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Design an Adaptive Quality Control Phantom to Optimize QC Test Methods
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Abstract: The main objective of this research is to introduce a newly developed device called as "Adaptive Quality Con-
trol Phantom" (AQCP) that designed to perform the QC tests. AQCP is a computer-controlled phantom which positions
and moves a radioactive source in the FOV of an imaging nuclear medicine device on a definite path to produce any spa-
tial distribution of gamma rays to simulate QC phantoms. To establish and prove the proper functionality as well as the
accurate performance of AQCP, different tests including systematic uniformity, collimator hole angulation and the center
of rotation tests have been conducted by this device and then the results, findings and differences of such testing when
comparing to what achieved by the QC classic method tests have been discussed and analyzed in detail in this paper. Ac-
cording to the different tests done by AQCP, the authors found that the performance of systematic uniformity test shows a
considerable reduction in the technologist dose compared to the IAEA-TECDOC-602 method. The collimator hole angu-
lation for LEHR, LEUHR and LEHS collimators were measured by using a point source and the computer-controlled cy-
lindrical positioning and the results achieved indicate that the measurement accuracy for absolute angulation errors was
better than 0.018 degrees. A method for center of rotation assessment by AQCP was introduced, the results of such pro-
posed method compared to the routine QC test and their differences have been discussed in detail. Based on all discussed
in this paper regarding AQCP, the authors suggest that their presented device would be able to simulate QC phantoms.
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INTRODUCTION

Single Photon Emission Computerize Tomography
(SPECT) has a number of advantages over conventional Nu-
clear Medicine (NM) imaging: Contrast improvement and
Total volume imaging [1-6]. In order to realize these advan-
tages, rigorous QC procedures must be performed on a rou-
tine basis. Important considerations for tomography, unlike
planar imaging, include flood field uniformity and Center of
Rotation (COR) correction/verification and Collimator Hole
Angulation (CHA) [1,4,7,8].

The flood field uniformity of a scintillation camera is the
ability of the camera to produce a uniform image when ex-
posed to a homogeneous spatial distribution of gamma rays
[9,10]. The extrinsic uniformity was assessed for any colli-
mator using a 10 mCi **™Tc flood phantom placed on any
collimator. The IAEA protocol for extrinsic uniformity ana-
lyzed Uniformity over the Useful Field Of View (UFOV)
with a flood image counting 1 to 3 million counts [5].

As we know, the intrinsic floods are often being used and
preferred than the extrinsic ones due to its lower radiation
exposure to the staff, the higher purchasing cost of flood
source or phantom as well as less experiment time when ac-
quiring the high count floods [10,11]. We tried to measure
systematic uniformity of gamma camera SPECT with lower
technologist dose by AQCP method.

For SPECT imaging, the angulation of the holes in paral-
lel hole collimator must be known in order to ensure its
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proper set up during a tomographic acquisition, i. e., its holes
must be perpendicular to the Axis of Rotation [2,4,6]. One
method for measuring CHA, which is a quantative method
and is used by the authors is the displacement of the image
of a point source that is examined as the source is moving
vertically away from the collimator face. To apply such
method, it is necessary to use a phantom like Adaptive Qual-
ity Control Phantom (AQCP) or jig to support the source at
two vertical distances from the collimator face to ensure that
the accurate alignment of the source is obtained [2,4]. We
tried to measure CHA of three low energy collimators with
more accuracy by AQCP method.

According to the IAEA-TECDOC-602 method for the
assessment of COR, the radioactive point source will be
placed at a distance R off the axis of rotation and a SPECT
acquisition through 360° around this point source will be
obtained [2,4,5]. For COR measuring, a 360 degree tomo-
graphic study must be provided by using a 64x64 matrix,
20% window and 64 projections. Each projection would re-
quire 50K counts acquisition [4,5,8]. In the IAEA-TECDOC-
602 method of COR evaluation, the constant shift of COR
correction would be measured and applied [8]. We tried to
measure dynamic mechanical rotation error of gamma cam-
era SPECT by evaluating the results of COR with IAEA-
TECDOC-602 and AQCP methods.

AQCP designed to perform a uniform set of procedures
that can be used for routine quality control of a scintillation
camera-based system. AQCP is an electromechanical device
designed to acquire the field uniformity, center of rotation
and collimator hole angulation by using some advanced
methods of position control [12-14]. For using AQCP to
simulate QC phantoms, the device moves a radioactive
source within the Field Of View (FOV) of the NM imaging

2007 Bentham Science Publishers Ltd.



2 The Open Medical Imaging Journal, 2007, Volume 1

device on a definite path to produce a three-dimensional arti-
ficial distribution of y rays [12-14]. AQCP, in deed, can be
used to optimize QC tests for the measurement of uniform-
ity, CHA and COR of SPECT.

MATERIALS AND METHODS

AQCP design and structure: AQCP is structured of
different parts comprising mechanical and electrical and is
equipped with hardware and software systems. From me-
chanical perspective, the cylindrical coordinates is chosen as
a pattern for the motion and simulation of AQCP [12,13]. A
combination of ball screw and reel system are used to posi-
tion the point source in any desired point in space with a
precision of 0.06mm (Figs. 1,2). Two step motors are used;
each is connected to a gear box and divides each complete
turn into 2000 steps (0.18 degree/step). The accuracy of step
motor is 10% (0.018 degree/step). To achieve the Z and 6
(two dimensions of the cylindrical coordinates), by the
AQCP software, the ball screw system was used (Figs 1,2).
Ball screw consists of a precise screw with a step of 1mm
and a wide nut (with length of 4cm). Another small nut was
put under the wide nut. The 6 parameter is adjusted by
changing the position of the small nut and fixing it to the
wide nut. When the small nut is open, the system can give
different Z's. So, in this system the Z and 6 can be adjusted
manually. To reach r (third dimension of the cylindrical co-
ordinates), the related motor (motor No. 1 In Fig. (1)) rotates
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the reel and the roll. A complete round of the reel (30mm) is
500 steps, as a result; the precision of transverse radius of
cylindrical coordinates (r) is 0.06mm. From electrical stand-
point, AQCP is equipped with two driver and actuator cir-
cuits of step motors which together with other parts help the
whole system function and operate properly and accurately.
AQCP's overall functions are being controlled by a software
interface that is developed to position the cylindrical coordi-
nates [13,14]. The user of the system would be able to define
and design a path for moving the radioactive source. The
software draws the path on the screen and analyzes the re-
sults of the experiment. The Haematocrit-capillaries with
external diameter of 1.5-1.6 mm and a radionuclide, i.e.
9mTe with high specific activity (more than 50 mCi/cc) were
used to make a point or a line source. A small drop of *™Tc
with a diameter of 1mm was used to make the point source
and a small amount of *™Tc was used to make the line
source with a length of 4 cm. The gamma camera SPECT
system under examination was SMV double-head gamma
camera model DSX-XL SPECT.

Planar system uniformity test: The planar system uni-
formity was assessed for the camera fitted with the Low En-
ergy High Resolution (LEHR) collimator with an energy
range of 60-140 keV and sensitivity 235 (cpm/uCi) as well
as using a 10 mCi ®™Tc flood phantom placed on the parallel
hole collimator. The IAEA protocol for systematic flood

Reel and roll x

Motor 2

Small nut

Ball screw

Fig. (1). AQCP mechanical section. Ball screw and Reel and roll systems were used to position the point source in any desired point in space
with a precision of 0.06mm. To get the Z and 6 the ball screw system was used. Ball screw consists of a precise screw with a step of 1mm
and with a wide nut (with length of 4cm). Another small nut was put under the wide nut. The 6 parameter is adjusted by changing the posi-
tion of the small nut and fixing it to the wide nut. When the small nut is open, the system can give different Z's. So, in this system the Z and 0
can be adjusted manually. To get r related motor rotates the reel and the roll.
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Fig. (2). Schematic drawing of a SPECT Center of Rotation (COR) and AQCP center of rotation (cor).

field uniformity analyzes Integral Uniformity (IU) over the
Useful Field Of View (UFOV) [5]. The IU represents the
maximum pixel count difference over the indicated field of
view expressed in percentage.

Integral Uniformity of uniform images can be measured
by using relation 1 given below:

IU = (Max-Min) / (Max+Min)*100 D

Here, Max and Min are Maximum and Minimum pixels
count within the UFOV= 0.95*FOV, respectively.

For measuring of the planar system uniformity with
AQCP, the line source is moved over the field of view in a
precisely defined condition as illustrated below:

Length of the source = 4 cm, Inner diameter of the source
< 1.6 mm activity 1 mCi, window: 20% and measuring dis-
tance source to collimator = 10 cm.

To irradiate all the pixels in a uniformly manner, the tim-
ing and speed of the motion as well as the delay time be-
tween 2 steps of step motors should be adjusted and to meet
this feature, a particular attention should be paid to the path
and the velocity of the moving source. Uniformity image
taken by AQCP method was evaluated by calculating 1U
parameter from relation No:1 same as the IAEA-TECDOC-
602 method.

The IU and absorbed dose of technologist have been ex-
amined while comparing with each other by the two afore-

described methods. The technologist dose was measured by
electronic personal dosimeter model DoseGUARD s 10 with
an energy range of 50 keV — 3 Mev.

Collimator Hole Angulation (CHA) test: For measur-
ing of the CHA with AQCP, the point source was positioned
in 140 point within the FOV under the following defined
conditions: length of the source <2 mm, Inner diameter of
the source < 1.6 mm, activity 200uCi of *™Tc, window:
20%. The CHA was evaluated for the camera fitted with 3
collimators including Low Energy High Resolution (LEHR),
Low Energy High Sensitivity (LEHS) and the Low Energy
Ultra High Resolution (LEUHR) collimators. The character-
istics of collimators shown in Table 1.

For each of those collimators listed above, two images
were taken at 140 different points of collimators with matrix
size of 256*256 at two vertical distances of Z1=10cm as
position 1 and Z2=13cm as position 2 from the collimator
and at each point of the collimators positions, the point
source was imaged for a total of 50k counts.

The data analysis of the two images are described in po-
sition 1 and 2 are initiated with application of a stand are
nine point smoothing kernel to reduce the random fluctuation
in the data. The approximate X and Y coordinates (COGX
and COGY) of each point source image is determined by
calculation of the centroids of each point source image from
relations 2 and 3[4,5].
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Table 1. Summary of Collimator Characteristics

Label Length (mm) Hole (mm) Septa (mm) Sensitivity (Cpm/puCi) System Resolution At 10 cm | Energy Range in keV

LEHR 46 2.032 0.152 235 8.0mm 60-140

LEUHR 47 1.778 0.127 176 7.1mm 60-140

LEHS 47 2.870 0.203 460 10.7mm 60-140
COGX=X i C(i,j) / =C(i,)) 2 rotation angle (0) was calculated by relation 7 [4]. The
COGY=% j C(ij) / =C(ij) 3) COGY offset should be independent of angle so almost a

Here, C (i,j) is count in pixel (i,j). For each of the 140
points of the collimators the CHAX and CHAY were deter-
mined by relations 4 and 5 [2,4,5].

CHAX=Arctan[K1xK2x(COGX(Z1)-COGX(Z2))] (4)
CHAY =Arctan[K1xK2x(COGY(Z1)-COGY(Z2))] (5)

In relation 4,5 K1= 1/ (Z1-Z2) and (Z1-Z2) distance be-
tween two images in mm (for all measurements 30+0.06mm)
And K2=Pixel size (mm/pixel).

The Root Mean Square (RMS) of CHA can be obtained
by:
CHA= (CHAX"2+CHAY"2) 70.5 (6)

Center of Rotation Test: According to the IAEA-
TECDOC-602 method for assessment of COR, the radioac-
tive point source is placed at a distance R off the axis of rota-
tion and a SPECT acquisition through 360° around this point
source is obtained [2,4,5]. The specifications of the point
source are as follows: length of the source < 2 mm, Inner
ggnq_rpeter of the source < 1.6 mm and activity 200uCi of

C.

For COR measuring, it was acquired a 360 degree tomo-
graphic study using a 64x64 matrix, 20% window and 64
projection. Each projection requires 50K counts acquisition
[4,8]. COGX and COGY were calculated in each projection
using relation 2 and 3 and offset error R(0) as a function of

linear plot should be obtained [4,8].
R(0) = [(N+1) — COGX(0) - COGX(6+180)]/2 @)
Here, N (matrix size) = 64.

In consideration of the specific characteristics of AQCP,
a new method has been introduced for COR assessment. In
this new method, the camera is holding in a fixed position
and AQCP moves the point source on the circle with radius
R. In the other words, AQCP rotates and positions the point
source on the AQCP's center of rotation (cor) with the radius
R (Fig. 2). For the assessment of COR in the AQCP method,
axis of AQCP rotation should be in parallel with the axis of
SPECT rotation. Offset error R_cor(6) of AQCP method is
calculated pursuant to the relation 7 same as what is done in
the IAEA-TECDOC-602 method.

RESULTS

Uniformity Test: The planar extrinsic uniformity over
the UFOV and the absorbed dose of technologist were meas-
ured in both the IAEA-TECDOC-602 and AQCP methods
and the results are shown in Table 2. The reproducibility of
IU was evaluated by analyzing 10 extrinsic flood acquisi-
tions with 2 million total counts. Uniformity check carried
out in 2-3 min in IAEA-TECDOC-602 method and in 5-7
min in AQCP method.

The mean (+/- S.D.) of 10 measurements of U parameter
using IAEA-TECDOC-602 method is 9.56 (+/- 0.959) while
by AQCP method it's 9.55 (+/- 0.92). The Maximum and the

Table 2. Quantitative Assessment of the Planar Extrinsic Uniformity and the Absorbed Dose of Worker with IAEA-TECDOC-602
and AQCP Methods
IAEA-TECDOC-602 Method AQCP Method
Measurement No. 1U(%) Worker Dose (uSv) Time(sec) 1U(%) Worker Dose(uSv) Time (sec)
1 8 6.5 148 8.1 0.9 395
2 9 6.2 157 9 0.8 320
3 10 6 162 10 1.0 416
4 9.3 6.3 139 9.3 0.7 312
5 11.3 6.4 179 11.25 0.9 380
6 9.1 5.9 142 9.1 0.8 327
7 10.2 6 169 10.2 0.7 305
8 8.7 6.1 170 8.7 0.8 330
9 10.5 6.2 175 104 0.9 386
10 9.5 6.2 137 9.5 0.7 317
Mean (S.D.) 9.56 (0.96) 6.18 (+0.19) 158.8 (+15.5) 9.55 (+0.92) 0.82 (+0.1) 348.8 (+40.7)
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average error difference between AQCP and IAEA-
TECDOC-602 methods for evaluating of IU parameter are
0.1% and 0.01%.

The mean (+/- S.D.) of 10 measurements of the absorbed
dose of technologist during the flood field uniformity in
IAEA-TECDOC-602 method is 6.18(+/- 0.19) uSv and the
absorbed dose of technologist in AQCP method is 0.82(+/-
0.10) pSv.

Collimator Hole Angulation (CHA) Test: In the CHA
measurement, the results of the three collimators of LEHR,
LEHS and LEUHR were examined and the results obtained
shown in Fig. (3) and Table 3.

—e— LEUHR
—=—EHS
——LEHR

0 0.5 1
CHA (degrees)

Fig. (3). Statistical changes in CHA for LEHR, LEHS and LEUHR
collimators (Y Axis is percentage of pixels).

Repetition measurements for the three types of collima-
tors including those obtained after re-running of the AQCP
program gave an S.D. of less 0.1° for each point of collima-
tor. CHA test was conducted within an average time of 30-
35 min. The RMS (+/-S.D.) of CHA for 140 positions of
LEHR, LEHS and LEUHR collimators were 0.290°(+/-
0.207°), 0.292°(+/-0.197°) and 0.208°(+/-0.184°) respec-
tively. These are very similar to the results obtained in other
relevant studies [1,2].
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The Maximum of CHA for LEHR, LEHS and LEUHR
collimators were 0.78°, 0.67° and 0.66° respectively.

In addition, it has been proved that the measured RMS of
CHA for LEHR collimator with the distance variation from
the collimator's surface +/-1 mm has been varied only +/-0.04
degree. The results for LEHR collimator indicate that a 1mm
change in (Z1-Z2) ((Z1-Z2)=(31mm)) changing the RMS of
CHA from 0.29° to 0.33° and -1mm change in (Z1-Z2) ((Z1-
Z2)=(29mm)) changing the RMS of CHA from 0.29° to 0.25°.

It should be mentioned that CHA is dependent on the
variation of the distance of the two images. For precise meas-
urement of CHA, the precise distance of the point source
movement should be measured vertically away from collima-
tor face.

Center of Rotation Test: The results of measurement of
COR offset (R(0)) in terms of SPECT rotation angle and the
results of COR offset and error (R_cor(8)) in terms of AQCP
rotation angle can be seen in Table 4. COR test was conducted
within an average time 8-10 min. with the two afore-said
methods.

DISCUSSION

Uniformity Test: The differences in the IU measurement
were primarily due to the Poisson statistics in the pixel data
while all other factors are the same [15]. Investigations show
that the most radiation exposures received by nuclear medi-
cine technologist is due to flood phantom imaging comparing
to any other nuclear medicine procedures [9]. The reported
exposure during IAEA-TECDOC-602 flood uniformity is 0.58
mR (6.04 pSv) and does not include exposure from prepara-
tion and administration of radiopharmaceutical [9] but in our
measurement the dose preparation and administration was
included. The systematic uniformity test's results show a con-
siderable reduction of technologist dose compared to the
IAEA-TECDOC-602 method due to the use of AQCP method.
The reasons for the technologist dose reduction are as follows:

1- The lower activity of line source when compared to the
activity of flood source,

2- The easier administration of the line source in terms of
dose when comparing to the dose administration by the
flood phantom,

Table 3. The Collimator Test Results
Maximum of CHA (Degree) Standard Deviation (Degree) RMS of CHA (Degree) Collimator
0.78 0.207 0.290 LEHR
0.67 0.197 0.292 LEHS
0.66 0.184 0.209 LEUHR
Table4. The COR Offset Error of SPECT with IAEA-TECDOC-602 and AQCP Methods (All Measurements in Pixel Unit)
Deviation Error Rang in Mil\r?iar‘;(:m]ugf%:? of Deviation of Error Rang Maximum and Minimum Method
of Y Offset Y Axis Y Axis X Offset in X Axis Offset of X Axis
0.31 1.26 0.57,-0.69 0.28 1.23 0.73,-0.49 IAEA-TECDOC-602 method
0.293 1.13 0.52,-0.61 0.269 0.94 0.53,-0.41 AQCP method
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3- The automatic adjustment of line source with AQCP
in comparison with the manual adjustment of flood
phantom.

Collimator Hole Angulation (CHA) Test: The CHA
test's results for the three collimators are very similar to the
results [1,2]. Since AQCP can position the point source with
absolute accuracy 0.018°, the CHA can therefore be meas-
ured more precisely and be interpreted visually. So it indi-
cates that the precise measurement of the distance of the two
images ((Z1-Z2) in relations 4 and 5) has a great effect on
the measurement of CHA.

Center of Rotation test: The experiments were shown
that there is a slight difference in the determination of COR
offset and the standard deviation between the IAEA-
TECDOC-602 method and AQCP method. By comparing
the findings of this method with the previous one, it can be
realized that the rotation of SPECT system can not be ideally
précise. It can be seen in Table 4 that the standard deviation
of COR in X and Y Axis in the Standard Method are 0.28
and 0.31 whilst in AQCP method the standard deviation of
COR in X and Y Axis are 0.269 and 0.293. All these meas-
urements have been conducted in Pixel Unit. These two pa-
rameters (COR offset and Standard Deviation) are varied due
to mechanical problems with detector rotation, changes in
amplifier gain and offset, problem with head tilt, collimator
hole angulation, errors in the analog to digital converter, as
well as the lack of parallelism between the collima-
tor/detector plane and the axis of rotation [4]. In IAEA-
TECDOC-602 method of COR evaluation, we measured and
applied the constant shift of COR correction. Based on such
comparison between the two afore described methods, the
mechanical problems with detector rotation should be con-
sidered as the main cause of the difference between the two
methods. Our findings show 7% difference between maxi-
mum deviations of COR in two methods. Consequently, the
authors could find out that by applying the correction of de-
tector rotation for different angles of data acquisition, the
image reconstructed from back projection of SPECT will not
be blurred, and this would result in a higher resolution im-
age.

CONCLUSION

AQCP is a computerized phantom and has other potential
ability as a QC phantom. AQCP moves a radioactive source
in the FOV of an imaging NM device on a definite path to
produce any spatial distribution of gamma rays to simulate
other QC phantoms. AQCP phantom has several hardware
and software sections for establishing a three dimensional
distribution of y rays by moving a source in the FOV of im-
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aging system. AQCP can optimize QC tests and QC pro-
gram.

The advantages of AQCP in comparison with classic
methods are: reduction of radioactive material consumption,
reduction of radiation exposure to the staff, reduction of QC
test cost, implementation of QC program with one phantom,
perform a uniform set of procedures, increase the accuracy
and precision of some QC tests, automation of the measure-
ments and evaluation process make by AQCP suitable for
both acceptance tests and routine quality control checks.
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