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Abstract. The aims of this study were (a) to determinetration of SPET to SPET and SPET to MRI studies is re-
the true focal length of a fan-beam collimator and (b) toquired.
calibrate image size (mm/pixel) for each collimator to
permit inter-comparison of image data acquired on dif-Key words:Fan-beam collimator — Single-photon emis-
ferent gamma camera systems. A total of six fan-bearsion tomography — Quality control
collimators on three dual-head gamma camera systems
were evaluated using a set of four cobalt-57 point sourcEur J Nucl Med (1999) 26:314-319
markers. The markers were arranged in a line in the
transverse plane with a known separation between them.
Tomographic images were obtained at three radii of rota-
tion. From reconstructed transaxial images the distance
between markers was measured in pixels and used to dgitroduction
termine pixel size in mm/pixel. The system value for the
focal length of the collimator was modified by up to Fan-beam collimation was first described by Jaszczak et
+100 mm and transaxial images were again reconstruck]. in 1979 [1]. The primary advantage of a fan-beam
ed. To standardize pixel size between systems, the apollimator is the 1.5- to 2-fold increase in sensitivity it
parent radius of rotation during a single-photon emissiomffords over a parallel hole collimator of comparable res-
tomography (SPET) acquisition was modified by changolution. Over the past 10 years fan-beam collimators
es to the effective collimator thickness. SPET images ohave become widely available and are now used primari-
a 3D brain phantom were acquired on each system ang in tomographic studies of the brain and heart. Despite
reconstructed using both the original and the modifiedheir wide clinical use, no simple techniques exist that
values of collimator focal length and thickness. Co-regpermit evaluation of the geometrical characteristics (fo-
istration and subtraction of the reconstructed transaxiadal length, collimator asymmetry) of fan-beam collima-
images was used to evaluate the effects of changes ifrs. The reconstruction (rebinning) software uses colli-
collimator parameters. Pixel size in the reconstructegnator focal length in conjunction with the acquisition
image was found to be a function of both the radius ofadius of rotation to correct for the magnifying effects of
rotation and the focal length. At the correct focal lengthithe collimator. An incorrect value for the focal length
pixel size was essentially independent of the radius ofyill change the true magnification factor for the image.
rotation. For all six collimators, true focal length dif- Hence, collimator focal length directly affects the abso-
fered from the original focal length by up to 26 mm. jute size of the image pixel and consequently the
These differences in focal length resulted in up to 6%mm/pixel calibration factor for the image. This can be
variation in pixel size between systems. Pixel size beimportant in a number of situations. For multidetector
tween the three systems was standardized by altering tRgstems, uncorrected differences in the focal lengths of
value for collimator thickness. Subtraction of the co-regthe fan-beam collimators will result in the summation of
istered SPET images of the 3D brain phantom was sigjata sets of different sizes with consequent blurring of
nificantly improved after optimization of collimator pa- the tomographic data. If the single-photon emission to-
rameters, with a 35%-50% reduction in the standard denography (SPET) data are to be co-registered with the
viation of residual counts in the subtraction images. Ipatient’s corresponding magnetic resonance (MR) study
conclusion, we have described a simple method for mear SPET study acquired on a different system, errors in
surement of the focal length of a fan-beam collimatormm/pixel calibration factor will reduce the accuracy of
This is an important parameter on multidetector systemgne co-registered images.
for optimum image quality and where accurate co-regis- The aims of this study were to describe a simple tech-
nique for the measurement of the focal length of a fan-
Correspondence toM.K. O'Connor, Section of Nuclear Medi- beam collimator and to standardize tomographic pixel
cine, Charlton 2N-213, Mayo Clinic, Rochester, MN 55905, I ISA size between different gamma camera systems.
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Materials and methods 2 T—

We evaluated three sets of low-energy ultra-high-resolution fa
beam collimators designed for use on large-field-of-view dua / \
headed gamma camera systems. All collimators were of cast ¢ /
struction and were originally manufactured by Nuclear Fields (£ , \
Mary’s, NSW, Australia) for Elscint Inc. The collimators were in- / \ f
stalled on two Elscint Helix systems (systems 1 and 2) and o / \
Elscint Varicam system (system 3) (Elscint, Inc., Haifa, Israel ,
All six collimators had a nominal focal distance from the foce / ® T
line to the collimator surface of approximately 350 mm, with . /
field of view of 535 mm along the-axis and 250 mm along the , O_’ f-— \
axis. Distance from the collimator surface to the surface of tl /
crystal was 57 mm for all the collimators, giving an effectiv / r
nominal focal length of 350+57=407 mm. Actual values for th , \
collimator focal length were set by the manufacturer during inste / ? \
lation and are listed in Table 1. A prerequisite for this study wi 7
the ability to modify the system file containing the fan-beam p: [[[W/Z[Mﬂ “ HM\\\\\\\N} N&S&
rameters. Figure 1 illustrates the four variables that could be
by the user in the system parameter file for each fan-beam colliFig. 1. Schematic diagram illustrating the various fan-beam colli-
mator and the corresponding acquisition header file. The ability tgnator parameters that affect image size. These famistance
edit the acquisition header file allowed us to reconstruct the samgom focal line to collimator surfaces, collimator thicknessy,
acquisition data set multiple times with different parameters. distance from center of rotation to collimator surface; @raffset
For calibration of collimator focal length, a set of four cobalt- of focal line from center of rotation. For data reconstruction, colli-
57 point source markers (1 mm active diameter, with approxi-mator focal length $+c, and radius of rotation F=c
mately 3.7 MBg/source) were taped to a 15-cm-diameter plastic
disk. The disk was placed in the headrest of the gamma camera so
that the markers were perpendicular to the axis of rotation (£0.5°)
and all lay in the same transaxial plane with a separation of 5 croalibration factor and collimator focal length was plotted for the
between markers. Markers were positioned with an accuracy dhree studies acquired at different radii. Fourth-order polynomial
approximately 0.5 mm. Tomographic studies were acquired in dits were performed to the data points for each radius of rotation.
128x128 word mode matrix over 360°. A total of 120 views wereThe focal length corresponding to the cross-over point between
acquired at 3° intervals in step and shoot mode. the three fitted curves yields an identical mm/pixel factor for all
For each collimator three acquisitions were performed at difthree radii of rotation. The focal length at this cross-over point
ferent radii of rotation. The smallest radius of rotation was thewas then selected as the optimum focal length for that collimator
minimum distance consistent with an unobstructed circular orbiin order to ensure that the mm/pixel calibration factor was inde-
around the markers and varied between systems due to differencpendent of the radius of rotation.
in the size and shape of the head holders. The following radii of The radius of rotation for a given acquisition comprises two
rotation were used: system 1: 9, 12, and 15 cm; system 2: 11.6, Tactors: the thickness of the collimator and the distance between
and 15 cm; and system 3: 13, 15, and 18 cm. The radius of rotdhe collimator surface and the center of rotatiorrfdr respec-
tion is computed differently between systems 1/2 and system 3ively in Fig. 1). We examined the effect of changes in the radius
For systems 1 and 2, it is computed as the distance from the centefr rotation on the mm/pixel calibration factor by changing the val-
of rotation to the collimator surface, while on system 3 it is com-ue for collimator thickness in the header file of the acquisition da-
puted as the distance from the center of rotation to the surface ¢& set. The value for the radius of rotation was modified over the
the crystal. For each acquisition the distances between the fouange +10 mm while the focal length was set at the optimum value
markers (in centimeters) were noted. described above. The modified planar data were then reconstruct-
All studies were reconstructed in an identical manner on an Eled as described above.
scint Xpert workstation (Version 5.1 software). A 1-pixel thick  To confirm the validity of the above technique for determina-
transaxial slice through the four markers was reconstructed usingon of collimator focal length, we performed tomographic acqui-
a standard filtered back-projection algorithm with a Metz filter sitions of a 3D volumetric brain phantom (Hoffman brain phan-
[power = 3; full-width at half-maximum (FWHM) = 6 cm]. The tom, Data Spectrum Corp., Hillsborough, N.C.) on all three gam-
value for the focal length of the fan-beam collimafec( Fig. 1) ma camera systems. The phantom was filled with approximately
was then modified (range = +100 mm from nominal value) in the185 MBq of technetium-99m and was well agitated to ensure that
header information of the acquisition file and the planar data weréhe9"Tc was thoroughly mixed throughout the phantom. On each
again reconstructed as described above. From each transaxial isiystem, the phantom was positioned in the head holder and the ra-
age, the distances between the markers (in pixels) were measurdulis of rotation set to that compatible with the smallest circular
by first obtaining linear profiles in both theandy directions  orbit around the phantom. Data were acquired in a 128x128 word
through each marker. Theandy location of the peak activity in mode matrix over 360° with 120 views. One-pixel-thick transaxial
each marker was obtained by the nearest neighboring techniquedices were reconstructed using a standard filtered back-projection
[2], and the separation in pixels between markers was obtained Blgorithm with a Metz filter (power = 3; FWHM = 6 cm). The val-
triangulation. From knowledge of the true distance between theles for collimator focal length and thickness were then modified
markers, three mm/pixel factors were calculated for each transaxin the header files of each acquisition based on the results of the
al image set and the mean value and coefficient of variation obmarker studies described above and the brain phantom studies
tained. For each collimator, the relationship between the mm/pixelvere again reconstructed.
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Following reconstruction, all transaxial data sets were export- 3.5

ed in Interfile format to a UNIX workstation. On this workstation, 33| T Dadus o Rotanon 9 cm
a commercial image analysis software package (ANALYZE 7.5,.3 31} —CF Radius of Rotation 15 cm

Biomedical Imaging Resource, Mayo Foundation, Minn.) was uti-& |
lized to compare the SPET images of the brain phantom acquireg 29 A

on the three systems. This software has been previously validatégl27 | "
in both phantom and clinical studies [3], and was used to compar‘§ 25|
transaxial images between system 1 and system 2 and betwegn, 5 |
system 1 and system 3, for both the default fan-beam paramete{_f‘fxs21 i
and the new parameters. The following processing steps were peg-"
formed for each system to system comparisorstép 1 the two E 197
data sets were co-registered using a 3D surface matching algo-1.7 |
rithm [4]. This algorithm uses the mm/pixel calibration factor em- 15 -
bedded in the image data to adjust for differences in pixel size be- 280 300 320 340 360 380 400 420 440 460 480 500

tween studies. listep 2 the co-registered data sets were normal- Collimator Focal Length (mm)

ized to the same total counts in the brain, with the median count ifig. 2. Relationship between image size (mm/pixel calibration

each study set to 100. &tep 3 the normalized co-registered data factor) and value for collimator focal length used in tomographic
sets were then subtracted on a slice by slice basis and the stand&gdonstruction, for studies acquired at three different radii of rota-
deviation of counts in the subtraction images was used to detetion. Results are shown for head 1, system 1 with a nominal colli-
mine the accuracy of the registration process [3]. mator focal length of 407 mm

Table 1. Default and calculated focal lengths for the six fan-beam

Results collimators.

Figure 2 plots the relationship between the mm/pixelsystem Default focal ~ Calculated focal length (mm)
calibration factor and the collimator focal length for the length (mm)

three radii of rotation. Results are shown for head 1 of Average Range

system 1, which had a nominal focal length of 407 mm:

Figure 2 indicates that the optimum value of the focalt: Head 1 399 380 377, 379, 382
length is approximately 380 mm. At this focal length, 1: Head 2 406 380 375, 381, 384
image size is essentially independent of the acquisitiof: Eggg; 285 ggg ggg’ ggg’ ggg
radius of rotation. Similar results were obtained for the; .11 398 423 415: 423: 430

other five collimators. We found that for all six collima- 3. peaq 2 398 415 397, 417, 432
tors, no unigue cross-over point could be identified. The
average of the three crossover points was used to deter-

mine the optimum collimator focal length. For the six Table 2. Values of the mm/pixel calibration factors obtained using
collimators, Table 1 presents the default focal length, thene calculated average collimator focal length, and standardized
focal lengths at the cross-over points, and the optimurmalues of the mm/pixel calibration factors after adjustment of the
focal length based on the average of the three cross-ovegllimator thicknes::

points. The original mm/pixel calibration factor for each
system was 2.2 mm/pixel. Table 2 presents the mm/pixefYStem
calibration factor for each collimator at the optimum fo-
cal length. The average value of the coefficients of varia-

mm/pixel calibration factor Adjustment
in collimator
Calculated Standardized thickness (mm)

tion from the three acquisitions was 1.33%. This error in. pead 1 206 215 +9.2 mm
the measurement of the mm/pixel calibration factor was: Head 2 211 2.15 +3.9mm
due primarily to the error in determining the exact physi-2: Head 1 2.21 2.15 -5.2 mm
cal location of each marker. 2: Head 2 221 2.15 7.6 mm
For all three systems, there are slight differences be3: Head 1 221 2.15 —-6.5 mm
tween the calibration factors from head 1 and head 8:Head2 2.27 2.15 -10.3 mm

While these slight differences in image size (<2%) will
have minimal impact on overall image quality, it is often
desirable to adjust all heads to yield images of the samen the mm/pixel calibration factor for head 1 on system
size. Fine adjustment of image size can be accomplished The results show that this factor is still dependent to a
by changing the effective radius of rotation. As statedsmall degree on the radius of rotation, possibly due to
above, the radius of rotation comprises two componentshe lack of a single cross-over point. Using the average
a fixed component representing collimator thickness angalue of the mm/pixel calibration factor for the three ra-

a variable component that is determined by the acquisdii of rotation, Fig. 3B shows the comparable results for

tion geometry. Modifying the collimator thickness all six collimators. Hence with appropriate adjustments

changes the effective radius of rotation. Figure 3A showso the radii of rotation, it is possible to standardize the
the effect of changes in the effective radius of rotatiormm/pixel calibration factor between the three gamma
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camera systems. Table 2 compares the calibration factors
obtained with the cross-over point with those obtained
after modification to the effective radius of rotation, to-
gether with the necessary change to the apparent colli-
mator thickness. Identical calibration factors for all six
collimators permit inter-comparison of images acquired
on the three systems.

Figure 4 compares the co-registered images before
and after adjustment of the collimator focal length and
effective radius of rotation. With the default parameters
the subtraction images showed a bright ring around the
edges indicating a mismatch in image size (Fig. 4A). Re-
analysis of the data sets using the optimal focal lengths
and radii of rotation significantly reduced the magnitude
of the mismatch between the images (Fig. 4B). However,
there is still a subtle dark or bright rim around some of
the images, indicating some residual mismatch. This
may be due to the presence of a focal zone, rather than
focal point, for each collimator, making it impossible to
completely eliminate registration errors between images
acquired on different systems. The standard deviation of
counts in the subtracted images between system 1 and
system 2 was reduced from 22.7 to 14.5, and that be-
tween system 1 and system 3 was reduced from 31.7 to
15.2. These results show that the new parameters signifi-
cantly improved the correlation between image data ac-
quired on the three systems. Figure 5 illustrates the ef-
fect of changes in collimator focal length on image size.
Results are shown for system 3 using the default and cal-
culated focal lengths.

Fig. 3. A Effect of changes in the apparent system radius of rota- Opn gne collimator (head 1, system 3), it was noticed

tion on image size (mm/pixel calibration factor) for studies ac-
quired at three different radii of rotation on head 1 of system 1

B Adjustments to the radii of rotation required to obtain the sam
mm/pixel calibration factor on all six collimatc.rs

e

that the reconstructed point source images were semilu-
nar in shape, consistent with the type of distortion ex-
pected from a center of rotation error. This may have
been the result of asymmetry in the focal plane of the
collimator. The application of a small center of rotation
offset in the fan-beam parameter file for that collimator
corrected this distortion.

Fig. 4. Subtracted transaxial images of the brain from studies acquired on systems 1 and 2 using original fan-beam payameéteps (

timized fan-beam parameteiB)( Gray background represents zero counts. Bright and dark regions represent positive/negative differences

between image:s
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Fig. 5. Transaxial slice through the brain phantom obtained using defguénd calculatedR) focal lengths for the fan-beam collima-

tors on system 3. The effect of these minor changes in focal length on image size is shown in the subtracti@) {icelgeldted-
default). Gray background represents zero counts. Bright and dark regions represent positive/negative differences beteen image

Discussion process need only be performed once on each collimator
to accurately characterize it.
The gamma camera collimator is the most critical com- With current manufacturing techniques there is a lim-
ponent of the imaging chain in terms of image quality.it to the accuracy with which collimator hole angulation
For tomographic imaging, an important aspect of thecan be set. For parallel hole collimators, this value is
collimator is hole angulation. Variation in this parametertypically +0.25° and is likely to be larger for fan-beam
over the detector field of view leads to changes in thend cone-beam collimators. Simple geometry shows that
center of rotation and blurring of the reconstructed imfor a fan-beam collimator with a field of view of
age data. While a number of studies have described tec635 mm and focal length of 350 mm, this variation in
nigues to measure collimator hole angulation [5, 6]hole angulation will result in variations in focal length of
none of these techniques are applicable to non-parall&d3 mm at the edge of the field of view and £5 mm mid-
hole collimators. For fan-beam and cone-beam collimaway between the center and edge of the field of view. In
tors, hole angulation is intimately related to the focalthis context, the results in Table 1 are not unexpected
length of the collimator, as variations in hole angle overand are consistent with the limitations of fan-beam tech-
the field of view will alter the focal point, essentially nology. The results in Table 1 show that none of the six
creating a focal zone. Increasing the deviation of holeollimators had a single well-defined focal line, but
angles from their correct values will increase the size o€ame to a focal zone. These results are consistent with
the focal zone. An estimate of collimator hole angulationthose of Liu et al. [7], who found variations (1 SD) of
in fan-beam or cone-beam collimators could be obtaine8-26 mm in the focal line of fan-beam collimators. The
from the evaluation of image uniformity from a line or presence of a focal zone rather than a focal line will alter
point source placed at the focal line or focal point. How-image size as a function of the position of an object in
ever, this technique would require the development ofhe field of view. Consequently for a fixed object, this
software to quantitate the deviation of uniformity from will result in changes in image size as a function of radi-
that expected based on collimator characteristics. Fans of rotation, even when the optimum focal length is
fan-beam collimators, Liu et al. [7] have described a plaused (Fig. 3). As shown in Fig. 4B, this makes it is diffi-
nar technique for estimation of collimator focal lengthcult to accurately co-register images acquired with dif-
based on trigonometrical analysis of the true versus mederent fan-beam collimators.
sured location of a series of point sources placed at a On a single detector system, minor errors in collima-
fixed distance from the collimator face. This technique istor focal length have little impact on image quality.
in essence a variation of that described by Busemanmowever, on multidetector systems, mismatch in focal
Sokole [5] for the evaluation of parallel and slant-holelength will result in the addition of images of different
collimators and relates variations in hole angle to changsizes. With the increasing use of co-registration tech-
es in the collimator focal point. This technique does reniques (SPET to MR and SPET to SPET) in brain imag-
quire accurate knowledge of the exact physical locatiofing, accurate knowledge of image size is essential. With
of each point source relative to the crystal face. In thiproper calibration of image size, the standard deviation
paper we have described a simple technique for accuraté counts in the subtracted images was reduced to
calculation of collimator focal length that can be usedl4%-15%. These values can be compared with results
with any gamma camera system. The only prerequisite igreviously reported from this laboratory using the same
access to the system parameter files that contain the vaBb brain phantom imaged a number of times on the
ous collimator-specific factors. The main disadvantagesame system with repositioning between studies [3]. Val-
of the technique is that it does require multiple acquisiues for the standard deviation of 8%-10% were obtained
tions and reconstruction of the data at different radii ofin that study. While co-registration of images acquired
rotation and collimator focal lengths. Fortunately, thison different systems is not as accurate as that obtained

European Journal of Nuclear Medicine Vol. 26, No. 4, April 1999



from images acquired on the same system, it still result2.

ed in a substantial improvement in the quality of the sub
tracted images (Fig. 4). Failure to account for differ-

ences in image size can lead not only to errors in thé

subtracted images, but also potentially to misregistration

of functional and anatomical information.

In conclusion, we have described a simple techniqug

for the evaluation of collimator focal length and the cali-

bration of image size. Accurate knowledge of fan-beam
collimator parameters is important in SPET to SPET and

SPET to MR co-registration studies.
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