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NON-UNIFORMITY INDUCED ARTIFACTS IN SINGLE-PHOTON
EMISSION COMPUTED TOMOGRAPHY

B. AXELSSON, A. ISRAELSSON and S. LARSSON

Emission computed tomography (ECT) with ro-
tating gamma cameras is being increasingly used for
nuclear medicine examinations. The diagnostic ac-
curacy of the technique has been found to be superi-
or to conventional scintigraphy for several applica-
tions (BERGSTEDT et coll. 1981, BIERSACK et coll.
1982, GO et coll. 1982) but might, however, be im-
paired due to image artifacts. For example, the con-
trast enhancement achieved with the technique will
impose high demands on the gamma camera as re-
gards uniform response over the entire detector sur-
face (LARSSON 1980, SOUSSALINE et coll. 1981). A
deviation from uniformity in the field of view of the
camera will introduce an error in the same position
in the projection data in each view, i.e. a systematic
bad ray, which will cause ring artifacts in the recon-
structed image (SHEPP & STEIN 1977, KOWALSKI
1977).

Previous reports on the uniformity of gamma
cameras have mostly dealt with reasonable demands
for conventional scintigraphy (COHEN et coll. 1976,
HASMAN et coll. 1976, TODD-POKROPEK et coll.
1977, MUEHLLEHNER et coll. 1981). Modern gamma
cameras without on-line correction have a non-uni-
formity below ~35 per cent (rms) within the useful
field of view and this is mostly regarded as satisfac-
tory for conventional scintigraphy. However, for
ECT it may not be sufficient in order to obtain
accurate results.

Therefore the abundance and magnitude of arti-
facts appearing in the reconstructed images due to
uniformity defects in the field of view of the gamma

camera were investigated. The transfer of defects
from projection data to the reconstructed image has
been analysed by means of computer simulations.
Changes of uniformity due to various factors such as
choice of flood source configuration and camera
head orientation, and their influence on the recon-
structed image, have been evaluated from phantom
measurements. The equipment used was a GE 400 T
gamma camera operating with the SPETS-system
for ECT (LARSSON). The results obtained have been
used to design a uniformity correction technique
that will greatly reduce the non-uniformity induced
artifacts in the reconstructed image.

Computer simulations

A deviation from uniformity in the field of view of
the gamma camera disturbs the projection data in
the same position in each angle of the acquisition
investigation (a ‘systematic bad ray’). The origin of
systematic deviations in the projection data is main-
ly twofold: (a) mainly low frequency variations due
to non-linearity and sensitivity variations in the field
of view of the gamma camera, and (b) high frequen-
cy variations induced by statistical uncertainties in
the conventional inverse flood field matrices used
for non-uniformity correction. Even small errors
introduced from statistical uncertainties might be of
importance due to the enhancement of high frequen-
cy components in ECT (ROGERS et coll. 1982).
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Fig. 1

Fig. 1. Image reconstructed from simulated data. Simulated pro-
jection data contained 2 per cent defect, one pixel wide, 4 pixels
from center of rotation.

Fig. 2. Artifact amplitude in the reconstructed image for a defect
in projection data at different distances from the center of rota-
tion. a) Defects one (+—+) and two (O—O) pixels wide ramp
filter and nearest value interpolation, b) defect one pixel wide;
(+—+) ramp filter nearest value interpolation; (@—@) filter 2,
nearest value, interpolation; (O—O) filter 2, linear interpolation;
(x—x) filter S, nearest value interpolation.

Systematic bad ray. The transfer of small defects
from projection data to the reconstructed image was
examined from computer simulations of ideal data
from a cylindric object with 30 pixel radius corre-
sponding to a real object radius of 18 cm. The same
projection data were used for all 64 angles in the
reconstruction. The simulations did not consider
effects of scatter, attenuation etc., i.e. a pumeric
analysis of the artifact enhancement by the recon-
struction technique. The reconstructions were per-
formed using the ramp filter with nearest value in-
terpolation. Positive defects of 2 per cent of the
ideal data, one and two pixels wide, respectively,
were introduced in the projection data at different

60 1
D
¥ a0
L4
o
3
e o
©
S 201 V¢
o ]
s —
° \o Tt
J e
\O — .
D
\o_o\
(e}
T T T T Al
5 10 15 20 25
distance from center (pixel)
Fig. 2a
254 ¢
e
Azo—'\\
= o+
- -_'\ \
o RN
- \
5 159 1Y
201N Y~
S P \
© “'- \. *
» 104 b" ~\.\ \¢
e =, \.'\\ \
© u’ ~,
t \.\
- e,
b= /\ O \\\ + +
51 « *\ ------ e ~.
— T ———— .
* | Ormmmemtmnanann
—_—— Y

5 10 15 20 25
distance from center (pixel)

Fig. 2b

distances from the center of rotation. An example of
the reconstructed images is presented in Fig. 1. The
maximum artifact was evaluated as the maximum
deviation (positive or negative) from the mean since
a positive defect in the projection data will create
both positive and negative ring artifacts in the re-
constructed image (cf. Fig. 1). The magnitude of the
artifact increases as the defect in projection data is
introduced closer to the center of rotation (Fig. 2a).
A 2 per cent defect two pixels wide at the center of
rotation will introduce an artifact of 54 per cent in
the reconstructed image while a defect one pixel
wide will give an artifact with about half that magni-
tude (25%). The smaller magnitude of the latter
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Fig. 3. Amplitude of positive (---) and negative (—) artifact in the
reconstructed image for different width of a + 2 per cent defect in
projection data. Images reconstructed with ramp filter (+) and
filter 5 (O).
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Fig. 4. Average artifact amplitude in the reconstructed image as a

function of noise level in simulated projection data.

Table 1

Average artifact amplitude with differ-
ent concentration ratio inside and out-
side cylinder

Concentration Average artifact
ratio amplitude (%)
1/1 S1

1/0.5 35

1/0.25 29

1/0.13 19

1/0 14

artifact is due to addition of opposed projections
before reconstruction (the arithmetic mean). Since
the center of rotation is defined to correspond to the
location between pixel 32 and 33 the defect will be
positioned in pixel 32 in one view and pixel 33 in the
opposing view. Therefore a defect (two pixels wide)
located in pixels 32 and 33 represents the ‘worst
case’. For lager distances r, from the center of

rotation the magnitude of the artifact is reduced
approximately as r~ ' with distance in accordance
with theory (SHEPP & STEIN).

The use of more smoothing filters, as well as
linear interpolation instead of nearest value interpo-
lation will reduce the magnitude of the artifacts (Fig.
2b). The filters used are the ramp filter and modified
versions of the filter proposed by SHEPP & LOGAN
(1974). For v<v,= (2 a)~! the different filters have
the following expressions:

Filter 0 (ramp filter)

¢ W) =|v]
Filter 2
¢(v) = (0.9+0.1 cos 2rav) | STV
Jga
Filter 5
@) = (0.4+0.6 cos 27av) &ﬂj@

while all filters ¢@(v)=0 for v>v,

where v is the frequency and a is the sampling
distance. The influence from width and shape of the
deviations in the projection data was examined by
introduction of a positive defect (2 %) in the projec-
tion data, with the inner limit of the defect 4 pixels
(25 mm) from the center of rotation and with defect
widths from 1 to 10 pixels. The results are presented
in Fig. 3. Though the positive artifact magnitude is
reduced as the defect width is increased, the nega-
tive artifact magnitude is increased. The effect of
increased defect width on the maximum artifact
magnitude is therefore not marked. The reduction of
artifact magnitude for very small defect widths and
using the most smoothing filter function is due to
insufficient build-up.

Uniformity defects that are not caused by statisti-
cal uncertainties in the inverse flood field correction
matrix usually exhibit rather smooth variations.
This was simulated by a Gaussian shaped defect in
the projection data. The center of the defect was
located 6 pixels from the center of rotation. The
maximum amplitude was 2 per cent and the width
(FWHM) was 6 pixels. The artifact magnitude in the
reconstructed image was 5 per cent if filter 2 was
used. The artifact magnitude for a ‘square wave’
defect (2% defect, 6 pixels wide, center of defect 6
pixels from center of rotation) was 9 per cent. The
increased artifact magnitude in the latter case is due
to the enhancement of high frequency components
in the reconstruction.
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Fig. §

Fig. 5. Flood field image obtained with *’Co flood source and 50
mm of polystyrene between flood source and low energy general
purpose collimator.

Fig. 6. Example of reconstructed images from phantom. a) Sec-
tion with largest negative artifact, b) section with largest positive
artifact.

Object size. The magnitude of the artifacts in the
reconstructed image is proportional to the number
of sampling points per slice in each view (SHEPP &
STEIN). This also applies to the size of the object
containing radionuclide. Computer simulations with
different object diameters show that the artifact
magnitude decreases in proportion to the decrease
in object diameter. These simulations, however,
deal with an ideal situation with uniform activity
inside the object and no activity outside the object.
The influence on artifact magnitude from activity
outside a small object was investigated using phan-
tom measurements. A cylinder with 100 mm diame-
ter was positioned inside at the center of a larger
cylindric phantom with 300 mm diameter. The ratio
of the activity concentration inside and outside the

Fig. 6a

Fig. 6b

smaller phantom was varied and the magnitude of
ring artifacts close to the center of rotation in the
reconstructed sections were evaluated. The results
are presented in Table 1.

The table gives the average artifact amplitude, for
different concentration ratios. The average artifact
amplitude increases approximately in proportion to
the increased activity concentration in the large ob-
ject. When the activity concentration ratio is 1/1,
which corresponds to an object of 300 mm diameter,
the average artifact amplitude is ~3.5 times the
average artifact amplitude with activity only in the
small object (@=100 mm). This agrees reasonably
well with theory as mentioned.

Statistical accuracy of non-uniformity correction
matrix. When non-uniformity correction is per-
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Fig. 7. Energy shift in PM tube signal registered at the center of
the gamma camera with the camera in different angular positions,
(+—+) without p-metal shields, (O—O) with p-metal shields.

Table 2

Flood field images compared with flood field image obtained
with 3’ Co flood source

Flood source

Co + PTem FTem +
scatter scatter
Percentage of pixels
deviating more than
+3SD 7.0 14.4 19.0
Maximum deviation (%) 12.6 24.2 33.6

formed using multiplication with an inverse flood
field matrix. The accuracy of the correction factors
depend i.a. on the number of counts accumulated
per pixel. Poor statistical accuracy will introduce
one-pixel defects, corresponding to a systematic
bad ray, in the projection data as described (GULL-
BERG et coll. 1982, NOWAK et coll. 1982). In order to
simulate the appearance of artifacts in the recon-
structed image from the uncertainty due to counting
statistics in the inverse flood field matrix, noise was
introduced in the ideal projection data. The standard
deviation (SD) of the Gaussian distributed noise was
varied between 0.1 and 3 per cent and 10 sections
were reconstructed, using filter 2, for each noise
level. The average error (rms) in the reconstructed
sections as a function of the noise level is presented
in Fig. 4. In order to achieve an average artifact
amplitude in the reconstructed sections of less than
3 per cent rms (which is the same level of non-
uniformity as when this equipment is used for con-

ventional scintigraphy) more than 10000 counts/
pixel (SD of 1 %) should be acquired for the inverse
flood field matrix (total of ~30 Mcounts).

However, because of statistics, an SD of 1 per
cent implies a probability that the maximum defect
will be 3 per cent and as can be deducted from Fig. 2
a one pixel wide defect in the projection data with
an amplitude of 3 per cent will, when appearing
close to the center of rotation, introduce an artifact
of ~35 per cent in the reconstructed image. There-
fore, to reduce the possibility of disturbing ring
artifacts close to the center of rotation in the recon-
structed images it is desirable to accumulate at least
100000 counts/pixel in the inverse flood field ma-
trix. This will result in an average error due to
statistics of ~0.3 per cent (SD) and a 0.3 per cent
defect at the center of rotation will introduce an
artifact of 4 per cent in the reconstructed image.
This is, however, not always possible, due to limited
word length of the matiix, neither for the present
uniformity corrector of the GE 400T (12 bit memory
word, maximum of 4026 counts/pixel) nor for the
GAMMA 11 correction matrix (16 bit memory
word, maximum of 65535 counts/pixel). A smooth-
ing of the inverse flood field matrix to achieve a
reduction of the statistical uncertainty might intro-
duce systematic artifacts if the acquisition investiga-
tion not is smoothed in the same way (ROGERS et
coll.). Smoothing will, however, degrade the resolu-
tion in the reconstructed sections.

Measurements

Abundance and wmagnitude of artifacts. The
measurements were performed with a GE 400T
camera, operating with the SPETS-system for ECT
(LARSSON). The camera is supplied with a 64x64 12
bit word on-line non-uniformity corrector and the
PM-tubes (37) were individually shielded by u-met-
al.

The correction matrix was acquired using a *’Co
flood source, and the uniformity corrector was in
operation in all measurements. The uniformity of
the field of view of the gamma camera was investi-
gated using a conventional >’Co flood source and 50
mm of polystyrene between the flood source and the
LEGP (low energy general purpose) collimator (Fig.
S). No obvious non-uniformity defects were found
within the useful field of view. The rms error within
a diameter of 300 mm was *3 per cent.

Non-uniformity induced artifacts in reconstructed
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images were analysed by phantom measurements.
The phantom used was a plexiglass cylinder with
diameter 300 mm and length 150 mm filled with a
uniform solution of *Tc™. The central axis of the
phantom was positioned approximately at the center
of rotation and ECT was performed using the same
technique as is used in clinical examinations. The
acquisition time was chosen to assure an average of
4 Mcounts per angle in the 64 angle investigation.
Some examples of the images obtained are shown in
Fig. 6. The section with the largest ‘negative’ arti-
fact (—54 % compared with average within image) is
shown in Fig. 6a and the section with largest ‘posi-
tive’ artifact (+31%) in Fig. 6 b. Ring artifacts were
present in all reconstructed sections and the average
rms error within a diameter of 250 mm in 10 recon-
structed sections was £8 per cent.

Flood field sources. The pitfalls in using multipli-
cation with an inverse flood field matrix for non-
uniformity correction has been discussed previously
(PADIKAL et coll. 1976, LLEWIS et coll. 1978, WICKS
et coll. 1979, PiTT et coll. 1981). It is evident that the
non-uniformity depends on the choice of flood
source. The differences between flood-field matri-
ces obtained from different flood field sources with
this gamma camera were analysed using >’Co and
PTc™ flood sources with and without 5 cm of poly-
styrene between the source and the collimator.

The **Tc™ flood source used has a polystyrene
body 470 mm X 470 mm with a 435 mm diameter
cavity for the nuclide. The distance between the 5
mm thick plexiglass walls is 13 mm. The flood
source was clamped between flat plates during fill-
ing to avoid bulging.

Approximately 10000 counts/cell (64X64 matrix)
were acquired for each of the flood fields used. All
flood field images were normalized to the same
number of average counts/cell and compared with
the flood field obtained when the *’Co flood source
was positioned directly on the collimator, The com-
parisons were performed pixel by pixel, for each cell
within 250 mm diameter and the number of pixels
deviating more than +3 SD were recorded. The
results are presented in Table 2 together with the
maximum deviation recorded. Non-uniformity
changes were substantial in all cases. Since very
small changes in uniformity are to be detected the
uniformity of the ’Co flood source should be evalu-
ated (if such a source is used to obtain flood field
images) or care should be taken to have the flood
source in exactly the same position in each measure-

Table 3

Flood field images with gamma camera in different angular
positions compared with flood field image obtained with camera
in angular position 180°

Angular position (degrees)

0 90 200 270
Percentage of pixels
deviating more than
+3 SD 6.4 2.1 1.2 1.7
Maximum deviation (%) 8.0 5.8 6.0 6.8
Table 4

Flood field images obtained at different time
intervals compared with flood field image ob-
tained at time interval 0 to 80 min

Time interval Percentage of pixels

(min) - deviating more
than =3 SD
80-160 0.7
160260 1.0
260-380 1.5
380-540 1.4
540-780 1.2

ment if the results from different measurements are
to be compared.

The manufacturer usually only specifies a non-
uniformity of less than £5 per cent. The flood
source used was tested by acquiring two flood field
images with 90° rotation of the source between
measurements. Of the cells within 250 mm diameter,
2.3 per cent were found to deviate more than *3
SD. The maximum deviation was 2.7 per cent.

Changes in non-uniformity due to rotation of
gamma camera. It has been observed that the ener-
gy signal from the PM-tubes changes when the cam-
era gantry is rotated (LARSSON). This may be due
partly to interaction with magnetic fields, both the
earth magnetic field and fields induced by the sur-
rounding electric equipment and partly to gravita-
tional deformation of the dynode structures or
changes in the optical transmission from crystal to
PM-tube. The magnitude of the energy shift was
investigated using point sources directly on the col-
limator and a multichannel analyser to register the
energy signals. Measurements were made with and
without individual p-metal shielding around the PM-
tubes. The shields were cylinders covering the en-
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Fig. 8. Non-uniformity correction technique. Flood field 1 is used
to correct frame 63-2 in the 64 frame acquisition investigation,
flood field 2 to correct frame 3-6, and so on.

tire PM tube. Results obtained with the point source
at the center of the gamma camera are presented in
Fig. 7. Comparable results were obtained with the
point source in other positions. The u-metal shield-
ing is essential to avoid considerable changes of the
energy signal and thus non-uniformity of the field of
view during rotation of the camera. It is, however,
not obvious that the small energy shift recorded
with the p-metal shields around the PM-tubes will
produce noticeable changes of uniformity. This was
investigated using a >’Co flood source and 5 cm of
polystyrene fixed to the collimator surface. Flood
fields were obtained with the camera in angular
position 0°, 90°, 180°, 200° and 270°. Approximately
10000 counts/pixel were accumulated in each angle.
All images were compared pixel by pixel to the
image obtained with the camera in angular position
180°. The maximum deviation and the number of
pixels deviating more than +3 SD were recorded.
The results are presented in Table 3. It can be
deduced that rather small areas of the field of view
might show substantial changes in count rate de-
pending on angular position of the camera. Similar
results have been obtained with other cameras (JA-
HANGIR et coll. 1982).

The influence of a small energy shift in the PM-
tube signal, on non-uniformity, was also analysed
from two flood field images, (flood source >’Co +5
cm polystyrene, 10000 counts/pixel), acquired with

an increase of the high tension to the PM-tubes
corresponding to 2 keV between acquisitions (meas-
ured energy shift when rotating camera max. 2 keV
with shields). These flood field images were com-
pared pixel by pixel using the method described.
Twelve per cent of the pixels deviated more than +3
SD. The maximum deviation was 3.8 per cent. The
differences in the results obtained when the camera
was rotated compared with when the high tension to
the PM-tubes was changed depend on that when the
camera is rotated, not all PM-tubes are affected in
the same way.

Short- and long-term changes of uniformity.
Since even very small changes in uniformity will be
essential in ECT the stability of the gamma camera
as regards uniformity of the field of view should be
investigated.

The short-term stability is considered when it is
decided what magnitude of uniformity changes that
will not indicate the need to acquire a new flood
field image. The long-term stability is considered
when the periodicity of the uniformity check is de-
cided.

The short-term stability was analysed with a
PTc™ flood source (70 mm thick) and dynamic
acquisition. The acquisition time was 20 min per
frame for a total of 12 hours. The number of counts/
cell X frame was ~3 000 at the beginning. The inves-
tigation was divided into 6 different time intervals.
The frames within these intervals were added to-
gether. The time intervals were chosen so that the
average number of counts/pixel were approximately
the same in each interval (~12 000 counts/pixel). All
images were compared with the image from the first
time interval (0-80 min). The number of pixels devi-
ating more than +3 SD were recorded. The results
presented in Table 4 indicate that the short-term
changes of uniformity are very small.

The long-term stability was recorded from flood
field images (*’Co + 5 cm polystyrene) obtained
during a time period of ~6 months. During this
period the correction matrix for the uniformity cor-
rector was re-acquired twice. It is obvious that the
uniformity changed considerably when a new cor-
rection matrix was applied. Even without replace-
ment of the correction matrix the changes of uni-
formity were significant.

Proposed correction technique

The results presented have been used to develop a
special non-uniformity correction technique for
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ECT. A technique with 16 flood field images ac-
quired in equally spaced angles from 0° to 360° has
been tested (Fig. 8). The inverse flood field images
are used to correct the acquisition investigation.
The correction technique is described in greater
detail elsewhere (AXELSSON et coll. 1982). This
technique, using flood field images obtained with
PTc™ flood source + 5 cm polystyrene and 10000
counts/pixel X angle, was used to correct the phan-
tom experiments presented (Fig. 6). The time need-
ed to correct a 64 angle investigation is approxi-
mately 20 s. The images reconstructed after correc-
tion of the acquisition investigation are presented in
Fig. 9. The sections presented are the same as in
Fig. 6. No obvious ring artifacts exist.

Discussion

It is shown that even minor non-uniformity in the
field of view of the gamma camera might introduce
disturbing artifacts in the reconstructed image. The
magnitude of the non-uniformity and thus image
artifacts may vary considerably between different
gamma cameras partly due to local circumstances.
A proper non-uniformity correction technique
should be applied to avoid disturbing ring artifacts.
The flood field images used should be acquired with
scattering material between flood source and colli-
mator and with extremely good statistical accuracy.
Care should be taken to account for changes of
uniformity during rotation of the camera. Since
newly developed gamma cameras have a better sta-
bility it might, however, with these cameras, be
sufficient to use the same non-uniformity correction
matrix for all angles in the acquisition investigation.

The ECT system used has been in clinical use
since 1978, mostly for examinations of liver and
facial skeleton, but non-uniformity induced artifacts
that seriously disturb the reconstructed images have
only been observed in a few cases. This is, howev-
er, not surprising. In most examinations of the liver
neither the liver nor the spleen is close to the center
of rotation and thus the artifacts with the largest
magnitude are avoided. However, less disturbing
artifacts may be present (cf. Fig. 10). The figure
presents the same section of the liver reconstructed
without correction for non-uniformity (a) and after
multiple view non-uniformity correction (b). For ex-
ample, if the facial skeleton is examined the count
density in the central region is only about 30 per
cent of the count density in the skull. Since the

Fig. 9. Images (same sections as in Fig. 6) reconstructed after
correction of acquisition with 16 angle correction technique.

displayed image normally is normalized to the maxi-
mum count density a 20 per cent artifact in the
central region will result in a 6 per cent change in the
displayed count density. The effect of the non-uni-
formity correction is thus in most cases not discern-
ible, as is shown by the example in Fig. 10c and d.
However, the artifacts degrade the information con-
tent of the images without being observed as rings.
The effects may, however, be discernible if the im-
ages are subject to quantitative evaluation.

In 1978-1979 the system was equipped with a
MAXI I (a gamma camera without on-line uniform-
ity correction). Phantom experiments similar to
those presented showed less marked ring artifacts
than the present system although the level of non-
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Fig. 10. Investigation of liver (a, b) and facial skeleton (c, d).
Images reconstructed without non-uniformity correction (a, c)
and after multiple view non-uniformity correction (b, d).

uniformity was about the same. This might be due to
more smoothly varying uniformity in MAXI L
Measurements to investigate the magnitude and
abundance of non-uniformity artifacts have also
been performed on two GE 400T systems with 61
PM-tubes. The measurements and evaluation of the
results were done with the technique presented pre-
viously. One camera showed results comparable to
the 37 PM-tube camera used while the other camera
showed somewhat smaller artifacts (maximum arti-
fact amplitude 43% and average rms error within
250 mm diameter 6.2 %).

The uniformity must be checked periodically even
for very small changes in order to achieve the best
results from the non-uniformity correction. The
check periodicity should be high until the stability of

the system has been confirmed. Since the time to
acquire new correction matrices is quite long the
tolerance level (maximum tolerable non-uniformity)
should be determined in each case. It might be
reasonable to have different tolerance levels for the
area close to (for example within 5 pixels) the axis of
rotation and the peripheral parts of the camera as
was discussed for TMT by PARKER et coll. (1982).

SUMMARY

Changes of gamma camera uniformity due to choice of
flood source configuration and camera head orientation,
and influence of these changes on the reconstructed im-
age, have been analysed using phantom measurements.
The transfer of defects in the projection data to the recon-
structed image has also been investigated using computer
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simulations. The results indicate that the use of gamma
cameras for emission computed tomography will impose
higher demands on gamma camera uniformity than con-
ventional scintigraphy.
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