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Abstract t 

Exx vivo measurements in animals are used frequently in the field of nuclear medicine 

forr the characterization of newly developed radioligands and for drug development. In 

vivoo single photon emission computed tomography (SPHCT) would replace these ex 

vivoo measurements in a relatively large number of cases if one were able to adequately 

imagee small organs. The pinhole collimator has been used extensively to obtain greater 

detaill  in planar imaging. However, using a pinhole collimator for SPECT is difficul t 

becausee it requires a h c aw collimated detector to rotate around a small object with a 

constantt radius of rotation. 

Methods.. We have developed a mechanism in which the gantry and collimator are 

fixedfixed and the animal rotates. Hollow perspex cylinders of different sizes were made to 

enablee imaging of small animals of different sizes. The cylinder is mounted on a stepping 

motor-drivenn system and positioned exactly above the pinhole collimator. The stepping 

motorr is controlled by the N UD Hermes acquisition/processing system. After imaging 

eachh projection, a signal is given to rotate the stepping motor with the desired number of 

angularr degrees. Filtered backprojection, adapted to pinhole SPECT, was used for 

reconstruction.. Calibration experiments were performed to secure that the axis of 

rotationn was exactly in the middle of the cylinder. Phantom experiments were performed 

too assess sensitivity, spatial resolution and uniformity of the system and to test the system 

forr distortion artifacts. In addition, a brain dopamine transporter rat study and a hamster 

myocardiall  study were performed to test the clinical feasibility of the entire system. 

Results.. In the line source experiment, the spatial resolution in air was 1.3 mm full 

widthh at half maximum, with a radius of rotation of 33 mm. Furthermore, the system has 

goodd uniformity and is capable of detecting cold spots of 2 mm diameter. The animal 

studiess showed that it was feasible to image receptors or transporters and organs with 

sufficientt detail in a practical set-up. 

Conclus ion.. A rotating cylinder mechanism for pinhole is feasible and shows the 

samee characteristics as conventional pinhole SPECT with a rotating camera head, 

withoutt distortion artifacts. This mechanism permits pinhole SPECT to replace many ex 

vivoo animal experiments. 
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Introductio n n 

Duringg the development of new radiopharmaceuticals, the biological behavior and 

dosimetryy are frequently studied by ex vivo measurements in animals.1'2 However, the 

benefitss of an in vivo technique, such as single photon emission computed tomography 

(SPECT),, are numerous. SPECT imaging offers the opportunity to obtain measurements 

att more than one point in time after administration of a radiopharmaceutical, which is a 

significantt benefit for the determination of temporal behavior. Likewise, SPECT imaging 

cann be repeated over a long time period, within the same animal using serial injections of 

thee radiopharmaceutical, which simplifies the assessment of drug therapy effects. The 

numberr of animals needed within an in vivo approach is far less compared to ex vivo 

measurements,, where for a single measurement the animal has to be sacrificed. The 

reducedd number of animals required within an in vivo approach is beneficial from an 

ethicall  point of view, but may also save research time and may therefore be more cost-

effective.. The cost-effectiveness is an important aspect, especially when genetically 

manipulatedd animals are used. 

AA prerequisite for the replacement of ex vivo experiments by SPECT imaging is that it 

enabless an accurate quantification of tracer uptake and kinetics. Quantification 

measurementss with SPECT in larger animals, such as monkeys have already been 

satisfactorilyy performed by a number of groups. However, for in vivo experiments with 

smallerr animals, such as mice, hamsters, or rats, a SPECT system encounters its physical 

limit ss for resolution and sensitivity. The pinhole collimator has been used extensively to 

obtainn greater detail in planar imaging. The application of pinhole SPECT, however, is 

difficul tt since it requires a heavy collimated detector to rotate around a small object with 

aa precisely constant radius of rotation. Small misalignments in this set-up of pinhole 

SPECTT wil l generate a displaced center of rotation and produce artifacts. Li et al. 

showedd that a small mechanical shift of 1.2 mm creates severe ring and 'doughnut'-type 

artifacts.. To circumvent this problem, we have developed an animal pinhole SPECT 

systemm in which the mechanical misalignment is minimized. The basic concept of the 

svstemm is that the heavy collimated detector is fixed and the lightweight object, the animal 

orr phantom, rotates. 
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AA device was constructed that enables precise positioning of the object in the midline 

off  the pinhole and flexible positioning in the other 2 directions. To ensure that the 

rotationn of the object does not introduce artifacts, calibration experiments were 

performed.. Phantom experiments were done to investigate the extent to which accurate 

quantificationn of tracer uptake may be possible with this new system. In vivo 

experimentss wrere performed using 2 animals of different size, a rat and a hamster, to test 

thee clinical feasibility of the system. 

Material ss  and Method s 

Mechanica ll  suppor t o f th e pinhol e SPECT apparatu s 

Figuree 1 shows the components of the pinhole SPECT apparatus, including the 

mechanicall  support, which was constructed at the Department of Medical Technological 

Developmentt of the Academic Medical Center. The support consists of three aluminum 

verticall  legs, which are connected by two horizontal rods of the same material. Each 

verticall  leg has a pin with a rubber ring, which fits precisely in a corresponding hole on 

thee collimator rim. This connection enables the mechanical support to be mounted easilv, 

withh the rods exactly parallel to the collimator and the detector crystal. A fourth 

adjustablee vertical leg is connected on 1 of the horizontal rods. On this leg a ring is 

mounted,, which is driven by a stepping motor. Three cylinders with different sizes 

(25,, 38, and 47 mm diameter) - suitable for mice (weight: 20 - 30 g), hamsters 

(1000 - 150 g), and rats (150 - 250 g) as well as several phantoms - can be connected easily 

too the ring. The animals used for our research experiments have a specified weight with 

ann accuracy of 10%; therefore, a single cylinder can be used for all measurements within 

11 experiment. The mechanical support allows easy and precise manual adjustment of the 

objectt in 2 directions: the distance of the cylinder to the pinhole aperture, which equals 

thee radius of rotation (ROR), and an adjustment along the axis of the cylinder to select 

thee field-of-view. 
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2.. Camera - computer 

interface e Rotation n 
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electronics s 
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5.. Cylinder with 
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Figur ee I . Pinhol e S P E C T gantr y and acquisitio n stat io n 

Overvieww and schematic diagram of the pinhole SPECT system. A routine single-head gamma 

cameraa was fitted with a pinhole collimator facing up. A mechanical support holds a perspex 

cylinderr containing the animal in front of the collimator. The cylinder rotation is driven by a 

steppingg motor controlled through an interface by an acquisition computer. 
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Chapterr  11 

Pinhol ee SPECT acquisitio n and reconstructio n procedur e 

Thee object, the cylinder with the animal or phantom, is positioned directly above the 

pinhole,, with a minimum distance. After acquiring data from each projection, according 

too the step-and-shoot mechanism, a signal from the acquisition station to the stepping 

motorr induces rotation of the object. The stepping motor makes 500 steps per 360° 

rotation.. Because a complete number of steps per projection is necessary, this allows 25, 

50,, 100, 125, 250 or 500 projections per 360° rotation. The mechanical support was 

designedd so that the midline of the cylinder is exactly in the middle of the pinhole. Thus, 

thee SPECT acquisition can be regarded as a conventional circular orbit acquisition with a 

rotatingg camera head. However, in this case, the cylinder midline equals the axis of 

rotation,, and the distance from the cylinder midline to the pinhole aperture equals the 

ROR.. Because the cvlinder rotates exactlv around its midline, the ROR is not affected by 

aa rotation-induced variation, which is essential for pinhole SPECT acquisition. 

AcquisitionAcquisition parameters. A Philips ARC3000 scintillation camera was used with a circular 

field-of-vieww diameter of 400 mm. The pinhole collimator had a diameter of 300 mm and 

ann opening angle of 60° (distance between aperture and detector equals 260 mm). For the 

sensitivityy measurements, a pinhole insert of 1 mm aperture size was compared against a 

22 mm insert. In all other experiments, a tungsten pinhole insert with a 1 mm aperture 

wass used. Al l experiments were acquired with a 20% energy window, 127-155 keV for 

WmTc-pertechnetatee and 143-175 keV for '~ I experiments. A Hermes workstation 

(Nuclearr Diagnostics) was used to control both the camera and the stepping motor. 

Reconstruction.Reconstruction. The reconstruction was performed using a Hermes application program 

(Nuclearr Diagnostics); this application utilizes filtered back projection, adapted to 

pinholee SPECT, according to the conversion algorithm of Feldkamp.5 The ramp filter 

wass used as a reconstruction filter in all experiments. Unless a specific smoothing filter is 

mentionedd in the study description, no post reconstruction filter was used. 

Calibratio nn and phanto m studie s 

CalibrationCalibration phantom. The calibration phantom is a cylinder with a line source positioned 

exactlyy along the central axis of the cylinder. The line source, 6 cm long with 0.2 mm 

internall  diameter, was filled with 1502 M B q / mL  WmTc-pertechnetate. Planar acquisitions 
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(1288 x 128 matrix size) of the calibration phantom were made to adjust the analog digital 

converterr of the camera-computer interface, such that the line source, at the axis of 

rotation,, was exactly in the middle of the image matrix. This calibration is required to 

ensuree that the transformation to conventional pinhole SPECT data is correct. The 

calibrationn needs to be done only after a service of camera or computer-interface. 

Furthermore,, to quantify our visual observation that the cylinder did not wobble during 

rotation,, we acquired 100 projections (128 x 128; 15 sec per projection; ROR 25 mm) of 

thee line source. Al l projection images were added and the spatial resolution, full width at 

halff  maximum (FWHM), was measured at the beginning, middle, and the end of the line 

sourcee and compared with the equivalent FWHM measurements from a single 

projection.. I t has to be noted that the line source was not entirely in the field of view; 

therefore,, the beginning of the line source was defined as the edge of the field of view 

nearestt to where the cylinder was mounted to the stepping motor. 

MultipleMultiple line source phantom. The multiple line source phantom contains 54 line sources, 

inn free air, at 4 mm distances from each other. Line sources, 6 cm long with 0.2 mm 

innerr diameter, were filled with 1502 M B q / mL 'WmTc-pertechnetate. A SPECT 

acquisitionn was made (100 projections; 128 x 128; 45 sec per projection; ROR 33 mm) to 

testt the resolution at different locations and to check for distortion artifacts. FWHM 

valuess were calculated using 1-pixel wide line profiles. 

¥¥ lood source phantom. The flood source phantom is a cvlinder, 6.8 cm long and 2.4 cm 

innerr diameter. The cylinder was filled with 3.3 M B q / mL  WmTc-pertechnetate. The 

SPECTT acquisition (50 projections; 64 x 64; 15 sec per projection; ROR 33 mm) was 

reconstructedd using a Butterworth post-reconstruction filter (7.8 cvcles per cm; order 5). 

Usingg this ROR of 33 mm, only 3.8 cm of the 6.8 cm long cylinder was in the field of 

view.. SPECT uniformity' after reconstruction was only assessed visually and not 

quantifiedd because it depends on count statistics, matrix size and post reconstruction 

filter.filter.6 6 

ColdCold spot phantom. The cold spot phantom is a cylinder, 6.8 cm long and 3.7 cm inner 

diameter,, containing 6 different perspex inserts, of respectively 2-, 3-, 4-, 5-, 6-, and 

7-mmm diameter. The cylinder was filled with 21.5 M B q / mL  WmTc-pertechnetate. SPECT 
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acquisitionn (125 projections; 128 x 128; 20 sec per projection; ROR 38 mm) was 

reconstructedd with a Butterworth post-reconstruction filter (9.9 cycles per cm; order 5). 

SensitivitySensitivity measurements. Sensitivity of the pinhole SPECT system was measured with the 

1-- and 2-mm pinhole inserts. A point source of 7.9 MBq ') ,mTc-pertechnetate was imaged 

att several distances from the pinhole aperture. 

Anima ll  studie s 

Feasibilityy studies were performed with two different animals and radionuclides. The 

animalss participated in ongoing trials using planar scintigraphy and ex vivo counting. A 

ratt was imaged 2 h after injection of 74 MBq '21-FP-CIT (Amersham Health). 12T-FP-

C ITT binds to dopamine transporters, which are specifically localized in the membrane of 

thee dopaminergic terminals in the striatum. Region of interest (ROl) analysis was used to 

obtainn the uptake ratio between striatum and cerebellum (a brain region devoid of 

dopaminee transporters). In addition, a hamster was imaged 1 h after injection of 40 MBq 

123I-MIB GG (Amersham Health). 121I-MIB G is bound by the amine uptake mechanism in 

thee cell membrane of cathecholaminergic cells in the myocardium. The rat and the 

hamsterr were anesthetized before they were pulled tightly into the matching cylinder, 

suchh that rotation did not induce movement. A SPECT acquisition (50 projections; 

644 x 64; 30 sec per projection) was made of each animal. For the rat study a ROR of 

455 mm was used; for the hamster study a ROR of 33 mm was used. For both studies a 

Butterworthh postreconstruction filter (4.7 cycles per cm; order 5) was applied. 

Result s s 

Phanto mm studie s 

CalibrationCalibration phantom. The measured FWHM spatial resolution of a single projection at 

thee beginning, middle, and end of the line source was 1.10, 1.10 and 1.11 mm, 

respectively.. The measured FWHM spatial resolution of all summed projections at the 

beginning,, middle, and end of the line source was 1.09, 1.11 and 1.10 mm, respectively. 
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44 mm 

Figur ee 2. Transvers e slic e o f mul t ip l e lin e sourc e phan to m 

Thee multiple-line source phantom contains 54 line sources at 4 mm ) distances f rom each 

other.. Line sources, 6 cm long wi th 0.2 mm inner diameter, were filled with 1502 MBq ,9mTc-

pertechnetatee per m L On a transverse slice of the multiple line source phantom, at the center of 

thee pinhole, it can be seen that distortion artifacts did not influence the result. 
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Figur ee 3. Spatia l resolutio n o f cente r lin e sourc e 

Too test whether the resolution was uniform over the axial direction of the line source phantom, 

spatiall resolution (FWHM) was measured at 20 positions of a line source in the center of the cylinder. 

Axiall distance 0 equals center of pinhole. The average FWHM  SD was 1.38  0.14 mm. 
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1 1 

Figur ee 4. Floo d sourc e profile s 

Transversee (top) and coronal (bottom) slice of a flood source phantom, with corresponding 

activityy profiles. No nonuniformity artifacts were seen on the reconstruction slices. 

Figur ee 5. Transvers e slic e o f col d spo t phanto m 

Onn the transverse reconstruction of the cold spot phantom all cold spots of 2 mm or more are 

clearlyy visible. 
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Figur ee 6. Sensitivit y of pinhol e SPECT 

Sensitivityy of the pinhole SPECT equipment plotted against the square of the ratio between 

aperturee and distance. There is a linear relationship between sensitivity and the ratio of pinhole 

aperturee and distance to the pinhole aperture. 

Tabl ee I. Result s of sensitivit y measurement s 

Pinhol ee Distanc e (mm ) Sensitivit y (cps/MBq ) 
apertur ee (mm ) 

16.2 2 

11.2 2 

6.2 2 

3.7 7 

2.7 7 

1.7 7 

I6.I I 

II.I I 

6.1 1 

3.6 6 

2.6 6 

1.6 6 

13.1 1 

22.4 4 

63.7 7 

168.8 8 

305.9 9 

735.4 735.4 

6.8 8 

8.9 9 

20.3 3 

48.5 5 

87.8 8 

2I6.I I 
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MultipleMultiple line source phantom. A transverse slice of the multiple line source phantom, at 

thee center of the pinhole, is shown in Figure 2. It can be seen that distortion artifacts did 

nott influence the result. To quantify this observation, we measured FVC'HM spatial 

resolutionn in tangential and radial directions for the 16 line sources in 1 quadrant. The 

averagee FVC'HM  SD for the tangential direction was 1.31  0.14 mm and that for the 

radiall  direction was 1.32  0.08 mm. To test whether the resolution was uniform over 

thee axial direction, the FVC'HM spatial resolution was measured at 20 positions of a line 

sourcee in the center of the cylinder. Figure 3 shows the results of these FWHM 

measurements,, where the average FVC'HM spatial resolution of all described 

measurementss were 1.34  0.13 mm. 

VloodVlood source phantom. No non-uniformity artifacts were seen on the transverse and 

coronall  reconstruction slices of the flood source phantom, as shown in Figure 4. 

ColdCold spot phantom. From the transverse reconstruction of the cold spot phantom, all 

coldd spots with a diameter of more than 2 mm were clearly visible (Fig. 5). 

SensitivitySensitivity measurements. Table 1 shows the results of the sensitivity measurements. The 

linearr relationship between sensitivity and the square of the ratio between pinhole 

aperturee and distance is shown in Figure 6. 

Anima ll  Studie s 

Thee rat and hamster fitted tightly in the matching cylinder; no movement of the 

animall  was seen during acquisition. A transverse slice of the 12T-FP-C1T rat-brain study 

iss shown in Figure 7. The resolution and contrast of measured uptake in striatum versus 

backgroundd in surrounding tissue show the feasibility for in vivo quantification of the 

pinholee SPRCT system for this type of study. The measured uptake ratios for left and 

rightt striatum compared to cerebellum were 3.47 and 3.32, respectively. Figure 8 shows 

transverse,, coronal, and sagittal slices of the '"T-MIB G hamster study. The left as well as 

thee right myocardial ventricle is clearly visualized. Figure 8 does not show artifacts or a 

significantt loss in image quality that could be induced by internal motion of the 

myocardium. . 
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Figur ee 7. Rat brai n stud y 

Transversee slice of a l23l-FP-CIT rat brain study at the level of the striatum. The resolution and 

contrastt of measured uptake in striatum versus background in surrounding tissue show the 

feasibilityy for in-vivo quantification of the pinhole SPECT system for this type of study. 
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Figur ee 8. H a m s t e r cardia c stud y 

Transversee (T), coronal (C), and sagittal (S) slices of the l23l-MIBG hamster study. The left as 

welll as the right myocardial ventricle is clearly visualized. The study does not demonstrate 

artifactss or a significant loss in image quality that could be induced by internal motion of the 

myocardium. . 
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Discussion n 

Developmentss in clinical research, such as gene therapy, have resulted in an increased 

interestt for in vivo imaging of small animals. Dedicated systems for imaging small 

animalss have been designed for some imaging modalities such as MRI , CT and PET. " 

However,, SPECT is an essential modality because it offers the possibility to imaging 

radioligandss with specific receptor binding. An advantage of pinhole SPECT is that a 

general-purposee camera can be used for ultra-high resolution experiments for in vivo 

quantificationn with small animals. One of the problems of pinhole SPECT for imaging 

smalll  animals is that slight mechanical shifts or instabilities of only 1 mm cause severe 

distortionn artifacts.4 Reconstruction methods that correct for an angular independent 

mechanicall  shift have been presented in the past. However, using such a correction 

methodd implies that all misalignments are known precisely and behave exactly like the 

theoreticall  model. For instance, the proposed method of Li et al.4 wil l not correct for an 

angularr dependent mechanical shift. In other words, correction methods can only 

partiallyy solve this problem. Therefore we designed a small-animal pinhole SPECT 

systemm in which the instabilities are minimized. The basic concept of the original idea, in 

whichh the animal rotates instead of the camera head, was presented earlier.1" By using a 

linee source in the middle of the cylinder we proved that, during rotation, the midline of 

thee rotating cylinder stays at exactly the same location: the FWHM spatial resolution of 

thee summed projections of the Hne-source was equal to the FWHM of a single 

projection.. This validation was required to ensure that the transformation of the 

acquisitionn study to a conventional pinhole SPECT study, with rotating gantry, would 

nott cause distortion artifacts. 

Accordingg to a calculation based on geometrical considerations, the theoretical 

optimall  resolution to be achieved with a 1 mm insert equals about 1.2 mm.13 Using a 

multiplee line source phantom we measured a resolution of 1.34 mm. This is a substantial 

improvementt compared to the resolution of 1.65 mm measured by Ishizu et al with a 

conventionall  dedicated 4-headed pinhole SPECT system. More important, our system 

didd not show any distortion in image linearity. Even in the peripheral area of the 

reconstructedd image the radial spatial resolution equals the tangential spatial resolution. 
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Furthermore,, we showed that the spatial resolution was consistent in an axial field of 

view-- up to at least 3 cm. The flood source phantom experiment showed that the 

sensitivityy of the system is uniform in the axial as well as in the transaxial directions, 

whichh is an essential feature for quantification. The experiment with the cold spot 

phantomm showed that the system is capable of detecting cold spots with a diameter of 

22 mm. 

Thee sensitivity of our pinhole SPECT system was proven to behave exactly like the 

theoreticall  formula: A linear relationship exists between sensitivity and the square of the 

ratioo between the pinhole aperture diameter and the distance between object and pinhole 

aperture.. ^ In contrast to some dedicated pinhole SPHCT systems, we are entirely free to 

adjustt the ROR. For example, we chose a ROR of 25 mm for mice experiments, whereas 

Ishizuu et al. were limited to a minimum ROR of 40 mm.14 In other words, the decrease in 

sensitivityy of having a single head system instead of a multi headed system wil l be 

balancedd partly by the fact that we can use a smaller ROR. Unfortunately, sensitivity wil l 

continuee to be a limitin g factor for using pinhole SPECT for dynamic SPECT studies. 

Therefore,, it might be essential to sacrifice spatial resolution for an increased sensitivity 

byy using an insert with a larger aperture. 

Thee feasibility of our pinhole SPECT system was studied with a rat and hamster 

experimentt using 123I-FP-CIT and ,23I-M1BG as radioligands. This preliminary study 

showedd that the system is easy to use and that the animals were easily pulled tighdy in the 

cylinderr such that rotation did not cause motion of the animal. Furthermore, the result of 

thee myocardial uptake study showed that motion of internal organs, such as the 

myocardium,, induced by rotation did not influence the image quality. 

Severall  improvements to our rotating animal pinhole SPECT concept might be 

considered.. We chose a horizontal positioning of the cylinder, because it enabled a stable 

andd consistent mount ing of the mechanical support, with the rotating cylinder, onto the 

collimatedd camera head. This implied that we had to exclude any motion of the animal or 

interna]]  organs induced by the rotation. However, other groups that plan to use the 

principlee of a rotating object for pinhole SPECT, might consider a vertical positioning of 

thee cylinder. Furthermore, we arbitrarily adopted a stepping motor with 500 steps per 

rotation,, which limited us to 50,100, or 125 projections per rotation, whereas a stepping 
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motorr of 360 steps per rotation would bring the number of projections per rotation to 

thee more commonly used 60 or 120. In this study, filtered back projection was used for 

reconstruction.. However, iterative reconstruction has been implemented for pinhole 

SPECTT and has been shown to significandy improve image quality and resolution.16 

Conclusio n n 

Thee concept of pinhole SPECT using a rotating object and a fixed collimated camera-

headd is technically feasible and enables SPECT imaging in small animals. Using this 

procedure,, we circumvent the problem of mechanical shift and unknown instabilities in a 

practical,, easy-to-use and low-cost environment. Therefore, pinhole SPECT may be used 

moree extensively for the assessment of in vivo uptake of radioligands in small animals 

andd may replace many in vitro experiments. 
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