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The quality of the representation of some object by
an imaging device depends upon the magnitude of errors
introduced by the device. The Anger scintillation camera
possesses several components of such errors, mainly
limited spatial resolution, spatial distortion, and varia
tions in point-source sensitivity. Whereas the first is the
result of random processesrelated to random fluctua
tions in photon distribution, the latter two are the result
of systematic processes related to the camera's optical
and electronic design. These systematic errors may be
alleviated by either design changes or by additional data
processing. In this paper we address the elimination of
one of these problems, spatial distortion, by on-line data
processing.

Errors caused by variations in point-source sensitivity
and spatial distortion are apparent as nonuniformities
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in the field flood of a scintillation camera (1).
Variations in point source sensitivity (count rate) as

a function of position on the camera face are caused by
shifts in the average photopeak pulse height relative to
the energy-acceptance window. These variations can
result from an improper gain setting of a photomultiplier
as a result of incorrect tuning, or from electronic corn
ponent changes with time. They can also result from an
optical design where efficiency of light collection varies
as a function of position. This results in a difference in
photopeak pulse height between the photomultiplier
tubes. In a well-designed and properly tuned camera,
such variations in point-source sensitivity can be kept to
a clinically insignificant level of Iâ€”2%(2).

In the case of spatial distortions, nonuniformities re
sult from local count compression or expansion (3). To
be visually noticeable in an image of a line-pattern
phantom or a Smith orthogonal-hole-pattern, such dis
tortions must exceed several millimeters in spatial dis
placement; to be significant in clinical images, the dis
tortions must be even more severe. However, distortions
may cause unacceptable field-flood variations when the
displacement is less than a millimeter. As an example,
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A methodto correctfor the spatialdistortionsof gammacamerashasbeende
veloped.The methodconsistsof two parts:measuringspatialdistortionsandreps
sitioningeventsduringaccumulation.Distortionsaremeasuredusingapattern
consistingof parallel slits on 15-mm centers wfth slit-patternimagesobtainedin
two orthogonalorientations.Slit locationsare usedto determineX andV displace
ments.Inrepositioningcameraevents,XandVeventcoordinatesaredigitizedand
correctiondisplacementsadded.The procedureis implementedin hardwarethat
repositions each event in real time without introducing additional dead time.

Distortion removal offers considerable advantage over other uniformity-im
provementschemes,sinceit correctlycompensatesforthe majorcauseofnonuni
formity,spatial distortion.The methodmay be usedfor quantitativestudies,be
cause it doesnotchangethe numberof detectedevents.
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if a circular area 20 mm in diameter is compressed by 0.4
mm toward its center from all directions (as might be the
case over the center of a photomultiplier), the effective
area is reduced from 100 ir mm2 to 92 @rmm2. This
causes an 8% increase in count density, with a corre
sponding reduction in count density in the surrounding
area. Thus spatial distortions cause noticeable field-flood
nonuniformities well before displacements are visually
apparent in line-pattern images, and indeed are the
primary source of field-flood nonuniformities.

Common methods to correct for field nonuniformities
in scintillation cameras increaseor decreasethe total
counts acquired in a particular area using information
from previously acquired field floods (4,5). Such
methods do not correctly compensate for the primary
causes of nonuniformities and can lead to artifacts and
various related problems as described by others (1,2,6,7).
Nonuniformities due to variations in point-source sen
sitivity should be corrected using the â€œslidingenergy
windowâ€•technique (1,8), in which the energy window
is adjusted on an event-by-event basis to correct for local
variations in photopeak pulse height. Nonuniformities
due to spatial distortions should be corrected by re
moving the distortion and recording the detected event
in its appropriate spatial location (9_12,t).

In the following sections the principle of distortion
removal will be discussed in more detail, a particular
implementation described,t and its performance evalu
ated as a function of various parameters.

DISTORTION REMOVALâ€”PRINCIPLE

Spatial distortions are systematic errors in the posi
tioning of scintillation events. Such distortions are caused
by nonlinear changes in the light distribution in the
scintillator as a function of location. Since the linear
Anger camera arithmetic scheme is not adequate to
compensate for these effects, events are not recorded in
their true location. The resulting errors (less than 1.0
mm) are small compared with the event-to-event error
resulting from statistical uncertainties in the number of

C...,.

photons received by each photomultiplier. However,
these small distortions cause visible artifacts because the
displacements are applied to all events in a particular
region.

Since distortions are systematic and change slowly
with position, the errors can be corrected either through
event-by-event processing during accumulation or by
subsequent processing of the image.t For either tech
nique the displacements must be known accurately. This
can be achieved in three ways: by using a regular array
of point sources,t by using a line pattern as a substitute
for a point source (10â€”12),or by scanning a point source
across the field (13). Since the true location is known and
the actual (distorted) location in the image is measured,
a correction displacement can be calculated. This cal
culation is performed for all source locations in the field.
If these correction displacements are stored in a memory,
then for each event the X and Y coordinates can be
digitized, and the correction displacements can be added
to the original cootdinates to obtain the correct coordi
nates for the event.

To avoid introducing artifacts that are as severe as the
errors to be corrected, processing must be done quite
accurately. As stated above, displacements of 0.4 mm
can produce nonuniformities up to 8%; the accuracy in
the coordinate shift must therefore be a small fraction
of this distance. For example, consider a large-field
of-view camera with an active diameter of 400 mm and
a spatial resolution of 4 mm. To digitize an image from
such a camera without significant loss of resolution re
quires a digitization accuracy of 1/256 of full scale, or
8 bits in binary notation. The correction accuracy should
be 10%of 0.4 mm (namely, 0.04 mm, or 1/ 10,000 of full
scale)to avoidartifactsandreducenonuniformitiesto
below 1%, thus resulting in a desired accuracy of ap
proximately 13 bits in binary notation. Thus the dis
placement corrections need to be much more accurate
than the original X and Y image coordinates because
systematic errors that are only a small fraction of the
resolutiondistanceproducevisiblenonuniformitiesin
the field flood.

FIG.1.Blockdiagramofon-linedistortion
removal processor. X@,Y8are the coordi
nates as determined by the analog elec
tronics,andX@,Y@arethecorrectedco
ordinates.
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tube spacing is â€œ@-â€˜76mm. Within each 6-mm element, the
distortion corrections are bilinearly interpolated. The
normal bilinear interpolation equations can be rear
rangedand expressedin the following form

i@X= Ci + C2R@+ C3R@+ C4RxRy

L@Y= C5 + C6@R@+ C7.R@+ Cs.R@.R@

where /.@X4Y are the correction displacements, R@and
R@are the lower 6 bits (residuals) of the digitized signals,
and C1,C2, . . . ,C8 are the correction coefficients (see
Fig. 1). The lower 6 bits ofeach X and Y coordinate are
used for the interpolation within a 6-mm element using
multiplying digital-to-analog converters (MDAC).
These analog outputs are summed with the original X
and Y coordinates to give the true event locations.

The interpolation must be performed with sufficient
accuracy to avoid introducing artifacts. Note that this
implementation not only shifts a 6-mm element to a new
location, but also allows a change in size and shape of
each element, as shown in Fig. 2. Thus the count density
within a 6-mm element will be changed gradually. Hence
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FiG. 4. Standardcamera. Flood, sIft-pattern, and orthogonal-hole
phantomimages(5, 1.5,and 2.5 million cts, respectively),with and
wIthout correction. Nuclide was Co-57, and 20% energy window
was used.

x(n+4),y(m+4)

5(n),y(m) z(n+4),y(m)

FIG. 2. Exampleof Interpolationshowing four stored corner coef
ficient values and interpolatedvalues in 1/256 element size. Note
change in size and shape of elements.

DISTORTION REMOVALâ€”IMPLEMENTATION

Eventprocessing.Eventsarerepositionedin realtime
using a hardwired processor. Figure 1 shows a block di
agram of the electronics for distortion removal. The X
and Y coordinates are digitized in 12-bit analog-to
digital converters (ADC); the most significant 6 bits are
used as addresses to look up the correction coefficients
in a 64X64 matrix. Distortions in a scintillation camera
change only slowly with a frequency that is typically
directly related to the photomultiplier spacing. Thus it
can be assumed that the distortions change linearly from
element to element in a 64X64 matrix where each dc
ment represents approximately 6 mm and the tube-to
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FIG.3. Point-source sensitivityvariations. VariationIncount rate
across face of scinthlation camera measuredwith a point source
along:(A)Y axis; (B)45Â°diagonal;and(C)X axis. Percentdeviation
about mean Is plotted as a function of position. Dashedlines (- - -)
Indicateonestandwddeviation.NuclidewasCo-57and20% ener@ji
window was used.
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DISTORTEDCAMERA PARAMETRICVARIATIONS

I
TLâ€”201NARROW WINDOW

OFF PEAK TC-99

HIGH COUNT RATE GA-67

FIG.S.Parametric variations usinghighly distorted camera. Flood
Images with Tc-99m and (A) window width at 10%; (B) window
shiftedoft peak,5% abovecorrect energy (C)countrateof 75 Kcps
(low-count-ratemode);Floodimagesof (D)Tl-201,(E)Tc-99m,and
(F)Ga-67.Fivemillioncountswere accumulatedforeach image.

tamed from the average slit spacing and the measured
locations give the displacement values in both X and Y
directions in an array of two 27 X 64 matricesâ€”i.e.,a
measured value every 15 mm across a camera diameter
of 400 mm. These matrices of displacement values are
expanded to 64 X 64 matrices using a cubic spline curve
fitting routine. This interpolation is justified as long as
the spatial distortions change gradually from one pho
tomultiplier center to the next, or gradually over the face
of the camera (edge packing and barrel distortion).

Second, the displacement values are refined through
the use of field-flood images in which distortions appear
as elevated or reduced count densities. The values are
iteratively modified by using the gradient of the cor
rected flood-field intensity as an indicator ofthe direction
and strength of the residual distortion at each point
(14). This second step is necessary for two reasons: (a)
the X and Y distortions are coupled and cannot truly be
measured independently by the line pattern; and (b) the
15-mm sampling distance (slit spacings) may not be
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FiG. 5. Highly distorted camera Flood, sIft-pattern, and orthogo
nal-hole pattern images (5, 1.5, and 2.5 millIon cts, respectively),
with andwIthoutcorrection. NuclidewasTc-99m, and 15% energy
window was used.

the system avoids sudden changes in density between
elements, which would otherwise be perceived easily in
the final image.

Coefficient calculation. To obtain the distortion
coefficients, a method consisting of two parts is used.
First, the distortions are measured using a lead mask, 3
mm in thickness, with 1-mm parallel slits cut every 15
mm over the useful diameter of the camera. This pattern
is placed on the crystal and can be accurately rotated 90Â°
to obtain distortion measurements in both X and Y di
rections. Image data are digitized and stored in a
256 X 256 matrix; sufficient counts are accumulated to
achieve a peak count of approximately 2,000 cts for each
peak. The location of the peak is determined by linear
interpolation between the points surrounding the half
height value. While it would be more accurate to fit a
curve to all the data points, we have found that using only
data points near the half-height value does not introduce
significant errors given adequate counts. From the
measured peak locations, an average slit spacing is cal
culated.The differencesbetweenthetruelocationsoh
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adequate to measure localized distortions.
The correction coefficients C1, C2, . . . , C8 are then

calculated from the displacement values. This last step
is equivalent to rearranging the bilinear interpolation
formula.

PERFORMANCE

Applying distortion removal as a form of uniformity
correction assumes that sensitivity variations are small
and that distortions are the major cause of nonunifor
mities. Figure3 shows typical count-rate profiles across
the face of a well-tuned scintillation camera at various
angles, as measured with a point source. At each point
the data were accumulated for 10 sec at a count rate of
â€˜@â€˜6300cps. The values are expressed as percent deviation
from the mean. As can be seen, the variations are well
belowÂ±2%.It mustberealized,however,that thisre
sponse is a function of the camera design and will vary
among cameras from different manufacturers.

To test the method, images were obtained from two
cameras. One camera was an unmodified large-field
cameraâ€•and the second was a highly distorted, â€œworst
caseâ€•camera obtained by modifying the light pipe. Care
was taken to ensure that energy and sensitivity variations
were minimized by properly tuning the cameras and by
accumulating data with a symmetrical window. Images
of flood, slit pattern, and orthogonal test pattern are
shown for each camera with and without correction
(Figs. 4 and 5). The flood images contain S million
counts to ensure demonstration of even minor variations
in uniformity. Tube-centered areas of increased activity,
visible in the uncorrected images from the highly dis
torted camera, are not present in the corrected images.
This indicates that these areas result from spatial dis
tortions rather than sensitivity variations. Improvements
with the standard camera, although not as dramatic, are
visible, indicating that distortion removal can be valuable
when used with present cameras as well. For each flood,
integral and differential uniformity parameters were also
calculatedaccordingtoNEMA specifications(15), and

TABLE2. NEMAUNIFORMITYMEASURESVS.
PARAMETRICVARIATiONS

Window width
10%
15%
20%

Window shift
â€”5%

0%
+5%

Count rate
25 K cps
50 K cps
75K cps

Nuclide
TI-201
Tc-99m
Ga-67

6.9 6.2 3.9 3.9
6.7 5.5 4.0 4.0
6.4 5.9 4.3 3.6

9.3 6.9 6.6 4.8
6.7 5.5 4.0 4.0
9.0 7.7 5.2 5.2

6.3 6.0 4.1 4.1
6.4 6.0 4.7 3.9
8.0 6.8 4.9 4.8

9.1 8.1 4.9 4.9
6.7 5.5 4.0 4.0
6.4 5.6 3.9 3.9

â€¢UFOV = useful field of view.
t CFOV = central field of view.

are tabulated in Table 1.
A number of parameters can influence the distortions

in the camera and therefore the accuracy of the correc
tion. While it is possible, of course, to obtain sets of
correction coefficients that match clinical conditions, it
is highly desirable to choose a camera design such that
a single set of coefficients is suitable over a wide range
of conditions. The following parameters were investi
gated in detail:

1. Variations as a function of energy window
width.

2. Variations as a function of window position (i.e.,
offset windows).

3. Variations as a function of count rate.
4. Variations as a function of photon energy (nuc

lide).
Figure 6, which shows examples of field floods from the
â€œworst-caseâ€•camera, demonstrates that flood uniformity
is largely impervious to parametric variations. Note that
all floods were obtained without changing the set of
distortion coefficients. Integral and differential unifor
mity parameters were also calculated and are tabulated
inTable 2.

Studies are currently under way to determine the
frequency with which a new coefficient set would have
to be calculated. We have not found any deterioration
of a camera flood after 6 mo ofcontinuous operation. We
have also dismantled a camera, moved it, and set it up
again in a new location, and found that the coefficient
set did not need to be updated. These preliminary studies

TABLE1. NEMAUNIFORMITYMEASURES
FOR UNCORRECTEDAND CORRECTED

FLOODS

Standardcamera
Uncorrected
Corrected

Highlydistorted camera
Uncorrected
Corrected

16.0 6.8 9.3 3.9
4.0 3.6 4.1 2.9

13.7 13.5 12.1 12.1
6.7 5.5 4.0 4.0

â€¢UFOV = usefulfieldof view.
t CFOV = central field of view.
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indicate that recalculationof the coefficientsetneedsto
be done very infrequently if at all.

SUMMARY

The flood uniformity of scintillation cameras has been
improved significantly through on-line distortion re
moval. This approach repositions each event to its true
location and thus corrects for systematic errors, rather
than compensating for such errors by adding or sub
tracting counts, as is done in other techniques. The
method has been found to be stable with respect to
parametric variations, such as energy-window width,
energy-window position, count rate, and photon energy.
While it is possible to update the distortion coefficients,
this has not been necessary in our experience.

FOOTNOTES

t Muehllehner G: Radiation imaging device. US Patent No.

3745345,July 1973.
I Incorporatedin the SearleRadiographicsZLC camera.
I SearleRadiographics,LFOV 1979.
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