occurring elements. It will not be possible to transfer
such techniques to SPECT. For many of the applications
mentioned above, there are alternatives involving the use
of single photon emitting isotopes. Extra- and intravas-
cular water pools in the lung may be measured with
iodine-labelled antipyrine (Binswanger et al. 1978) and
"Tc-labelled erythrocytes. For meaurement of regional
ventilation 81mKr is available (Fazio and Jones 1975),
and measurement of ventilation-perfusion ratios can be
made with xenon in solution (Anthonisen et al. 1966).
Myocardial blood flow is usually studied with 2O1T1, but
the very low energy of the gamma rays may render atten-
uation correction difficult. Attention is now drawn to-
wards "Tc-labelled isonitriles for myocardial perfusion
imaging (Taillefer et al. 1989), which provides better op-
portunities for attenuation correction and quantification.
Several iodine-labelled fatty acids are available for stu-
dies of myocardial metabolism (Schelbert 1987; Feinen-
degen etal. 1981) even if the kinetics of tissue uptake
and clearance may render SPECT with a rotating scintil-
lation camera difficult.

In conclusion this phantom study shows that uncor-
rected count rates varying between 19% and 95% of
the corresponding count rates in air could be corrected
to within about +10%. It appears feasible to use " C o
as a transmission source. If absolute activity distribution
(i.e. counts/volume) is to be studied, a calibration proce-
dure is needed. The ju-map can easily be transformed
to a density map (g/cm3) and may be useful in itself
in studies of the lungs. If the present method for attenua-
tion and scatter build/up correction can be shown to
provide accurate results in vivo, there are several applica-
tions of immediate interest. The quantitative accuracy
of SPECT is unlikely to match that of PET but SPECT
is more available and more amenable to use in clinical
studies of large patient materials.
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reference flood and the transmission image, yields a
transverse attenuation coefficient map:

where C is a proportionality constant. The preliminary
transverse activity distribution A0(x, y) is obtained as
usual by:

BPR(P(t,6)) (3)

where P(t, 9) is a projection at angle 0, and t defines
the position of the ray in the projection. The preliminary
transverse activity is line summed according to:

l= £ A0(x,y) (4)

where £(r, 0) is a ray of the view at angle 9. A second
line sum is also calculated, modified by the attenuation
factor

D2 = I la(x,y,e)xA0(x,yn. (5)

The original projections are multiplied by a correction
factor, D1/D2, to obtain the corrected projections

) = (Dl/D2)xP(t,8). (6)

Finally, the corrected transverse activity distribution
A(x, y) is calculated as

) = BPR(P'(t,6)). (7)

Unmodified, however, Eqn. (1) is not valid in clinical
situations in which an energy window of 20%-30% is
used, which with scattering media causes build-up in the
range of 10%-30%.

This may be approximately taken into account by
replacing the exponential exp(—/xd) by the expression
l- ( l -exp- '" ' ) 8« (Siegel etal. 1985). BOO = 1.34, corre-
sponding to an energy window of 25%, was used. Equa-
tion (1), for insertion in Eqn. (5), is thus replaced by

*, y, 0)= 1 - [ 1 - e (8)

Appendix

The attenuation of a beam of photons from its point
of origin in the object, or in the transmission source,
to the detector can be described by an attenuating factor:

a(x,y,8)=exp(-d'£iii) (1)

where ft is the linear attenuation coefficient of elements
of equal length, d, along the beam at angle 0.

Back projection reconstruction, BPR, of the loga-
rithm of the measured attenuation factor No/N, where
No and N are the corresponding pixel counts of the

and Eqn. (2) by

n(x,y) = CxBPR[\n{{l-(l-N/N0)
l">°°rt)l (9)
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The goal of this study was to measure regional pulmonary perfusion
using SPECT and transmission tomography for attenuation correc-
tion and density measurements. Methods: Regional pulmonary
perfusion was studied after intravenous injection of radiolabeled
particles in 10 supine healthy volunteers using SPECT. Transmis-
sion tomography was used to correct for attenuation, measure lung
density and delineate the lungs. The effects of attenuation correction
on pulmonary perfusion gradients were investigated. Results: In
perfusion measurements not corrected for attenuation, we found
significant perfusion gradients in the direction of gravity but also
significant gradients at isogravitational level. After correction for
attenuation, the gravitational gradient was significantly greater than
before correction, and gradients at isogravitational level were no
longer observed. Perfusion in the ventral lung zone was half of that
in the dorsal lung zone. Mean lung density was 0.28 ± 0.03 g/ml,
and density showed a significant increase in the direction of gravity
and at isogravitational level. Conclusion: We found that SPECT
perfusion studies of the lung not corrected for attenuation gave a
false impression of nongravitational gradients and underestimate the
gradient that is gravity-dependent. Transmission tomography, used
for attenuation correction, also quantifies lung density and shows
gravity dependent and nondependent density gradients.
Key Words: pulmonary circulation, attenuation correction, trans-
mission tomography, SPECT

J Nucl Med 1997; 38:962-966

J\.egional blood flow in the normal human lung has a
nonuniform distribution. West et al. (/) demonstrated a large
increase in regional blood flow in the direction of gravity and
subsequently presented a model for gravitational effects on
intravascular blood pressure and flow. Early studies of the
distribution of pulmonary blood flow in man relied on the use
of radioactive gases and scintillation probes placed over the
chest. Perfusion gradients in the human lung have, in recent
years, been the subject of two studies using SPECT technique
(2,3), which makes it possible to study the distribution of
radioactivity in three directions with much improved resolution.
These studies showed the gravity dependent perfusion gradient
to be less pronounced than would be expected from previous
studies and also indicated the presence of nongravity dependent
perfusion. Technical factors may affect the result of measure-
ments of the distribution of radioactivity in the lungs. The finite
resolution of tomographic detector systems makes delineation
of the lung difficult. In a reconstructed plane, there will be a
gradual reduction in count density at the edge of the lung, which
may simulate a perfusion gradient. Photons emitted from the
lungs are subject to variable attenuation, resulting in loss of
photons and misplacement of detected scattered photons (build-
up). The effect of attenuation was not considered in previous

Received Apr. 8.1996: revision accepted Oct. 8,1996.
For correspondence or reprints contact: Helen M. Almquist, MD. Department of

Clinical Physiology. University Hospital. S-221 85 Lund, Sweden.

SPECT studies of regional pulmonary perfusion in man (2,3).
The primary goal of this study was, therefore, to measure the
distribution of pulmonary blood flow in normal man with
SPECT, using appropriate correction for attenuation and
build-up of scattered photons, in accordance with our previous
report (4). The transmission measurement, used to correct for
attenuation and to delineate the lungs, also provides information
about the regional density of the lung. Another aim was to study
the regional distribution of lung density. We studied differences
between analysis based on manually selected two-dimensional
data and operator independent three-dimensional analysis.

MATERIALS AND METHODS
Ten healthy nonsmoking volunteers (9 men, 1 woman; age range

41-55 yr; mean age 46.5 yr) were studied. The subjects had no
history of lung disease. They had values of slow vital capacity
(VC) and forced expiratory volume in one second (FEVls) within
normal limits (5). The study was approved by the Research Ethics
Committee of the Medical Faculty, Lund University, and informed
consent was obtained from each subject.

The subject was in the supine position, arms above the head,
breathing quietly during the scintigraphic studies. A 35 X 50 cm
field of view gamma camera was used, equipped with a low-
energy, general purpose collimator, modified to support a trans-
mission flood source with approximately 500 MBq of 99mTc-
pertechnetate at a distance of 40 cm from the camera head.
Acquisition parameters were 64 X 64 matrix, 72 frames over 360°,
pixel size of 5.33 mm and acquisition time 24 min.

Transmission tomography was performed with and without the
subject and examination couch positioned in the field of view.
These data were used to generate a density projection set from
which density maps were reconstructed. After the flood source had
been removed, 75 MBq 99mTc-labeled macroaggregated albumin
(WmTc-MAA) was injected intravenously without repositioning the
subject, and the perfusion (emission) study was performed accord-
ing to the same protocol. The emission projection data were then
corrected by multiplicative factors before final reconstruction.
These factors were obtained from a preliminary reconstruction,
from which projections were simulated with the assumption of no
attenuation, as well as with the attenuation implied by the previ-
ously obtained attenuation maps. The pixel-wise quotient of these
two simulated projections yielded the required correction factors.
The method has been previously described (4).

For perfusion and density data both two- and three-dimensional
analysis was performed, with focus on the right lung because of its
larger size and accordingly lower degree of edge effects. Two-
dimensional analysis of gravity dependent, ventrodorsal gradients
was performed in a transverse plane 8 cm above the top of the
diaphragmatic dome. Analysis of nongravity dependent, apicobasal
gradients was performed in a coronal plane through the central part
of the lung. The slice thickness was 2.1 cm. Perfusion and density
profiles were obtained from regions of interest (ROI), 2.1 X 2.1

962 THE JOURNAL OF NUCLEAR MEDICINR • Vol. 38 • No. 6 • June 1997



FIGURE 1. Transversal (A,C,E) and
coronal (B,D,F) slices showing lung
density (A and B), uncorrected per-
fusion (C and D) and corrected per-
fusion (E and F). The contour repre-
sents the density limit, 0.58 g ml"1,
of the right lung and its relation to
the ROIs forming the profiles, is
shown in G and H. The contour also
illustrates the border of the total
volume representing lung tissue,
i.e., the PXtot, as represented in this
slice. The ROIs included in the two-
dimensional analysis, the ROires,
are shaded.

cm, manually placed across the lung field (Fig. 1 panel G and H).
Hilar structures were avoided. ROIs with a density value of 0.58
g/ml or less were considered to represent lung tissue, as indicated
by a separate phantom study with known densities. These ROIs
were subsequently transferred to the emission study for analysis of
perfusion gradients. The outermost ROI in each direction was
excluded to avoid edge effects. The remaining ROIs, forming a
restricted profile, were denoted ROires. Linear regression was
applied to the ROires of each individual profile. Density gradients
were expressed as gram/milliliter per centimeter. As perfusion was
only measured in relative terms, perfusion gradients were ex-
pressed in percent of the value at the midpoint of each profile
obtained from the ROires (%/cm). Individual mean density values
were calculated using the same ROires and expressed as g/ml.

The three-dimensional analysis was automatic. A total volume of
pixels with a density value of 0.58 g/ml or less denoted PXtot (Fig.
1) and was considered to represent lung tissue. To avoid edge
effects a zone of two pixels along the lung border was excluded,
leaving a restricted volume of pixels called PXres. A separate
analysis preceded the choice of the two pixels wide zone: the
consequence of masking off an up to five pixels wide peripheral
zone was studied using first and second degree multiple regression
equations to fit the perfusion data in three dimensions. An indicator
of the nonlinearity of the data, the Laplacian (Xd2/dXj2), was
minimized in magnitude at a mask of approximately two pixels.
Differences between the linear terms of the first and second degree
equations were small in all three directions. Multiple linear
regression was therefore applied to the PXres to calculate density
and perfusion gradients avoiding edge effects. A first degree
regression equation was used:

p = c0 + cm,X + cvdY + cabZ,

where p is density or relative perfusion, X, Y and Z are the spatial
coordinates; cm], cvd and cab are gradients in the mediolateral, the
ventrodorsal and apicobasal directions. The calculated value at the
origin of the coordinate system, c0, located in the midpoint of the
PXtot, was referred to as the central value. Perfusion gradients,
calculated using multiple linear regression, were expressed as
percent of central value per cm (%/cm). Individual mean density,
expressed as g/ml thorax, was calculated for the total and the
restricted lung volume, i.e., the PXtot and the PXres.

Results are given as overall group mean with one s.d. Individual
gradients, i.e., regression coefficients of perfusion or density were
used as summary measures according to Matthews et al. (6)

implying that group mean values were analyzed with Student's
t-test and differences between means with paired Student's t-test
(two-tailed in both cases). Significance of individual gradients
were tested using the F-test. The degrees of freedom in the
three-dimensional analysis were reduced by applying the F-test to
several observations representing a volume element of size (2.1
cm)3. This corresponds approximately to the image resolution, p <
0.05 was regarded as significant.

RESULTS

Pulmonary Perfusion
Perfusion tomograms not corrected for attenuation showed

higher counts in the dorsal than in the ventral part (Fig. 1, panel
C) and relatively low counts in the apical part (Fig. 1, panel D),
suggesting a ventrodorsal and an apicobasal perfusion gradient.
After correction, the difference between counts in the ventral
and dorsal part increased (Fig. 1, compare panel C and E), while
the difference has decreased between the apical and basal parts
(Fig. 1, compare panel D and F). These observations are
reflected in the two-dimensional profiles (Fig. 2). Before
attenuation correction two-dimensional analysis showed signif-
icant gradients in both the ventrodorsal and apicobasal direction
(Table 1). After correction, this was only found in the ventro-
dorsal direction, where the mean gradient was significantly
higher, 5.2%/cm. Three-dimensional analysis, before correc-
tion, showed significant gradients in all three directions but
after correction only in the ventrodorsal direction. The mean
ventrodorsal gradient thus shown was 5.0%/cm, i.e., very
similar as in the two-dimensional analysis. It was also signifi-
cant in each individual in the three-dimensional analysis but not
in two-dimensional analysis where the individual with the
smallest lung in this direction did not have a significant
gradient.

Lung Density
In density tomograms a gradient in the ventrodorsal (gravi-

tational) direction but not in the apicobasal direction was clearly
seen (Fig. 1, panel A and B). The statistical two-dimensional
analysis of regional density distribution showed a highly sig-
nificant increase in lung density towards dependent lung re-
gions (Table 2), also illustrated in Figure 3. In addition, a
smaller increase in density from base to apex was found (Table
2). Three-dimensional analysis showed significant gradients in
all three directions but in the apicobasal direction with an
opposite direction compared to the two-dimensional analysis.
The ventrodorsal gradient shown with three-dimensional anal-
ysis was 0.007 g/ml per cm and it did not differ significantly
between three- and two-dimensional analysis.

Mean lung density was presented in relation to the individual
lung size within the PXtot. The group mean density of the
ROires of the 10 subjects were equal in the ventrodorsal and
apicobasal directions (Fig. 4A) and on average 0.28 ± 0.03
g/ml. The smallest lung deviated most from this value. In
three-dimensional analysis density calculated for the PXres
increased with decreasing lung size (Fig. 4B). The relationship
is described by: density = -0.06 X lung size + 0.41 (r = 0.84,
p < 0.01). Lung density calculated for the PXtot was for each
lung higher than that for the PXres. The difference was 0.07 ±
0.005 g/ml (p < 0.01).

DISCUSSION
This study demonstrates that SPECT studies of the distribu-

tion of pulmonary perfusion in normal man yield significant
perfusion gradients in the direction of gravity as well as in
isogravitational directions if correction for attenuation and
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buildup is not used. After such corrections, a significant
gradient remains in the direction of gravity only. The differ-
ences between our results and previous reports are likely to be
explained by effects of attenuation and scatter and by the use of
different methods for delineating the lungs. From emission
measurements alone, it is extremely difficult, if at all possible,
to differentiate between edge effects and a physiological gradi-
ent of reduced blood flow towards the lung periphery.

Nongravity dependent perfusion gradients have been reported
in the normal human lung in SPECT studies by Hakim et al. (2)
and Orphanidou et al. (3) as well as gravity dependent gradi-
ents. The values of the gradients found by Orphanidou et al. (3)
were of the same magnitude as our values but with a negative
apicobasal gradient. A concentric perfusion pattern with higher
perfusion in the center than in the periphery of the lung,
reported by Hakim et al. (2), is expected from their method of
delineation, only excluded counts below 10% of the maximal
value. Gravity dependent perfusion gradients of the same order
as our results were also reported by Maeda et al. (7) in a SPECT
study wihtout attenuation correction. The authors indicate that
these gradients are calculated excluding the periphery of the
lungs. They also reported uniform distribution of perfusion in
the nongravity direction, though numerical data was not given.

Brudin et al. (8) using PET, including attenuation correction,
found a significant perfusion gradient only in the ventrodorsal,

TABLE 1
Perfusion Gradients

Ventrodorsal Apicobasal Mediolateral
(%/cm) (%/cm) (%/cm)

Uncorrected
Corrected

Uncorrected
Corrected

Two-dimensional analysis
3.6 ±0.9** 2.6 4 1.7*5
5.2 + 1.2' 0.5+1.9

Three-dimensional analysis
2.8 ±1.2'* 1.4 4 1.61*
5.0 ±1.2* 1.0 ±1.7

2.4 ± 2.4"
-1.1 4 2.3

'Significant perfusion gradient, p < 0.001.
'Significant perfusion gradient, p < 0.05.
•Significantly different from corrected value, p < 0.001.
Significantly different from corrected value, p < 0.01.
Values are mean ± s.d.

FIGURE 2. Ventrodorsal distribution of
lung perfusion, uncorrected (a) and cor-
rected data (b). Apicobasal distribution of
lung perfusion, uncorrected (c) and cor-
rected data (d). Dotted lines represent
data exterior to the 0.58 g/ml border.
Circles (• and 0} represent mean ROI
values. The ROls included in the two-
dimensional analysis, the ROIres, are in-
dicated by closed circles (•).

gravity dependent direction and no gravity independent perfu-
sion gradients. As in our study, the lung was delineated by a
thresholding procedure using a density study. In the most dorsal
part of the lung the value of the perfusion gradient was higher
than our results, possibly because perfusion was calculated from
measured ventilation and ventilation/perfusion-ratios. Attenua-
tion corrected SPECT images of human pulmonary perfusion
have been presented (9,10) but without analysis of perfusion
gradients. Recently, Damen et al. (II) reported low relative
perfusion near the apex of the lung in supine subjects in a
SPECT study. They used radiograph CT for lung delineation
and attenuation correction. Edge effects were not discussed.

To obtain a correct density value from SPECT, only the
central part of the lung can be considered. Thus, the value
calculated is in accordance with density values obtained using
PET (12-14). In studies of lung pathology, it may be desirable
to measure lung density in a larger portion of the lung. The
mean values should then be interpreted in relation to the size of
the lung studied. The reason for the higher values obtained for
the smaller lungs may be biological or technical. A larger lung
is characterized by larger alveoli and hence per volume less
alveolar and interstitial structures (15). Residual edge effects
can also have contributed to our values.

The value of the density gradient obtained in the gravity-
dependent ventrodorsal direction is of the same magnitude as
the gravity dependent gradients obtained by PET, explained by
both increased blood volume and lung tissue volume per cm3 of
thoracic volume (12).

TABLE 2
Density Gradients

Ventrodorsal
(g/ml per cm)

Apicobasal
(g/ml per cm)

Mediolateral
(g/ml per cm)

0.008 4 0.004'

0.007 ± 0.002-

Two-dimensional analysis
-0.005 i 0.005'f

Three-dimensional analysis
0.005 4 0.002'* -0.011 ± 0.003'

'Significant density gradient, p < 0.001.
Significant density gradient, p < 0.01.
•Significantly different from corrected value, p < 0.001.
Values are mean ± s.d.
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In general, the group mean gradients we obtained by two-
dimensional analysis were consistent with those obtained by
three-dimensional analysis. The only exception found was the
density variation from apex to base, where the two-dimensional
and three-dimensional analysis gave gradients of opposite
directions. The two-dimensional analysis includes a subjective
selection of ROI, where apical ROI often are more medial, and
thus denser, than basal ROI giving a decrease in density from
apex to base. With three-dimensional analysis, where the whole
body of information is used, density instead increases towards
the base. An explanation for the higher density at the lung base
is the cranial displacement of the diaphragm in the supine
position, causing lung deformation. The higher density in the
medial than in the lateral regions of the lung, could be due to
interstitial structures, vessels and bronchi radiating from the
center to the periphery.

That SPECT is superior to planar imaging in studies of
regional pulmonary perfusion was first demonstrated by Os-
borne et al. (16). The impact of attenuation on pulmonary
perfusion studied using SPECT is considerable, as this study
demonstrates for perfusion gradients. None the less, compen-
sation for attenuation has not been commonly used.

CONCLUSION
With the introduction of multihead gamma cameras, SPECT

studies are becoming clinically more feasible, as is attenuation
correction by means of transmission measurements, using
equipment for simultaneous emission and transmission. This
also offers the possibility to obtain an exact anatomical corre-
lation between perfusion and density, which is of potential
clinical value. We have found that uncorrected perfusion
SPECT studies give a false impression of nongravitational
gradients and underestimate the gradient that is gravity-depen-
dent. Due to the limited resolution of the scintillation cameras,
a perfusion gradient existing only in the periphery of the lung
may not have been detected. Both perfusion and density
gradients are best studied using three-dimensional analysis, as
two-dimensional analysis is subject to variation due to the
investigators choice of regions to include in the analysis.
Three-dimensional analysis is operator-independent, estimates
overall gradients and is possible to perform automatically. In
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FIGURE 4. (a) Moan lung density of the right lung, calculated from ROI
profiles in the ventrodorsal (•) and apicobasal (O) direction, as a function of
lung size, {b) Wean lung density for the left (•) and right (D) lung, calculated
for the restricted lung volume, i.e., the PXres, as a function of lung size.

practice, SPECT is the oniy method that allows such three-
dimensional analysis.
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Summary

We describe a technique to obtain non-invasively
regional pulmonary venalation-pernision ratios
(VA/Q) using single photon emission computed
tomography (SPECT) and continuous infusion of
l33Xe. Single photon transmission tomography was
used for attenuation correction, for delineation of the
lungs and for V^IQ calculations. Data are presented
for six normal subjects and compared to those for two
patients with moderate chronic obstructive pulmo-
nary disease (COPD). The mean VKIQ for the whole
lung of the normal subjects ranged from 049 to 0-65,
group mean 0-56 ± 0-07 (1 SD), and there was no
significant difference between the right and left lung.
The consistently too low V^/Q values are related to
the inability to measure regional blood volume and
the low resolution of the scintillation camera, giving
an under-estimation of tracer input. For the normal
subjects, the dispersion of VA/Q, as denned by the
standard deviation of die individual distribution
functions, ranged from 0-12 to (M9. One of the
patients was characterized by a low mean Vk/Q of
0-35, and the other patient had a wide dispersion (SD)
°f VhlQ of 0-37. In the normal subjects, a consistent
VktQ gradient was found only in the ventrodorsal
direction. 133Xe and SPECT can be used to obtain
meaningful biological information regarding ventila-
tion/perfusion relationships of potential dinical value.

Keywords-, chronic obstructive pulmonary disease,
normal subjects, single photon transmission
tomography, ventilation-perfusion gradients.

Introduction

The matching of perfusion (Q) to alveolar ventilation
(PA) in the lung is of crucial importance for gas
exchange. Various methods of measuring regional
pulmonary ventilation-perfosion ratios (V^/Q) have
been introduced. With the multiple gas elimination
technique (Wagner etal., 1974a), measurements of
the distribution of perfusion and ventilation to lung
regions with different V^/Q ratios are obtained, but
topographical information is not obtained. Regional
^ A / 0 ratios were measured by Anthonisen et al.
(1966) during constant infusion of I3!Xe using
external scintillation counters - a method with poor
topographical resolution not allowing true regional
isotope concentration to be measured. Positron
emission tomography (PET) can be used to obtain
quantitative and topographical information on
regional Vk/Q (Rhodes etal., 1989a,b). PET is not
yet commonly available, while single photon emission
computed tomography (SPECT) is in widespread use.
The objective of this study was to make measurement
of regional V^IQ ratios clinically feasible using
SPECT. Previous principles from PET were applied
to SPECT. We used continuous infusion of l33Xe
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and SPECT, in combination with single photon
transmission tomography. The transmission measure-
ment serves three purposes: to obtain the regional
pulmonary gas volume, to correct emission measure-
ments for attenuation, and to delineate the lung.

Methods

Theory

133Xe - an inert gas of low solubility - is infused
intravenously. It is delivered to the lungs by pulmo-
nary circulation and eliminated by ventilation and
blood flow. The delivery equals the product between
pulmonary capillary blood flow, i.e. pulmonary per-
fusion (Q), and the mixed venous concentration of
133Xe (Cv). Elimination by ventilation is determined
by alveolar ventilation (FA) and alveolar concentration
of 133Xe (CA). Elimination by blood flow is deter-
mined by Q and by pulmonary end capillary xenon
concentration. The latter is equal to the product
between CA and the blood/gas partition coefficient of
xenon (X.Xe), i.e. 0-15 (van der Mark et al., 1984). At
steady state, the arrival of 133Xe via the pulmonary
circulation (QCV) is balanced by the removal by
ventilation (V\ CA) and blood flow (XXCQCA):

which can be rearranged to

Cv is measured in the right ventricle. Regional CA is
obtained from the measured amount of Xe (Mxc)
and the alveolar gas volume (KA), both of which are
determined for each picture element.

Determination of VA

A cobalt-57 flood field source is mounted on the
gamma camera so that the patient is situated between
this source and the head of the camera. A tomo-
graphic recording gives a so-called transmission scan
from which the regional distribution of lung density
(DL) can be obtained as previously described (AJm-
quist et al., 1990). DL reflects the fractional volume of
tissue (V^) in a volume element:

(3)

where p, is the mean value of gas-free lung tissue
density (104 g cm"3). The remaining volume of the
same element is air - i.e. the regional pulmonary
fractional gas volume (VG),

VG = 1 - DL/p t (4)

In the periphery of the lung, away from the larger
bronchi, VQ corresponds to V&.

Determination of CA and Cy

The regional alveolar concentration of 1J3Xe, CA, is
obtained by dividing the measured amount of 1J3Xe in
the volume element (Mxe) by VQ-

C A = A W ( 1 - D L / P , ) (5)

The original 133Xe scan is severely affected by
attenuation of gamma photons in the lung, other
tissues and the patient support. This can be corrected
for using the transmission scan by a method previ-
ously described (Almquist et al., 1990). The thus
corrected emission scan provides Mxe. Cy was
measured as Mxe within a region of interest (ROI)
placed over the right heart. Both the corrected 133Xe
image and the transmission image were used to
choose a representative slice through the right heart
and to outline the ROI. CA and Cy are determined in
the same arbitrary unit which is eliminated in the
calculation of V^/Q as they appear as a ratio in Eqn 2.

Subjects

Six healthy male non-smoking subjects were studied
(mean age 46 years, range 42-52). Two additional
studies were performed in two patients with chronic
obstructive pulmonary disease (COPD), aged 62 and
71 years. The study was approved by the Research
Ethics Committee of the Medical Faculty, Lund
University. The major radioactivity exposure was to
the lung, which received approximately 2-8 mGy.

Experimental procedure

Lung function measurements, including slow vital
capacity (VC), forced expiratory volume in one
second (FEV,), total lung capacity (TLC) and
residual volume (RV) were performed in five of
the normal subjects and in the patients. Diffusion
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capacity of the lung for carbon monoxide ( D L C O )
was also measured in the patients. The results are
presented as percentage of the predicted normal value
(Berglund et al., 1963; Birath etui., 1963; Grimby &
Soderholm, 1963; Quanjer & Tammeling, 1983).

The tomographic measurements were made using a
scintillation camera 901ECT/SA (Toshiba, Minato-
Ku, Tokyo, Japan) with the subject in the supine
position during quiet breathing. All the scintigraphic
studies were acquired in 64 x 64 matrix with 90
frames over 360°. Acquisition time for the transmis-
sion study was 20 min and that for the emission study
was 24 min. First the transmission tomography was
performed with a 450 MBq cobaIt-57 circular quality
control source (Du Pont, N Billerica, Massachusetts,
USA) with a diameter of 60 cm mounted at a distance
of 40 cm from the camera head. This was followed by
the 13JXe infusion through a dorsal foot vein. At least
5 min were allowed for equilibration of I33Xe
between the lung capillary and the alveolar gas vol-
ume, after which the emission study was performed.
Between 2 and 34 GBq of I33Xe dissolved in saline
was infused during each study. Expired 133Xe was
evacuated through a plastic hood placed over the
subject's head, not interfering with respiration.

Data analysis

The size of the volume elements in the tomographic
matrix was 5-33 mm. Volume elements with a density
of 0-58 g cm"3 or less were considered to represent
the lung. The arithmetic mean VA/Q and its standard
deviation (SD) were calculated for the right and left
lung separately and for both lungs together. VA/Q
gradients were calculated for the right lung volume
using an automatic three-dimensional analysis includ-
ing multiple linear regression in three orthogonal
directions. A first-degree regression equation was
used:

VJQ = co + cmrX + cvi-Y + cah-Z (6)

where X, Y and Z are the spatial co-ordinates. The
origin of the co-ordinate system is located in the mid-
point between maximum dimensions of the lung, <rn is
the VA/Q value at the origin. cm\, cvci and c& are
gradients in the mediolateral (ml), the ventrodorsal
(vd) and apicobasal (ab) directions. For further
analysis, these gradients were expressed as percent-

ages of Co and denoted individual VA/Q gradients with
the dimension percentage/cm. Regression coeffi-
cients, representing VA/Q gradients obtained from
single subjects may be used for further statistical
analysis of groups of subjects as if they were raw data
(Matthews etal, 1990). The regression coefficients
are then regarded as Nummary measures', as farther
explained by Matthews et al. (1990). In this case, the
individual regression coefficients were used as 'sum-
mary measures', implying that group mean values
were analysed with Student's t test. The significance
of individual gradients was tested using the F test.
The test incorporated consideration of the feet that
volume elements much smaller than the geometrical
resolution of the scintillation camera system cannot
be considered statistically independent, and would
yield falsely high significance values. Cubical volumes
of side 2'1 cm, corresponding to the resolution, were
deemed appropriate for the test. P<0'05 was regarded
as significant.

Results

Normal subjects

Lung function measurements were within normal
limits (Table 1). The tomogram representing density
provides the basis for a distinct definition of the lung
border (Fig. 1). In the original I33Xe image, the right
heart is barely perceptible because of attenuation. In
the corrected l33Xe image representing Mxe, there is
a localized concentration of activity in this region.
The attenuation correction factor (average corrected/
average uncorrected counts) ranged from 4-5 to 5-9
for the right heart region of interest. For the right
lung it was around 2-5. Due to the low solubility of
133Xe and the absence of right to left shunting, there
is little activity in the left heart and the thoracic wall.
Individual mean values of VA/Q for both lungs
together and the right and left lung separately are
presented in Table 2. VA/Q for both lungs together
ranged between 049 and 0'65. There was no signi-
ficant difference between the right and left lung. The
dispersion of VA/Q, as defined by the standard
deviation of the individual distribution functions, for
both lungs ranged from 0-12 to 0'19. The group mean
frequency distribution of VA/Q for both lungs,
normalized to the group mean of 0-56 before
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Table 1 Lung function measurements.

Subject
1

2
3
4

5
6

Patient
1

2

litre

5-8
4-8
6-1
6-1
5-8
5-5

2-7
2-7

VC

%

109

83
117
120
104

95

61
61

FEV,

litre s"'

4-5

4-3
4-8
4-5

4-4
4-2

1-0
0-8

%

115
100
126
122
105

95

33
29

litre

8-2

8-3
8-3
7-9

7-6

6-4
6-7

TLC

%

106

112
112
104
93

91
99

RV

litre

25

2-3
2-2
2-1
2-2

3-9
4-3

%

109

105
100
111

100

150
172

DLCO

mmol mlrr1 kPa"1

5-1
3-5

%

26

43

Absolute values and percentage of predicled. VC (slow vilal capacity), FEVT (forced expiratory volume in one second), TLC (total lung capacity),
RV (residual volume), £\CO (diffusion capacity of the !ung for carbon monoxide).

Figure 1 Transverse tomograms of (a) lung density, (b) thoracic content of m X e : original data, (c) thoracic content of
13JXe: corrected data, and (d) ventilation-perrusion ratio from -,i normal subject.

summing, is shown in Fig. 2. In one subject, accu-
mulation of 1!5Xe was seen in a crescent-shaped
region in the most dorsal part of the right and left
lung. This corresponds to low V\/Q. These regions
were partially removed by the thresholding proce-
dure. V\/Q in the remaining parts of these regions
was approximately 01-0-3. Individual V\IQ gradients

(Table 3) showed a decrease in the ventrodorsal
direction in all subjects. V\/Q was 30% (range 1-
92%) higher in the ventral than in the dorsal part of
the lung, i.e. over a distance of 16 cm (range 14—
17-5 cm). Individual V\/Q gradients of different
directions were found in the apicobasai and medio-
lateral directions. Significant gradients (P<0-05) were
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Table 2 Vf./Q ratios (mean ± S0) .

Both lungs Right lung Left lung

Subject
1
2
3
4
5
6
Mean
SD

Patient

0-57 ±0-12
0-50 ±0-15
0-49 ± 0-19
0-62 ±0-16
051 ±0-14
0-65 ±0-13
056 ±0-15
007

0-35 ±0-19
0-64 ± 0-37

0-59 ± 0-12
0-50 ± 0-14
0-46 ±0-17
0-59 ± 0-15
0-48 ± 0-10
0-64 ±0-13
0-64 ±0-14
007

0-39 ± 0-2O
0-71 ± 0-37

0-54 ±0-11
0-50 ± 0-16
0-54 ± 0-20
0-66 ±0-18
0-56 ± 0-17
0-66 ±0-13
0-58 ±016
0-07

0-30 ±0-16
0-56 ± 0-34

Figure 2 Frequency distributions of V\/Q for both lungs of
six normal subjects normalized to the group mean of 0-56
(•), with individual frequency distributions of V\/Q for
both lungs of two patients with COPD (O, • ) .

Table 3 VJQ gradients (% cm"1).

Subject

1

2

3
4

5
6

"P<001,

ventrodorsal

- 0 8 8 "

-0-76

-5-39—
-2-91 —
- 1 - 3 1 "
- 0 0 4

*"P<0001.

Aplcobasal

-1-75""

-2.50™
0-62

-0-19
1 0 7 "

- 2 0 6 * "

Medlolateral

1-76—

-2-54"*

-0-91
1-42"

-0-77

2-57*"

found in four subjects in each direction. The group
mean VA/Q gradients were -1-88% cm"1 in the
ventrodorsal direction, -0'80% cm"1 in the apicobasal
direction and 0-26% cm"1 in the mediolateral direc-
tion, compared with the central value. Only the
ventrodorsal gradient was significant (P<0'05, sign
test).

Patient studies

The patients had high RV and low FEV\ and DLCO
(Table 1). In comparison with a normal subject, their
VA/Q images were much less uniform, and regions
with clearly deviating VA/Q could be identified
(Fig. 3). Correspondingly, the individual frequency
distributions of VA/Q were wide (Fig. 2). One of the
patients had lower mean VA/Q than the normal
subjects and the other patient had a conspicuous
difference between the right and left lung (Table 2).

Discussion

In order to establish a non-invasive method for
regional VA/Q measurement in humans using
SPECT in a clinical setting, 133Xe was chosen. It is
commercially available at a reasonable cost. The
drawback of l33Xe is the low energy of emitted
photons which makes attenuation correction essential
as illustrated in Fig. 4 and Table 4.

The VA/Q data are, even after attenuation correc-
tion, lower than comparable values in the literature
(Wagner et al., 1974b). One reason is under-estima-
tion of Cy due to the small size of the right heart in
relation to the limited resolution of the scintillation
camera (Kojimo et al., 1989). Even with PET cam-
eras, which have a higher resolution, Cy is under-
estimated (Rhodes et al., 1989b). The impact of
correction for the falsely low C^ on the VA/Q ratio
is illustrated in Fig. 4 and Table 4.

Another problem is that 133Xe in mixed venous
blood within the lung, prior to its equilibration with
gas, contributes to measured l33Xe. This error may be
corrected for by measuring the regional pulmonary
blood volume, as has been shown with PET. This
resulted in an increase in V&/Q of less than 15%
(Rhodes et al., 1989b).

The under-estimations inherent with SPECT
technology, leading to under-estimation of absolute
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Figure 3 Tomograms of V\jQ ratios from two patients with COPD (right panel) and corresponding toinograms from
a normal subject (left panel). Transverse slices (top) and horizontal slices (bottom).

V.\jQ values can be handled in different ways. One
might apply standardized corrections to obtain values
closer to real values. Our preference, however, is for
values corrected only for attenuation. These are
efficient to show differences between health and
disease.

The principle behind Vt\/Q measurements pre-
sumes that the tracer concentration during infusion
has reached a steady state. The time constant of the
equilibration between blood and air reflects mainly
the alveolar volume and ventilation, i.e. V,\ and V&. In
the normal lung, an adequate equilibration time is
5 min (Rhodes et al., 1989b; Brudin et at., 1992). In
low V.\fQ regions, longer equilibration times may be
needed as incomplete equilibration in such regions
can lead to an over-estimation of V\/Q.

A priori one might consider the use of 133Xe for
quantitative measurements in SPECT almost impos-
sible due to the large attenuation of low-energy
photons. This study illustrates that, by the use of
proper attenuation correction, SPECT technology

might become less restricted. An advantage of
SPECT is that it provides quantitative and topo-
graphical information on regional V,\/Q ratios over
the whole lung. The results show Ky/Q values with
narrow distribution within and between healthy
individuals, no significant difference between the
right and left lung, and a ventrodorsal Vt\jQ gradient.
This agrees with prior knowledge (Rhodes et /r/.,
1989b).

In conclusion, we show that i33Xe and SPECT can
be used to obtain meaningful biological information
regarding ventilation-perfusion relations of potential
clinical value.
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0.4 T

0.5 1.0

VA/Q-ratio

Figure 4 Frequency distribution of V^/Q for both lungs of
one subject with attenuation correction (dotted line), with-
out attenuation correction (•), with attenuation correction
and compensation for assumed under-estimation of CV by
20% as reported (Rhodes et al., 1989b) with PET cameras
(•) and by 50% as assumed (Kojimo et al., 1989) with
SPECT cameras (O).

Table 4 V^jQ ratios for one subject.

Without attenuation correction
With attenuation correction

With attenuation correction and correction
for under-estimation of C?

• by 20% as in PET studies
• by 50% as in SPECT studies

0-27 ± 0 09
0-57 ± 0-12

0-71 ± 013
0-84 ± 0-19
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Clinical implication of down-scatter in attenuation-
corrected myocardial SPECT

Helen Almquist, MD,' Hakan Arheden, MD, PhD,1 Ann-Helen Arvidsson,'
Olle Pahlm, MD, PhD,1 and John Palmer, PhD2

Background. Interpretation of myocardial perfusion single photon emission computed tomog-
raphy (SPECT) studies is hampered by attenuation artifacts. Attenuation correction methods
with simultaneous emission and transmission are now commercially available. However, it has
been observed in clinical practice that attenuation correction without down-scatter correction in
a 1-day rest/stress myocardial perfusion protocol may lend to serious interpretation errors.
Therefore the aim of this study was to study errors resulting from down-scatter under realistic
conditions, thus providing a background for the assessment of further corrections.

Methods and Results. Forty-six patients underwent myocardial perfusion scintigraphy in a
1-day technetium 99m-tetrofosmin rest-stress SPECT protocol, with a moving IS3Gd line-source
device for attenuation correction without down-scatter correction. Short-axis slices were quanti-
fied as inferior/anterior, septal/lateral, and apical/remainder count ratios. The changes at rest
(350 MBq) and exercise (900 MBq) induced by attenuation correction were studied. Attenuation
correction gave differences in apparent perfusion between rest and exercise not seen before cor-
rection. The gender differences in inferior-anterior ratio were greatly reduced after correction
at rest but remained at exercise. A torso phantom study indicated that these results were due to
under-correction at exercise because of down-scatter.

Conclusions. Down-scatter results in an underestimation of attenuation in simultaneous
emission and transmission, if not accurately accounted for. Particularly, a high-dose study com-
pared with a low-dose study, as in the 1-day protocol, might cause serious interpretation errors.
(J Nud Cardiol 1999;6:406-ll.)

Key Words: Myocardial SPECT • one-day protocol • attenuation correction • transmission
line-source • down-scatter • emission • transmission

Interpretation of myocardial perfusion single pho-
ton emission computed tomography (SPECT) studies is
hampered by attenuation artifacts. In recent studies
attenuation correction of myocardial SPECT has been
considered clinically useful, with a high-intensity mov-
ing line-source used in combination with a sliding elec-
tronic window pair, without down-scatter correction.1'2

In a phantom study this method has been shown to
improve defect quantification.3 The same technique, but
incorporating down-scatter correction, is currently under
clinical evaluation." In attenuation correction, two iso-
topes with different photo peak energies are used; one
energy window is set for the emission study, that is, the
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myocardial perfusion agent, and a second window is set
for the transmission source. However, it has been
observed in clinical practice that attenuation correction
without down-scatter correction in a 1-day rest/stress
protocol, requiring two injections with different patient
doses, may lead to serious interpretation errors. This
could be caused by down-scatter from the isotope of the
highest energy being registered in the lower energy win-
dow. If die transmission source used is 153Gd (photo
peak 100 keV) down-scatter from the technetium
99m-labeled myocardial agent (photo peak 140 keV)
may result in falsely low measured density and conse-
quently undercorrection for attenuation. Because the
second study in a 1 -day protocol must be performed with
substantially higher patient activity to overwrite the first
study, the. undercorrection caused by down-scatter is
greater in the second study.

Even though this problem has been observed clini-
cally and several vendors claim to have solved the prob-
lem, it has not been fully investigated and reported in the
literature. It is important to survey possible artifacts and
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errors before relying on new diagnostic methods.
Therefore the purpose of this study was to assess and
quantify effects of down-scatter in attenuation-corrected
myocardial scintigraphy under realistic conditions.

METHODS
Patients and Procedures

Myocardial perfusion scintigraphy was performed in 23
male and 23 female patients, referred because of suspected
coronary artery disease. According to CEqual, a commercially
available program for quantification of myocardial SPECT,5"7

18 patients had normal perfusion scanning results, 21 had fixed
defects without reversible ischemia, 6 had fixed defects with
reversible ischemia, and 1 had a normal rest scanning result
with reversible ischemia. Patients with normal stress scanning
results were considered to have normal rest scans even if these
deviated from normal limits. The male patients had a mean age
of 58 ± 9 (range 43 to 80) years and a mean body mass index of
28 ± 4 (range 21 to 40), and the female patients had a mean age
of 60 ± 11 (range 45 to 80) years and a mean body mass index
of28±6(rangel9to41).

A 1-day protocol was used, with 350 MBq Tc-99m-tetro-
fosmin (Myoview, Amersham International, Little Chalfont,
United Kingdom) at rest and, after 3 hours, 900 MBq at exercise.
After a delay of approximately 1 hour in each case, SPECT was
performed with a dual-head gamma camera (Genesys Vertex,
ADAC Laboratories, Milpitas, Calif) equipped with an attenua-
tion correction attachment (Vantage), but without down-scatter
correction.

The acquisitions were performed with a high-resolution col-
limator in a 64 x 64 matrix zoomed to 5.1-mm pixel size, with 46
projections used over 180 degrees. The transmission line sources
scanned simultaneously across the patient, moving in a direction
parallel to the couch. The sources, each 6 GBq 153Gd (100 keV),
are designed to irradiate the cameras, through the patient, in a 5-
cm-wide zone. The gamma window is electronically controlled
and synchronized with the movement of the line sources to mon-
itor the 100 keV window in the transmission zone only.

Reconstruction and Analysis

Attenuation maps were reconstructed by use of filtered
back-projection (FBP), and the pixel count values were trans-
lated to the linear attenuation coefficients, fi, with the relation:
H = count/10,000 x I/pixel size (cm-'), where 10,000 mdpixel
size are scale factors specific to the manufacturer and pixel size
is measured in centimeters.

Attenuation-corrected transverse sections were recon-
structed by use of maximum-likelihood expectation maximiza-
tion,9 incorporating the attenuation-coefficient maps. Twelve
iterations were used, starting from a FBP image. Transverse
sections were also reconstructed by use of FBP without atten-
uation correction. Volume-weighted polar maps were made
from short-axis sections with the quantitative analysis of the
CEqual program.5"7 The polar map data were then analyzed by
use of 5 regions of interest: apical, anterior, inferior, lateral,

and septal. The analysis was automatic and identical for all
patients. The apical region was the innermost one-third radius
of the entire buU*s-eye plot. The other regions were 30-
degree-wide sectors extending from the border of the apical
region to 94% of the radius. Count ratios expected to be sensi-
tive to attenuation correction were calculated: inferior/anterior,
septal/lateral, and apex/remainder.

Subdiaphragmatic activity. It is known that activity in
the vicinity of the heart can influence the reconstructed
image,10-11 and it is possible that subdiaphragmatic uptake
might be systematically different in rest and exercise. To assess
the possible influence of such a difference in this study, subdi-
aphragmatic activity was quantified by the following proce-
dure: The projection images were first summed to a single
image. The left ventricle remains well delimited in this image
because the system automatically updates the zooming region
to center on the left ventricle during acquisition. This facilitates
outlining of the left ventricle region of interest (ROI). The sub-
diaphragmatic activity was subsequently quantified by outlin-
ing an ROI enclosing subdiaphragmatic activity up to a distance
of 10 cm below the left ventricle. To standardize this procedure,
an isocount level was used for the ROI definition. A count level
of 50% of the left ventricle maximum was found to agree with
the visual estimate enclosing most of the relevant subdiaphrag-
matic uptake. Because the size of the left ventricle is irrelevant,
an index was constructed (total subdiaphragmatic uptake/left
ventricle pixel average) to reflect the total subdiaphragmatic
uptake in relation to the pixel count average rather than to the
total count of the left ventricle.

Attenuation coefficient map. The dependence of the
attenuation coefficient map on patient activity was examined
by use of a torso phantom. The distribution of Tc-99m with-
in the phantom was in accordance with the human biodistrib-
ution of tetrofosmin.12 The initial activity was 23 MBq in the
left ventricle wall (water), 25 MBq in the lung (cork, density
0.3), and 58 MBq in the abdomen (water). The initial activi-
ties were chosen to be well in excess of realistic patient doses
and were allowed to decay over a period of 47 hours to cover
a wide range of patient doses- During this period repeated
tomographic measurements with transmission scanning
were made.

Statistics. The significance of differences between group
mean values was determined by t testing and deemed to be sig-
nificant if P<. 05.

RESULTS

The effect of attenuation correction was greater at
rest (350 MBq, Figure 1, left) than at exercise (900 MBq,
Figure 1, right). Attenuation correction increased the infe-
rior/anterior ratio in men at rest (P < .01) but not at exer-
cise. At rest attenuation correction adjusted the significant
sex difference seen before correction (P < .01 before cor-
rection, nonsignificant after correction), whereas at exer-
cise this difference remained after correction (P < .01
before correction, P < .05 after correction). Before atten-
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Rest, 350 MBq Exercise, 900 MBq

O.o J Uncorrected Corrected Uncorrected Corrected

Figure 1. Effects of attenuation correction in rest images (350
MBq) and exercise images (900 MBq). Attenuation correction was
greater in rest images (left) compared with exercise images (right).
Gender difference disappears in rest images but remains in exer-
cise images. Individual count ratios inferior wall/anterior wall
(small symbols) and group mean values ± SEM (large symbols) for
men (solid circles) and women (open circles), respectively.

0.0 J 350 MBq 900 MBq 350 MBq 900 MBq

Figure 2. Comparison of rest (350 MBq) and exercise (900 MBq)
images before and after attenuation correction. Difference between
rest and stress images was less without attenuation correction (left)
than with attenuation correction (right). Individual count ratios
inferior wall/anterior wall (small symbols) and group mean values
± SEM (large symbols) for men (solid circles) and women (open
circles) respectively.

Table 1. Uncorrected and corrected ratios at rest and exercise

Inf/ant

Sept/lat

Apex/rem

Rest

Exercise
Rest

Exercise
Rest

Exercise

Uncorrected

0.81 ± 0.0S

0.78 ± 0.04
0.82 ± 0.03

0.81 ± 0.03
0.94 ± 0.04

0.96 ± 0.04

Men

t

t

Corrected

1.02 ± 0.05

0.85 ± 0.04
0.95 ± 0.03

0.86 ± 0.03
0.84 ± 0.03

0.91 ± 0.04

Women

Uncorrected

0.99 ± 0.04

0.96 ± 0.04
0.88 ± 0.02 *

0.88 * 0.03
0.97*0.01 *

0.98 ± 0.01 t

Corrected

1.06 ± 0.03

0.97 ± 0.04
0.99 ± 0.02

0.93 ± 0.02
0.87 ± 0.01

t
0.93 ± 0.01

Uncorr, Average and SEM of ratios uncorrected for attenuation; Core, same corrected for attenuation; inf/ant, inferior wall/anterior wail;
sept/lat, septa! wall/lateral wall; apex/rem, apex region/remainder of myocardium;
* Student's test applied to adjacent values, such as uncorrected versus corrected and rest versus exercise, P < .05.
+ Student's test applied to ad|acent values, such as uncorrected versus corrected and rest versus exercise, P < .01.
* Student's test applied to adjacent values, such as uncorrected versus corrected and rest versus exercise, P < .001.

uation correction there was no significant difference in

inferior/anterior ratio between rest and exercise regardless

of sex (Figure 2, left). After correction the inferior/anteri-

or ratio in men was lower at exercise than at rest (P < .01,

Figure 2, B). In some men, no ischemia was seen in uncor-

rected images (Figure 3, upper), whereas inferior exer-

cise-induced ischemia was seen after attenuation correc-

tion (Figure 3, lower). Data for count ratios of all the

myocardial regions studied are given in Table 1. The

changes resulting from attenuation correction shown in

Figures 1 and 2 were highly significant also on an indi-

vidual basis (P < .001) and after inclusion of subdi-

aphragmatic activity as a possible source of error (F <

.001, see Appendix).

Inspection of the measured attenuation coefficients

revealed that these were higher at rest (350 MBq) com-

pared with exercise (900 MBq, Figure 4). Studies of

attenuation coefficients in a phantom confirmed that the

apparent attenuation coefficient decreases with increas-

ing activity in the object (Figure 5).
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Figure 3. Myocardial perfusion scans along vertical long axis in one patient illustrate effect of attenuation correction
without down-scatter correction. Top, Before attenuation correction, low inferior uptake is seen at rest (left) and exercise
(right). Inferior/anterior ratios are 0.82 and 0.77 at rest and exercise respectively. Bottom, After attenuation correction
inferior uptake is higher at rest (left) but low at exercise (right). This may be interpreted as significant ischemia.
Inferior/anterior ratios are 1.04 and 0.89, respectively.

Figure 4. Axial attenuation coefficient maps in one patient shows higher values at rest (350 MBq. left) compared with
exercise (900 MBq, right).

DISCUSSION
perfusion protocol, requiring two injections with different

This study shows that attenuation correction without patient doses, may lead to serious interpretation errors. The

downscatter correction in a 1-day rest/stress myocardial explanation to the finding that attenuation-corrected images
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Figure S. Data from torso phantom demonstrate that measured
apparent attenuation coefficient (cm-1) for left ventricle decreases
with increasing activity expressed as corresponding patient dose
(MBq). To construct x-axis in units of relevant patient doses, atten-
uation coefficient in left ventricle was related to calculated patient
dose assuming that biodistribution of tetrofosmin in the heart is
1.2% of injected dose after 1 hour.12

in some individuals showed exercise-induced ischemia
whereas uncorrected images did not (Figure 3) was a dif-
ference in the amount of attenuation correction in rest
images (350 MBq) compared with exercise images (900
MBq). It is unlikely that the attenuation coefficient map that
reflects patient density should be grossly different at rest
and exercise, as our patient example suggests (Figure 4).
Our phantom study indicates that this could instead be
explained by different degrees of down-scatter, because of
different patient doses at rest and exercise. It is also unlike-
ly that the somewhat higher subdiaphragmatic activity seen
at rest compared with exercise could cause the attenuation
correction to be less at exercise (Appendix).

A difference in inferior/anterior ratios between men
and women has been reported previously5 and can be
explained by breast tissue attenuation.13 In our study, this
difference is diminished after attenuation correction at
rest but remains at exercise, probably because of under-
correction of attenuation at the higher patient dose in the
exercise study.

The phantom study of measured attenuation coeffi-
cients indicates that studies with low activity levels
(approximately 300 MBq), as at rest in a 1-day protocol,
would be subject to minor errors only. However, the mod-
erate activity levels (approximately 500 MBq) often used
in a 2-day protocol could affect the attenuation measure-
ment. The high activity level used in the 1-day protocol
at exercise (900 MBq) introduces serious errors. The 1-

day protocol is particularly sensitive to these down-scat-
ter-induced errors because of the direct comparison of
two studies with different activity levels. Down-scatter
correction can be expected to make attenuation correc-
tion also feasible in the 1-day protocol.4

The problem of down-scatter from the patient into the
attenuation window has been observed clinically but not
fully investigated and reported in the literature. Even if
several vendors now offer their attenuation correction
option with some sort of cross-talk correction, there are
still several reasons why the inherent risk of down-scatter
from the patient to the attenuation coefficient map should
be generally known and considered: (1) All vendors have
not implemented down-scatter correction; (2) several
peer-reviewed articles studying the effects of attenuation
correction in patients have not used down-scatter correc-
tion; (3) there may be commercial devices in clinical use
that measure patient attenuation simultaneously with
emission that are not equipped with down-scatter correc-
tion; (4) even if down-scatter correction is used, it is
important to be aware of the magnitude and type of error
that can result if correction fails or is inaccurate.
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APPENDIX

The purpose of this appendix is (1) to examine the sig-
nificance level of observed effect of attenuation correction
on an individual basis and (2) to examine whether system-
atic differences in subdiaphragmatic uptake between rest
and exercise could account for the observed effects.

The ratio of the inferior wall uptake to that of the
anterior wall was measured under four conditions in each
individual—at rest/exercise and with/without attenuation
correction. The effects of attenuation correction can then
be described as a fractional change A:

A = (inf/ant)cony(inf/ant)uncon.

A would be expected to be essentially the same at
rest and exercise. However, the regression of A ^ , against
^exercise w a s significantly different from the line of iden-
tity (P < .001 for both slope and intercept).

Subdiaphragmatic activity (sda) may be systemati-
cally higher at rest compared with exercise and is known
to affect reconstruction of the myocardium.14 This influ-
ence may differ for noncorrected and corrected recon-
struction. Thus the actually measured data, Arest and
Aexercise, would have to be modified by an unknown
function of sda before the regression test is performed as
described above. This modification can be expected to
be in the range of about ±10%,I4 and we may safely
approximate it to first order by the expression 1 + C x
sda. For the purpose of the regression test, the constant
C should then be chosen so that, if possible, the observed
difference between rest and exercise is eliminated, that
is, to minimize the expression Xpatjents[O + C x sda^,)
x A ^ , - (1 + C x sdae!!ercise) x ActstciJi. It was found
that in spite of this modification, the original conclusion
was still valid (P < .001). Furthermore, it was valid also
if only the closest 5 cm of sda was included. Thus the
difference between attenuation correction at rest and
exercise is highly significam and could not be explained
by subdiaphragmatic activity.
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Abstract

Attenuation correction in SPECT has found limited clinical use. Several

commercially available attenuation correction systems have been introduced

and they may vary in performance. A test protocol for attenuation correction in

SPECT is described and applied to two commercially available, principally

different gamma camera systems (Siemens Multispect 3; 3HS and AD AC

Genesys Vertex; 2HS). The test protocol is based on the use of geometrically

well defined phantoms. A torso phantom is used as a complement to illustrate

the attenuation correction methods. The test protocol can be used without

detailed knowledge or access to the algorithms used for attenuation correction.

The influence on the transmission measurement of radioactivity present

in a homogeneous phantom was higher for the 2HS than for the 3HS. With

radioactivity present in small homogeneous and larger inhomogeneous

phantoms, the 3HS produced satisfactory attenuation maps and corrected

emission count rates to a constant value independent of phantom density and

size. The 2HS, on the other hand, provided lower attenuation coefficients for

the larger inhomogeneous phantom than for the smaller homogeneous phantom.

There was a progressive decrease in the correction of emission count rates with

increasing phantom density and about 30 percent lower corrected count rates in

the large compared to the small phantom. A likely explanation is erroneous

correction of down-scatter into the transmission energy window.

The study demonstrates the need for independent evaluation of systems

for attenuation correction in SPECT.



Introduction

Photon interaction with matter introduces errors in scintigraphic images

and precludes quantification of activity per unit tissue. Methods for attenuation

and scatter correction have been introduced with the ultimate goal to solve these

problems.

Transmission measurements form the basis of attenuation correction in

SPECT studies of the chest. In clinical practise the transmission measurement is

often performed simultaneously with the emission study. Scatter between the

emission and transmission energy windows, so called down scatter, must be

considered and corrected for. Simultaneous transmission and emission for

attenuation correction are preferably performed with gamma cameras with two

or three detectors. The gamma camera systems and the algorithms for

attenuation correction have become more complex and less open to the users'

insight. The performance is often not fully tested by the manufacturers.

The objective of this study was to illustrate the feasibility to test

attenuation correction systems using standard programs delivered with the

system and without detailed knowledge of the algorithms used. We describe a

test protocol, which was applied to two principally different gamma camera

systems. The necessity of manufacturer independent testing is illustrated.

Material and Methods
Gamma cameras

Measurements were performed using both a triple-headed and a double-

headed gamma camera. The triple-headed system (3HS) was a Siemens

Multispect 3 gammacamera (Siemens AG, Erlangen, Germany) equipped with a

system for attenuation correction (Siemens Music™) including downscatter

correction. The double-headed system (2HS) was an ADAC Genesys Vertex

gammacamera (ADAC Laboratories, Milpitas CA, USA) with attenuation

correction software (Vantage 2.0 ExSPECT™) including downscatter

correction, photo-peak scatter correction and resolution recovery.

The isotope used for the transmission studies in the 3HS is americium-

241 (241Am) [1]. The 2HS utilises gadolinium-153 (153Gd) as transmission

source. 241Am has a long half-life (458 years) but low gamma energy (59keV).
153Gd has a shorter half-life (242 days) but higher gamma energy (100 keV).



In the 3HS one stationary line source is mounted at the angle between

two of the detectors and irradiating the third detector equipped with a fanbeam

collimator (Fig 1). The line source and the focus of the fanbeam collimator are

placed somewhat offset from the centre in order to avoid truncation of the field

of view [2]. Only this detector is used for the transmission measurement. All

three detectors are used for the emission study.

The 2HS has two moving line sources irradiating both detectors which at

the same time are used for the emission study (Fig. 1). The 100 keV

transmission window is electronically synchronised with the movement of the

line sources so that it is only open in a 5-cm wide zone opposite the line

sources. The sources are highly collimated to irradiate the detectors only in this

zone [3].

Fig. 1 Principal geometry of the gamma camera systems. The 3HS (right)
is a triple headed gamma camera with a stationary offset line source at the focus
of a fanbeam collimator. The 2HS (left) is a double headed gamma camera with
two moving line sources irradiating a 5 cm wide zone electronically
synchronised with the movement of the line sources.



The activity of the 241Am line source was 5.5 GBq. The initial activity

concentration of the IS3Gd line sources were 7 GBq each. The source-strength

was above the lowest level recommended by the manufacturer during the

studies, if not otherwise stated. The high activity of the transmission source

relative to common patient doses reduces the impact of down-scatter from 140

keV technetium-99m (99nTc) photons to the transmission energy window.

Calibration of the attenuation correction system was performed in

accordance with the manufacturers recommendations including pixel size,

geometric calibration, blank transmission scan and uniformity.

Phantoms

Phantoms were assembled from 30-cm long solid blocks with a quadratic

cross section of 8x8 cm. The blocks were made of polyethylene plastic, wood or

synthetic rubber and their densities were 0.13, 0.20, 0.37, 0.47, 0.72 or 0.94

g/cm3. These blocks were studied as single blocks or assembled to

homogeneous and inhomogeneous phantoms with 16x16 cm and 24x 24 cm

cross section (Fig. 2).

Model A

0.94

0.94

0.94

0.94

Model B

0.94

0.72

0.47

0.47

X

0.72

0.72

0.47

0.94

Model C

Fig. 2 Schematic phantom geometry. Model A: Single blocks. Cross
section 8x8 cm. Density (x) 0.13, 0.20, 0.37, 0.47, 0.72 or 0.94 g/cm3. Model B:
Homogeneous phantom. Cross section 16x16 cm. Density 0.94 g/ cm3. Model
C: Inhomogeneous phantom. Cross section 24x24 cm. Peripheral blocks density
0.47-0.94 g/ cm3 as denoted The middle blocks density (x) 0.13, 0.20, 0.37,
0.47, 0.72 or 0.94 g/cm3. A 99mTc emission line source could be introduced in
the centre of the blocks.



Plastic tubes with inner diameter of 0.76 mm filled with 99mTc were used

as emission line sources. They could be introduced in the centre of the blocks.

The activity concentration in the emission line sources was approx. 1 MBq/cm,

if not otherwise stated. In the studies of emission line sources data are given as

reconstructed counts per second per megabecquerel (cps/MBq).

The performance of the attenuation correction methods was illustrated in

a torso phantom. The phantom height was 22 cm. It had convex walls with 35-

cm maximal width of "the thoracic cage". The phantom walls were made of

perspex and were 1.5 or 4.3 cm thick, in order to simulate different thickness of

the thoracic wall.

Acquisition

Transmission and emission projections were acquired simultaneously.

Acquisition parameters are given in Table 1. The acquisition parameters are in

accordance with those used for clinical patient studies in every-day practice.

Total rotation

Emission scan time

Transmission scan time

Number of projections

Total effective acq. time

Matrix

Pixel size

Collimator

3HS

360 degrees

15 or 20 sec/azimuth

15 or 20 sec/azimuth

60

15 or 20 min

642

7.12 mm

LEHR/OFB

2HS

180 degrees

50 sec/azimuth

49 sec/azimuth

32

13 min

642 in emission

1282 in transmission

5.1 mm

VXHR

Table 1. Acquisition parameters

In the 3HS the transmission photon flow could be adjusted to object size.

In this study, a small flow was selected for the single blocks and the thin walled

torso phantom, and a large flow for the other phantoms. In the 3HS longer

acquisition times were used in the torso phantom studies than in the block

phantom studies.



Reconstruction and attenuation correction

In both systems attenuation coefficient maps were reconstructed using

filtered back-projection (FBP). Both systems used these maps in iterative

reconstruction methods to obtain attenuation-corrected transverse sections of

the emission data. The 3HS used iterative precorrection based on FBP [4]. Two

iterations were used. The 2HS used maximum likelihood expectation

maximisation, which is a statistically based method [5]. Twelve iterations were

used starting from an FBP image.

Due to their specific camera- and transmission geometry, downscatter

correction from the emission to the transmission window is performed in

different ways. In the 3HS down scatter from 140 keV emission window to the

59 keV transmission window is corrected for using data obtained from a 59 keV

scatter windows of the two camera heads used to obtain emission but not

transmission images. In the 2HS both camera heads are used for the

transmission as well as the emission study. A separate 118 keV scatter window

is therefore used to estimate and correct for down scatter from 140 keV 99mTc to

the 100 keV transmission window. Data from the 118 keV scatter window is

also used for photopeak scatter correction from 99nTc within the 140 keV

emission window.

Transverse sections of the emission data were also reconstructed using

FBP without corrections. Mean count rates of regions of interest, 4x4 cm, from

adjacent slices over 4 cm were used for data analysis.

Attenuation coefficient maps

Attenuation coefficients were measured by transmission. The pixel

counts in the attenuation maps were translated to attenuation coefficients. In

order to obtain attenuation coefficients from the numbers or "counts" in the

attenuation coefficient maps presented by the 2HS the following manufacturer-

specific equation was used: attenuation coeff. (/cm)= "counts" 10"4. pixel size"1.

With the 3HS no such relation could be obtained and the scaling must be

achieved by the user's calibration. Water phantoms were used for these

calibration measurements, assuming a linear attenuation coefficient for water of

0.153/cmatl40keV.



Results

In order to study the ability of the transmission scintigram to reproduce a

homogeneous object, a 16x16 cm phantom was assembled from 4 blocks with

density 0.94 g/cm3 made of polyethylene with a linear attenuation coefficient at

140 keV of 0.147/cm [6]. Without emission activity present in the phantom the

attenuation coefficients in the centre of the 4 blocks were measured to 0.142-

0.147/cm with the 3HS and 0.138-0.142/cm with the 2HS. Down-scatter from

140 keV 99mTc-photons to the 100 or 59 keV transmission gamma window

respectively, can influenced the transmission measurement. Three 99mTc

emission line sources with different activity concentrations up to 1.5 MBq/cm

were introduced in the centre of three of the four blocks and attenuation

coefficients were measured again. It was then observed that the attenuation

coefficients measured with the 3HS were unchanged or reduced by less than 2%

compared to the value of the corresponding block without 99mTc present. With

the 2HS the reduction was less than or up to 4%.

The relation between true density of the blocks and the obtained

attenuation coefficients was studied when 99mTc emission line sources were

present in the centre of model A phantoms (Fig. 2) with densities 0.13-0.94

g/cm3. In a 4 cm3 central volume, some deviations from theoretically expected

values were observed, particularly with the 3HS (Fig 3 upper panel). When the

blocks were placed centrally in the inhomogeneous model C phantom, the 3HS

yielded attenuation coefficients, in a 4 cm3 central volume, that were -3 to +5 %

of the values obtained from model A (Fig. 3 lower panel). The 2HS produced

model C values less than 100% of model A values, down to 79% for the block

with the lowest density.

How the density of a block with a central line source affected the

attenuation correction was studied in the homogeneous model A and the

inhomogeneous model C phantoms. In uncorrected emission images the count

rates decreased as expected with increasing density. Linear regression was used

to calculate the count rate at a theoretical density of zero and at density of 1.0 of

the single or central block.
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Fig. 3 Relation between measured attenuation coefficients and density in
the range 0.13-0.94 g/cm3. Upper panel: Homogeneous phantoms, model A,
with size 8x8 cm. Lower panel: Inhomogeneous phantoms, model C, with size
24x24 cm and variable density of the central block.
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Fig. 4 Density dependence of attenuation correction in the range 0.13-
0.94 g/cm3 obtained with 3HS (upper panel) and with 2HS (lower panel) for
homogeneous phantoms, model A, and inhomogeneous phantoms, model C.
Open symbols denote uncorrected counts/MBq of the 99Tcm emission line
sources placed in the centre of each phantom. Closed symbols denote
attenuation corrected values. Regression lines are shown when the correlation
between count rate and density was significant.
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With the 2HS and the 3HS the count rate was 39 to 42 % lower at a

density of 1.0 compared to at zero density in uncorrected images, Fig. 4. After

attenuation correction there was no significant correlation between count rate

and density for the single blocks (model A) or these blocks in the centre of the

mosaic phantom (model C) with the 3HS. The 2HS yielded 8% lower count rate

at a density of 1.0 than at zero density for both phantom configurations

The absolute levels of reconstructed count rates shown in Fig. 4 are

system dependent and therefor higher for the 3HS (upper panel) than for the

2HS (lower panel). However, for each system the count rates after attenuation

correction should be independent upon phantom configuration. This was indeed

the case for the 3HS (Fig. 4 upper panel). However, with the 2HS the corrected

count rates decreased with almost 1/3 when blocks were placed in the centre of

the inhomogeneous phantom (model C) compared to the corrected values

obtained in single blocks (model A; Fig 4 lower panel).

Either phantom size or homogeneity might cause the errors observed with

the 2HS. To examine the cause, further studies were undertaken. Homogeneous

phantoms with density 0.93 g/cm3, and cross sectional areas 8x8, 16x16 or

24x24 cm were used to study the effect of phantom size. The corrected

cps/MBq obtained from a central line source decreased with increasing phantom

size, from 18.4, 15.4 and 12.6 cps/MBq, respectively. When the acquisition

time was doubled, similar corrected count values were obtained (17.9, 15.3 and

12.2 cps/MBq). Thus, the errors were not caused by insufficient counts in the

transmission scans. Without emission activity present in the 24x24 cm

homogeneous phantom nearly stable attenuation coefficients were observed

over the width of the phantom (Fig. 5). With the introduction of a central 99mTc

line source a decrease in measured attenuation coefficient was observed in the

centre of the phantom, where the line source was situated. In the 8x8 cm

phantom with a central line source proper attenuation coefficients were

observed without a central reduction. The 16x16 cm homogenous phantom gave

intermediate results (data are not shown).
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Fig. 6 Attenuation coefficient maps of a tors:o phantom with thin
(panel a) and thick (panel b, c and d) "thoracic wall" obtained with the 2HS,
without (panel a and b) and with (panel a and d) radioactivity present in the
phantom. Transmission source strength expressed as count rate in the reference
scans: 35 kcounts/sec (panel a, b and c) and 12.5 kcounts/sec (panel d). With
the introduction of radioactivity in the phantom measured attenuation
coefficients decreases in the heart region of the thick phantom. This effect is
accentuated when the transmission sources are weak.

Fig. 7 Attenuation coefficient maps of the torso phantom with thin
(panel a) and thick (panel b) "thoracic wall" obtained with 3HS with
radioactivity present in the phantom.
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These effect from phantom size on measured attenuation coefficient were

further illustrated using torso phantoms with variable thoracic wall thickness.

The distribution of 99mTc in the phantoms were in accordance with the human

biodistribution of tetrofosmin in myocardial scintigraphy [7], i.e. 12 MBq in the

left ventricle (water), 14 MBq in the lungs (damp cork with density 0.3 g/ml)

and 30 MBq in the abdomen (water). With the 2HS and with radioactivity

present in the torso phantom, falsely low coefficients of attenuation were

observed in the heart of the thick walled phantom (Fig. 6). The reduction was

accentuated when the transmission sources were weak. A similar error was not

observed with the phantom with a thin thoracic wall. No reduction was

observed in attenuation coefficients of the thick walled phantom measured with

the 3HS with radioactivity present in the phantom (Fig. 7).

Discussion

The results of this study, particularly those from the 2HS, verify the

necessity of independent testing of systems for attenuation correction of

SPECT. The effect of attenuation depends on the density and size of organs

with which the photons interact. The variable densities of the organs in the

thoracic region pose a particular problem. Attenuation correction relies upon

mapping the regional attenuation coefficients, which can be performed with

transmission scans. Obviously errors in attenuation measurements will cause

faults in the corrections leading to incorrect emission images. Logically, a

system for validation of attenuation correction should start with testing the

ability of the system to provide proper attenuation mapping. Another reason to

put emphasis on testing the attenuation maps is that these are often not directly

accessible for inspection and analyses by the user in everyday practice and their

quality therefore often not scrutinised.

Modern systems with simultaneous acquisition of transmission and

emission data are characterised by great complexity with respect to both physics

and mathematical analysis. In order to characterise the performance of such a

system; one needs a phantom system that is geometrically well defined. For

further analysis of encountered errors the system must also be flexible. Our

system with blocks of different densities and emission line sources, fulfils these

requirements as shown in this and previous studies, [8]. After characterisation
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of system performance a torso phantom is useful for the judgement of practical

consequences of identified system limitations.

In practice, every new software version of an attenuation correction

system should be tested. Therefore a basic test system is needed to test

fundamental system properties. An important feature of the present validation

system is that the programs for data analyses are those delivered with the 2HS

and 3HS. This makes it feasible to repeat and expand the tests presented.

In designing a phantom system we strove to use materials with an atomic

nature similar to substances in the body. The measured attenuation coefficients

for the blocks made of synthetic rubber with density 0.20 and 0.37 g/cm3

deviated slightly from expected values (Fig. 3). This was more evident with the

3HS using 59 keV gamma energy for transmission. Therefore, a probable

explanation is that the atomic weight and atomic number of the synthetic rubber

was more different from the other blocks than we anticipated. A preferable

material might be cork.

The discussion is focussed upon the 2HS because of its limited

performance. An underestimation of attenuation coefficients caused by emitted

activity was more important in a larger non-homogenous phantom than in a

smaller homogenous one (Fig. 3 lower panel). This underestimation explains at

least partly that corrected emission count rates observed in the larger phantom

were much lower when compared to the single block phantom (Fig. 4 lower

panel).

Further analysis based upon homogenous phantoms of different size

showed that the attenuation coefficient of the 8x8 cm phantom was correctly

measured even with activity emitted within the object. Without down scatter

correction the attenuation coefficients would have been underestimated [9]. In

the large homogenous phantom an important underestimation of attenuation

coefficients were observed in the vicinity of an emitting source (Fig. 5). The

observations from the torso phantom simulating an adipose or muscular person

showed similarly a considerable underestimation of density within the heart

containing clinically relevant activity (Fig. 6).

With the 2HS down scatter was estimated using data obtained in an

energy window between the emission and transmission window. The emission
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data measured in the 118 keV energy window was filtered using a 2D

Butterworth filter, multiplied by a scale constant and then subtracted from the

transmission data. One may speculate that the estimation is not correct,

especially in larger objects, and that errors in attenuation coefficient data reflect

inadequate downscatter correction.

The relative strength of the transmitted and emitted activities influences

the amount of scatter between the emission and transmission energy windows.

The transmission sources of the 2HS, 153Gd, has a relatively short half-life (242

days). The down scatter correction appears to become more and more

inadequate as the 1S3Gd transmission sources decay (Fig. 6). Similarly, the

errors in the attenuation maps may increase when higher patient doses are

introduced, for example in order to perform attenuation corrected gated

myocardial SPECT studies.

Attenuation correction with the 3HS has been shown to decrease the

underestimation of viable myocardium in 99mTc-tetrofosmin SPECT, using 18F-

fiuorodeoxyglucose positron emission tomography as a reference [10]. Previous

clinical experience with the 2HS, programmed for attenuation correction but

without scatter correction, was negative for reasons which were understood (9).

Even after scatter correction was introduced unexpected results have been

reported. In subjects with low likelihood for ischemic heart disease Hendel et al,

using the same 2HS as in this study found gender differences even after

attenuation and scatter correction [11]. The size related differences in

attenuation and scatter correction found here might explain this gender

difference. Ficaro et al [12] found no gender differences after attenuation

correction using a different three headed gamma camera system. They could

construct a gender-composite normal database.

Further studies of normal materials and extended clinical studies should

only be performed with properly tested systems, as recently stated by Wackers

[13]. He proposed industrial preclinical testing based on phantom studies,

according to a standard defined by the professional society, to make it easier to

compare the performance of different systems.

Several commercially available SPECT systems allow attenuation

correction. However, most cardiac perfusion studies are performed without

attenuation correction even in centres having the equipment required, as
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reported by Corbett and Ficaro [14]. As further stated by these authors, negative

experiences with attenuation correction are common. They also question

whether commercial systems have been adequately tested. The present study

shows that while the 3HS provides satisfactory attenuation correction in this test

situation, the correction algorithm used in the 2HS is clearly inadequate and

will produce erroneous results especially if applied to heavy patients. Until all

manufacturers take their full responsibility for technical testing, independent

users need to perform complementary verifications of system performance.

In summary we have used a simple test protocol to identify important

differences in the attenuation correction performance of two SPECT systems. It

needs to be underlined that a study of the present nature does not include all

questions related to a systems usefulness in clinical practice, such as

economical and practical aspects, and does not unequivocally show that the

better performing system fulfils all requirements for a particular application.

Since we study a "black box" system we can not exactly identify, or correct, the

observed errors in performance. The test protocol represents a basic step of

evaluation prior to the more complex clinical trials, which are also required.
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