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Abstract

Objective The eXplore speCZT is a recently introduced

cadmium zinc telluride-based preclinical SPECT system

that has a stationary detector design with interchangeable

rotating collimators. Our aim was to evaluate the perfor-

mance of the eXplore speCZT using 99mTc-sources. In

particular, the image quality was assessed using the

National Electrical Manufacturers Association NU-4 image

quality phantom as well as an in vivo mouse.

Methods Energy resolution, sensitivity and spatial reso-

lution were measured using 99mTc sources. Image quality

was assessed using NU-4 image quality phantom. The

measurements were performed for 4 available collimators:

(1) mouse 7-pinhole collimator (mouse PH); (2) mouse

8-slit collimator (mouse SL); (3) rat 5-pinhole collimator

(rat PH); and (4) rat 5-slit collimator (rat SL). Furthermore,

a mouse bone imaging study was performed using mouse

PH and mouse SL.

Results The system achieved the energy resolution of

5.5 % in full-width at half maximum (FWHM) at 140 keV

using a 99mTc source. Without resolution recovery func-

tion, the system provided a near millimeter transaxial and

axial spatial resolution using mouse PH. Mouse SL and rat

SL provided reasonably good transaxial (1.79–2.00 mm in

FWHM), but much worse axial resolutions (4.55–4.96 mm

in FWHM). The use of resolution recovery significantly

improved spatial resolution by in average 31 ± 3 or

35 ± 4 % in FWHM or full-width at tenth maximum,

respectively. In particular, a sub-millimeter resolution of

0.71 mm in FWHM was achieved in either transaxial or

axial direction with mouse PH. Using NU-4 phantom, the

uniformity of slit collimators as expressed as percentage

standard deviation was generally better than that of pinhole

collimators. The use of resolution recovery substantially

improved uniformity for all the collimators tested, but

caused some overestimation in recovery coefficient.

Reconstruction settings such as iteration or subset number

significantly affected image quality measures. Finally,

bone images of acceptable quality were obtained in in vivo

mouse using mouse PH with resolution recovery.

Conclusions The overall performance shows that the

eXplore speCZT system is suitable for preclinical imaging-

based research using small-animals.

Keywords Preclinical � Cadmium zinc telluride � SPECT

Introduction

Preclinical molecular imaging such as SPECT and PET

using small-animals is increasingly recognized as an

important tool for biomedical research and new drug

development [1–3]. In particular, SPECT equipped with

multi-pinhole collimators enables small-animal imaging

with high spatial resolution and reasonable sensitivity [1].

There are several such systems that are commercially

available for current use [4–8], most of which use NaI-
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based detectors. Alternatively, some newer detectors

developed for small-animal SPECT incorporate semicon-

ductor materials such as cadmium zinc telluride (CZT) [9],

which directly convert gamma-rays to electric signal. As

compared to conventional NaI-based detectors, CZT is

attractive because it can be segmented to provide a high

intrinsic spatial resolution [9]. Furthermore, high-energy

resolution of CZT is beneficial for high contrast imaging by

reducing scatter and multi-isotope imaging [1]. More

importantly, the small size of CZT detectors enables

compact designs [9], by which it is possible to surround the

subject by an array of detectors. Such CZT-based cameras

are now commercially available for clinical cardiac

SPECT, resulting in improved image quality and shorter

acquisition time [10–12].

The eXplore speCZT (GE Healthcare, Milwaukee, WI,

USA) is a recently introduced commercially available

preclinical SPECT system using a full ring 10 CZT-based

detectors equipped with interchangeable collimators. It can

be operated as a stand-alone SPECT system or can be

combined with micro-CT. To date, however, there are no

data available in literature that systematically assessed the

imaging performance of the speCZT. More importantly,

image quality of CZT-based small-animal SPECT has not

been addressed in a standardized manner such as that using

the National Electrical Manufacturers Association

(NEMA) NU-4 image quality phantom [13].

The aim of this study was to evaluate the performance of

CZT-based preclinical imaging system (eXplore speCZT)

in view of energy resolution, sensitivity, spatial resolution,

and image quality using 99mTc-sources. In particular, the

image quality was assessed using NU-4 image quality

phantom as well as an in vivo mouse.

Methods

System description

Features of the speCZT system are summarized in Table 1.

This system has a stationary detector design with inter-

changeable rotating collimators. As illustrated in Fig. 1, the

detector consists of 10 CZT-based detector panels sur-

rounding the field of view (FOV). Each CZT detector panel

consists of 32 9 32 arrays with the pixel size of

2.46 mm 9 2.46 mm. There are 4 collimators provided by

the manufacturer (Fig. 1): (1) mouse 7-pinhole collimator

(mouse PH); (2) mouse 8-slit collimator (mouse SL); (3)

rat 5-pinhole collimator (rat PH); and (4) rat 5-slit colli-

mator (rat SL). The transaxial and axial FOVs vary

depending on collimator geometry. The pinhole collimators

are designed for high resolution images with small regions

of interest, whereas slit collimators are designed for larger

FOV (e.g., whole-body imaging) with reasonable spatial

resolution [14, 15]. Although the axial FOVs of pinhole

collimators are small, these can be set to a larger value

(B250 mm) in the helical acquisition mode with bed

motion. The system saves each event of the acquired data

in a list-mode format including its energy, and gated

Table 1 Features of the speCZT System

Detector configurations

Material Cadmium–zinc

telluride

Detector length, width, and thickness (mm) 80, 80, 5

Type and number of detectors Fixed-ring, 10

Number of arrays (size) 32 9 32 (2.46 mm)

Energy range 20–250 keV

Data collection List-mode

ECG and respiratory gating capability Yes

Collimator configurations

Material Tungsten

Mouse PH

Number of pinholes 7

Diameter of pinhole (mm) 1

Single-bed position FOV diameter (mm) 32

Single-bed position FOV axial (mm) 25

Bore diameter (mm) 54

Radius of rotation/focal length (mm) 32.5/87.5

Rat PH

Number of pinholes 5

Diameter of pinhole (mm) 1

Single-bed position FOV diameter (mm) 76

Single-bed position FOV axial (mm) 38

Bore diameter (mm) 89

Radius of rotation/focal length (mm) 50/70

Mouse SL

Number of slits 8

Width of slit (mm) 1.23

Single-bed position FOV diameter (mm) 32

Single-bed position FOV axial (mm) 80

Bore diameter (mm) 64

Radius of rotation/focal length (mm) 37.5/82.5

Rat SL

Number of slits 5

Width of slit (mm) 1.23

Single-bed position FOV diameter (mm) 76

Single-bed position FOV axial (mm) 80

Bore diameter (mm) 89

Radius of rotation/focal length (mm) 50/70

Mouse PH mouse 7-pinhole collimator, Rat PH rat 5-pinhole colli-

mator, Mouse SL mouse 8-slit collimator, Rat SL rat 5-slit collimator,

FOV field of view
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electrocardiogram (ECG)/respiratory motion trigger, for

later specialized analysis. Images can be reconstructed by

the three-dimensional maximum-likelihood expectation

maximization (MLEM) or ordered subset expectation

maximization (OSEM) method.

Energy resolution

Energy spectra within an energy window of 50–200 keV

were obtained using a 99mTc point source, which was

located in the center of FOV, and mouse PH. Energy res-

olution was measured based on the system as a whole, and

was expressed as the full-width at half maximum (FWHM)

as percentage of 140 keV energy peak, which was deter-

mined by direct measurement of histogram values.

Reconstruction settings

Unless specified, all the images were reconstructed using

MLEM with 50 iterations with and without resolution

recovery function. The number of iterations (n = 50) was

tentatively determined in this study after testing several

iteration numbers by visual inspection. The resolution

recovery feature in this system was based on the modeling

of pinholes and slits [16], including the modeling of geo-

metrical structure, the material and related photon physics

of the collimators. The energy window was set to

125–150 keV. Because the image matrix voxel size had to

be varied according to collimator choice and imaging

procedure, the voxel size used for each measurement was

detailed in the following sections. No post-reconstruction

filtering was applied. Neither attenuation nor scatter cor-

rection was performed.

To assess the effects of reconstruction settings on image

quality measures, we tested the effects of iteration numbers

(n = 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, and 200) for

MLEM on image quality using NU-4 phantom. These

measurements were made for all types of collimators.

Images were reconstructed with and without resolution

recovery function.

Sensitivity and spatial resolution measurements

System sensitivity was measured for each collimator with a
99mTc point source that was mounted on the imaging bed in

the center of transaxial and axial FOVs. The activity of the

point source was 3.5 MBq. The energy window was set to

125–150 keV. Projection data were acquired in step-and-

shoot mode over 360� in 3� increment at 60 s/projection.

The photon counts were obtained from projection images.

System sensitivity was defined as the recorded counts per

second divided by the decay-corrected activity of the point

source.

Spatial resolution was measured for each collimator

using a glass capillary line source. A glass capillary of

inner diameter 0.14 mm (outer diameter 0.55 mm) was

filled with 370 MBq/mL of 99mTc-solution and was placed

in the center of the transaxial FOV and was aligned axially.

Mouse PH Rat PH Mouse SL Rat SL

Cadmium-Zinc Telluride
Detectors

Fig. 1 Cadmium zinc telluride

detectors built in the system

(upper) and collimators (lower).

Mouse PH indicates mouse

7-pinhole collimator; Rat PH rat

5-pinhole collimator, Mouse SL

mouse 8-slit collimator; Rat SL

rat 5-slit collimator. Star

denotes pinhole; arrow slit
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For axial resolution measurements, the glass capillary was

placed horizontally in the center of the axial FOV. Pro-

jection data were acquired in step-and-shoot mode over

360� in 1.06� increment for mouse PH, which was the

manufactural standard setting, or 1� for the other 3 colli-

mators at 30 s/projection. The image matrix voxel sizes for

transaxial spatial resolution measurements were 0.2 mm 9

0.2 mm 9 0.2 mm for mouse PH, 0.2 mm 9 0.2 mm 9

2.46 mm for mouse SL, 0.4 mm 9 0.4 mm 9 0.4 mm for

rat PH, or 0.4 mm 9 0.4 mm 9 2.46 mm for rat SL,

because reconstructed z-axis pixel size with slit collimators

was always fixed to 2.46 mm, which was equal to the

detector pixel size. For axial resolution measurements, we

changed z-axis pixel size to 0.2 mm for mouse SL or

0.4 mm for rat SL using trilinear interpolation function in

PMOD 2.7 (PMOD technologies Ltd., Zurich, Switzer-

land). Count profiles of the reconstructed transaxial images

across the voxel having the maximum voxel intensity were

plotted in the horizontal and vertical directions. The

FWHM and full-width at tenth maximum (FWTM) were

then determined by Gaussian fitting of the line profile. The

averages of the horizontal and vertical directions were

calculated over ten transaxial slices. FWHM and FWTM

values of the axial profiles were obtained in the same way

as the coronal images of the rotated source. The results of

resolution measurements were not corrected for the source

dimensions.

Image quality assessment

Image quality assessment was performed using the NU-4

image quality phantom [17], which had originally been

developed for evaluating animal PET system and subse-

quently applied to animal SPECT system [5, 13]. The

phantom has internal dimensions of 50-mm length and

30-mm diameter. The phantom consists of three compart-

ments: a fillable uniform region, five fillable rods of dif-

ferent diameters (1, 2, 3, 4, and 5 mm) and two non-

radioactive chambers filled with water or air (15-mm

length; outer diameter of 10 mm; and wall thickness of

1 mm). The phantom was filled with 50 MBq of 99mTc

solution and was scanned for 30 min using each collimator;

350 views from 7 pinholes (50 views/pinhole) at 36 s/view

in 1.06 degree increment for mouse PH, 360 views from 8

slits (45 views/slit) at 40 s/view in 1 degree increment for

mouse SL, 360 views from 5 pinholes (72 views/pinhole)

25 s/view in 1 degree increment for rat PH, and 360 views

from 5 slits (72 views/slit) 25 s/view in 1� increment for rat

SL. These acquisition settings were determined so that

projection data cover over 360� with 1 or near 1� incre-

ment, and with comparable acquisition time among the

collimators tested. For the mouse PH, where the axial FOV

of 25 mm is smaller than the inner length (50 mm) of the

NU-4 phantom, the acquisition was performed twice to

cover the entire phantom. Images were reconstructed with

the voxel size set to 0.5 mm 9 0.5 mm 9 0.5 mm for

mouse PH or rat PH and 0.5 mm 9 0.5 mm 9 2.46 mm

for mouse SL or rat SL. In addition, we performed acqui-

sition of the NU-4 image quality phantom using mouse PH

and helical scan mode. The acquisition parameters to cover

the entire phantom were 165 steps at 11 s/step in 1�
increment, resulting in a total acquisition time of 30 min.

The image matrix voxel size was 0.33 mm 9 0.33 mm 9

0.33 mm. This was because the voxel size of helical

SPECT using mouse PH was always fixed to 0.33 mm,

which was automatically determined by table motion step

size.

In this study, we performed the NU-4 phantom anal-

yses based on NEMA recommendations for performance

evaluation of small-animal PET [18]. A 22.5-mm diam-

eter and 10-mm (or 2.46 mm 9 4 mm for slit collimators)

depth cylindrical volume of interest (VOI) was drawn

over the center of the uniform region of the phantom. The

percentage standard deviations (%STD) in the VOI were

reported as a measure of uniformity. For mouse PH,

where axial FOV was smaller than the length of phantom,

%STDs from the 2 acquisitions, which covered the upper

and lower portion of the uniform region (5-mm depth for

each portion) were averaged. Spill-over ratios (SORwat

and SORair) were calculated by drawing VOI’s of

diameter 4-mm and 7.5-mm (or 2.46 mm 9 3 mm for slit

collimators) length on the water- and air-filled cylindrical

chambers. Then, the ratio of the mean counts in each cold

region to the mean of the hot uniform area was reported

as SOR.

To obtain the recovery coefficients (RC) for the filled

rods, the reconstructed image slices covering the central

10-mm (or 2.46 mm 9 4 mm for slit collimators) length of

the rods were averaged to obtain a single slice. Circular

regions of interest (ROIs) were drawn on this image,

around each rod and background, with diameters twice the

physical diameter of the rods. The background ROIs were

placed outside the rod ROIs, where no activity was seen by

visual inspection, and were processed in a manner that was

used for the rod ROIs. The maximum values in each of

these ROIs were measured on the averaged image. Then,

the transverse image pixel coordinates of the locations with

the maximum ROI values were transferred to the original

unaveraged slices and were used to create line profiles

along the rods in the axial direction. The mean and stan-

dard deviation of the pixel values measured along each rod

or background line profile, based on the locations with

maximum pixel value on the averaged image, were cal-

culated. Then, the RC for the filled rods were obtained as

the mean values in each rod line profile divided by the

mean value obtained in the uniformity test described above
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[17]. The standard deviation of the RC (STDRC) was cal-

culated as follows [18]:

STDRC ¼ SQRTfðSTDinterprofile=averageinterprofileÞ
2

þ ðSTDbackground=averagebackgroundÞ
2g: ð1Þ

In Eq. (1), SQRT denotes square root, STDinterprofile and

averageinterprofile are the standard deviation and average of a

rod line profile, and STDbackground and averagebackground are

the standard deviation and average of background.

To assess the effects of reconstruction settings on RC,

we newly introduced an index of error in RC using a for-

mula as follows:

Index of error in RC ¼ SQRTf ð1� RCrod1Þ2 þ ð1
� RCrod2Þ2 þ ð1� RCrod3Þ2 þ ð1
� RCrod4Þ2 þ ð1� RCrod5Þ2:

ð2Þ

In Eq. (2), SQRT denotes square root, RCrod1 is RC in

1-mm diameter rod, RCrod2 is RC in 2-mm diameter rod,

RCrod3 is RC in 3-mm diameter rod, RCrod4 is RC in

4-mm diameter rod and RCrod5 is RC in 5-mm diameter

rod.

The idea behind this index is that (1) in ideal situation,

the RC is expected to be 1 irrespective of rod diameter; (2)

therefore, the sum of absolute differences between ideal

(RC = 1) and measured RC for each rod should provide an

estimate of error in measured RC that reflects errors in all

rods of NU-4 phantom. Such an index would be useful to

determine optimal reconstruction parameters based on RC

values.

Animal imaging

To assess the overall system performance, the imaging

capabilities of the scanner were assessed through additional

in vivo imaging studies. A normal mouse (SAMR1, 28.8 g,

Nihon SLC Co, Ltd, Hamamatsu, Japan) was injected with

40 MBq of 99mTc-methylene diphosphonate (99mTc-MDP)

via tail vein, and anesthetized with 1.0–2.0 % isoflurane.

At 2 h after injection, the mouse was imaged for 32 min

using the mouse PH. Immediately after the first scan, the

second scan was performed for another 32 min using the

mouse SL. For imaging with pinhole collimator, the helical

scan mode was used to cover the body of mouse. The

image matrix voxel size was 0.33 mm 9 0.33 mm 9

0.33 mm for mouse PH, or 0.33 mm 9 0.33 mm 9

2.46 mm for mouse SL. All experiments were performed

with the approval of the institutional committee for animal

research in compliance with the position of the American

Heart Association on use of research animals.

Results

Energy resolution

As illustrated in Fig. 2, the system achieved the energy

resolution of 5.5 % in FWHM at 140 keV using a 99mTc

source.

Sensitivity and spatial resolution

The results of sensitivity and spatial resolution measure-

ments are summarized in Table 2. The highest sensitivity

was achieved with mouse SL, followed by mouse PH, rat

SL, and rat PH. Without resolution recovery function

during reconstruction, the system provided a near milli-

meter transaxial and axial spatial resolution using

mouse PH. Mouse SL and rat SL provided reasonably

good transaxial (1.79–2.00 mm in FWHM), but much

worse axial resolutions (4.55–4.96 mm in FWHM). The

use of resolution recovery significantly improved spa-

tial resolution by in average 31 ± 3 or 35 ± 4 %
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Fig. 2 Energy spectrum obtained from a 99mTc source

Table 2 Sensitivity and spatial resolution of the speCZT using each

collimator

Mouse PH Rat PH Mouse SL Rat SL

Sensitivity

(cps/MBq)

233.1 138.5 312.8 151.5

Spatial resolution in FWHM/FWTM (mm)

Transaxial RR-on 0.71/1.28 1.20/2.18 1.26/2.29 1.47/2.68

Axial RR-on 0.71/1.30 1.11/2.02 3.13/5.70 3.14/5.72

Transaxial RR-off 1.11/2.02 1.81/3.29 1.79/3.27 2.00/3.64

Axial RR-off 1.04/1.90 1.83/3.35 4.55/8.30 4.96/9.03

FWHM full-width half maximum, FWTM full-width tenth maximum,

RR resolution recovery filter

488 Ann Nucl Med (2014) 28:484–497
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(average ± standard deviation) in FWHM or FWTM,

respectively. In particular, a sub-millimeter resolution of

0.71 mm in FWHM was achieved in either transaxial or

axial direction with mouse PH.

Image quality assessment using NU-4 phantom

The %STD of uniform region and SORs in the water and

air compartments for each collimator are summarized in

Table 3. The uniformity of slit collimators as expressed as

%STD was generally better than that of pinhole collima-

tors. The use of resolution recovery substantially improved

uniformity in all collimators. The %STD values for the

helical scan were higher than those for the single circular

orbit scan using mouse PH. The SORs in water were

slightly (2–30 %) higher than those in air for all collima-

tors. The use of resolution recovery slightly lessened the

SORs for each collimator. RCs and corresponding STDRC

as a function of rod diameter are shown in Fig. 3a, b,

respectively. Without resolution recovery, the RC gener-

ally increased as a function of rod diameter, although it

reached plateau at 4 mm with mouse PH or mouse SL.

When resolution recovery function was used, the RC

peaked at 2- to 3-mm rod diameter with values exceeding

1, and showed a subsequent decline. The STDsRC were

generally larger with pinhole collimators than those with

slit collimators. The use of resolution recovery lessened the

STDRC with pinhole collimators, but its effect was not

significant with slit collimators. Both the RC and STDRC

for the helical scan were higher than those for the single

circular orbit scan using mouse PH.

Transaxial NU-4 phantom images showing the uniform

region along with line profiles, the region with water and

air compartments, and the filled rods for each collimators

with and without resolution recovery are shown in Fig. 4.

By visual inspection, the images of uniform region were

noisy with pinhole collimators, whereas those with slit

collimators were more homogeneous. The images became

more homogeneous with resolution recovery function.

However, some edge enhancements were observed in the

uniform region as well as the larger filled rods (3–5 mm)

with resolution recovery, whereas such an edge enhance-

ment was not seen without resolution recovery. Line pro-

files of uniform region essentially confirmed the

observation described above.

Effects of reconstruction settings on image quality

measures

Effects of iteration numbers for MLEM on the %STD of

uniform region or SORs are illustrated for each collimator

in Fig. 5a, b. The %STD increased as a function of itera-

tion in all the collimators. The pinhole collimators showed

more rapid increase in %STD as compared with the slit

collimators. The use of resolution recovery function sig-

nificantly lessened the %STD values in all the collimators,

but did not have a major impact on SORs. The %STD

values of \20 % were obtained with the iteration number

of B100 with resolution recovery for rat PH; B200 for rat

SL; B50 for mouse PH; or B200 for mouse SL. By con-

trast, the SORs in both water and air decreased as a func-

tion of iteration. With resolution recovery function, the

SOR values of \0.1 in both water and air were obtained

with the iteration number of C50 for any type of colli-

mators tested in this study.

The RC values as a function of iteration numbers are

illustrated in Fig. 6a, and indices of error in RC in Fig. 6b.

The RC values rapidly increased as the iteration number

increased, which was followed by gradual increase or

decrease depending on rod diameter, collimator choice, and

the use of resolution recovery function. The index of error

in RC rapidly decreased as the iteration number increased,

which was followed by gradual increase or decrease

depending on collimator choice and the use of resolution

recovery function. With resolution recovery function, the

index of error in RC values of \1 was obtained with the

iteration number of 30–100 for rat PH; C30 for rat SL; C10

for mouse PH; or C50 for mouse SL.

When the %STD of \20 %, the SOR of \0.1 in both

water and air, and the index of error in RC of \1 were

considered to be ‘‘good’’ image quality measures, these

requirements were met with the iteration numbers of

50–100 for rat PH; 50–200 for rat SL; 50 for mouse PH; or

50–200 for mouse SL, when resolution recovery function

was applied. Without resolution recovery function, these

were met with 60–100 iterations for rat SL or 60–90 iter-

ations for mouse SL, but were never met for rat PH or

mouse PH.

In vivo bone images

Figure 7 shows 3D maximum intensity projection images

of bone SPECT of a mouse acquired with mouse PH or

mouse SL. Without resolution recovery, the image with

Table 3 %STD of uniform region and spill-over ratios

Mouse

pinhole

Rat

pinhole

Mouse

slit

Rat

slit

%STD RR-on (%) 19.3 (24.0) 10.3 6.0 8.1

%STD RR-off (%) 33.1 (50.6) 20.1 10.3 10.7

SOR-air RR-on 0.085 (0.073) 0.087 0.094 0.092

SOR-water RR-on 0.095 (0.095) 0.093 0.096 0.095

SOR-air RR-off 0.094 (0.090) 0.093 0.097 0.102

SOR-water RR-off 0.103 (0.108) 0.100 0.100 0.104

Data in parentheses are those by helical scan mode
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mouse PH was very noisy, which substantially improved

after the use of resolution recovery. The image with mouse

SL was less noisy, but detailed bone structures were not

clearly seen because of lower axial resolution. The use of

resolution recovery again improved image quality.

Discussion

To the best of our knowledge, this is the first study that has

reported the imaging performance of speCZT system

particularly using NU-4 image quality phantom. The major

findings of this study were that (1) this system yielded a

high-energy resolution of 5.5 % in FWHM; (2) a sub-

millimeter resolution was achieved using mouse PH with

reasonable sensitivity, but axial resolution was much worse

with slit collimators; (3) the NU-4 image quality phantom

results showed better uniformities with slit collimators as

compared with pinhole collimators; (4) resolution recovery

during reconstruction improved spatial resolution and

uniformity, but caused some overestimation of recovery

coefficient with NU-4 phantom; (5) reconstruction settings
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Fig. 3 Recovery coefficients (a) and STDRC (b) for each collimator

as a function of diameter of 99mTc-filled rods with and without

resolution recovery. Dot lines denote values obtained by helical scan

mode. Mouse PH mouse 7-pinhole collimator, Rat PH rat 5-pinhole

collimator, Mouse SL mouse 8-slit collimator, Rat SL rat 5-slit

collimator, RR-on with resolution recovery function, RR-off without

resolution recovery
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such as iteration number significantly affected image

quality measures; and (6) bone images of acceptable

quality were obtained in an in vivo mouse particularly

using mouse PH with resolution recovery.

Energy resolution

A major advantage of CZT detector system is its high-

energy resolution, which enables high contrast imaging by

scatter rejection [10]. It should also be beneficial for

simultaneously acquired multi-isotope imaging. Our results

demonstrated that CZT detector system yielded a much

higher energy resolution (5.5 % in FWHM) than those

generally reported for NaI (12–15 %) [5, 19]. Furthermore,

our result was comparable to that reported for a clinical

CZT-based camera with essentially identical detector units

(5.4 % in FWHM) [10].

Sensitivity and spatial resolution

In general, sensitivity is the measure of rate at which events

are detected in the presence of radioactive sources, and

depends on system configuration such as aperture size, the

number of apertures, radius of rotation and detector

material. As mentioned earlier, this system has 10 CZT-

based detectors with 5–7 pinhole or slit collimators with

1.0-mm diameter or slit width and 32.5- to 50-mm radius of

rotation. The results showed that the sensitivity was in

order of a couple of hundred cps/MBq, and varied

depending on collimator choice. The sensitivity achieved

in this study was lower than those reported for U-SPECT II

[8] that has 3 stationary NaI detectors equipped with a

collimator having a total of 75 pinholes with 0.35- to 1.0-

mm diameter, but higher than that reported for Inveon

SPECT [5] that has 2 NaI detectors with single pinhole

collimators with 0.5- to 1.0-mm diameter (a total of 2

pinholes) or first generation CZT-based SPECT [9] that has

8 detectors with single pinhole collimators with 0.5-mm

diameter (a total of 8 pinholes), and comparable to that

reported for another CZT-based small-animal SPECT

system (FX3200, Gamma-Medica Ideas, CA, USA) [20]

that has 4 detectors with single- or 5-pinhole collimators

with 0.5-mm diameter (a total of 5 or 20 pinholes). Thus,

our results on sensitivity seem to be reasonable for the

commercially available animal SPECT cameras.

The spatial resolution is primarily determined by colli-

mator aperture, detector size, magnification, and intrinsic

detector resolution. Despite the much smaller detector size

and thereby smaller magnification as compared to NaI-

based detectors [5, 8], the mouse PH achieved spatial

resolution comparable to those reported for other com-

mercially available small-animal SPECT systems [5],

which is due to the small detector pixel size (2.46 mm) of

detector. This is particularly true when resolution recovery

during reconstruction was applied, which improved spatial

resolution by approximately 30 %. Slit collimator apertures

provide an opportunity for larger axial FOV imaging as

compared to pinhole apertures [1, 15]. However, the dis-

advantage of slit collimator is a loss of axial resolution

because there is no axial magnification. Therefore, slit

collimators (mouse SL and rat SL) provided reasonable

transaxial, but much worse axial resolution in this study.

Image quality assessment using NU-4 phantom

To date, no standardized method exists for assessing

imaging performance of small-animal SPECT. Therefore,

we used NU-4 phantom that had originally been developed

to assess small-animal PET [17], which has also turned out

to be useful for SPECT [13]. Our results showed that the

uniformity as assessed by %STD was better with slit col-

limators than pinhole collimators. This is to some extent

because of the longer axial voxel size of slit collimators

(2.46 mm) as compared with that of pinhole collimators

(0.5 mm), which was unavoidable due to system configu-

ration. Furthermore, the uniformity was significantly

improved for all the collimators by the use of resolution

recovery function. This is explained by the noise reduction

feature by resolution recovery [11, 21]. At present, it is

difficult to determine whether %STD values obtained in

this study are acceptable for practical use because there is

no established threshold value available for this purpose.

However, the %STD values using U-SPECT-II (MILabs,

Utrecht, the Netherlands) and NU-4 phantom with radio-

activity equal to that in our study (50 MBq) ranged from

approximately 8–30 % without post-reconstruction filter-

ing [13]. Other SPECT systems have also reported %STD

values of 9.2–20.5 % [5, 20], which are comparable to

those with resolution recovery observed in this study. Thus,

the sensitivity uniformity as expressed by %STD in our

system seems to fall within the expected range.

The SORs largely reflect photon scatter from outside the

cold chamber as well as that originating in the cold

chamber itself. Therefore, the higher SORs-water than

SORs-air observed in this study is likely to be caused by

the stronger scatter in water than that in air. However, the

difference in SORs between water and air (2–12 %) seems

to be somewhat smaller than those reported for NaI-based

cFig. 4 a Transaxial images of NU-4 image quality phantom acquired

using 4 collimators reconstructed with (RR-on; right) and without

(RR-off; left) resolution recovery. Images are normalized to the peak

activity on each image. b Line profile across the uniform region.

Mouse PH mouse 7-pinhole collimator, Rat PH rat 5-pinhole

collimator, Mouse SL mouse 8-slit collimator, Rat SL rat 5-slit

collimator, RR-on with resolution recovery function, RR-off without

resolution recovery
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SPECT [13]. This may reflect differences in system con-

figuration (CZT versus NaI) and reconstruction setting

between the studies. As demonstrated in this study, CZT

detector has a much higher energy resolution than NaI-

based detector, resulting in less scatter fraction. Further-

more, it is known that reconstruction settings such as the

number of iteration affect SORs as demonstrated in this

study and others [13]. These mechanisms may have con-

tributed to our results. It is notable that the use of resolution

recovery lessened both SOR-water and SOR-air. Although

the precise mechanisms are not clear, this may also be

related to improvement of partial volume effect by reso-

lution recovery. The RC serves as a surrogate measure of

spatial resolution that could be compared with other

imaging systems [13]. Our results showed that RC gener-

ally increased as a function of rod diameter without reso-

lution recovery, but it exceeded 1 at 2- to 3-mm rod

diameter with resolution recovery, indicating that the res-

olution recovery function causes overestimation of activity

in some circumstances. This is likely to be because of

overestimation of activity due to edge enhancement. In 2-

to 3-mm diameter rods, such edge enhanced regions could

be overlapped, resulting in significant overestimation of

activity. The edge enhancement phenomena with resolution

recovery were also notable in uniform region of NU-4

phantom images as well as its line profiles.

The STDsRC, which are recommended to measure in

NEMA NU-4 standards [18], were obtained as an index of

stability in RC that would reflect image noise. Our results

showed that the STDsRC were larger for pinhole collima-

tors than those for slit collimators, and that the use of

resolution recovery significantly lessened STDRC values

particularly for pinhole collimators. These trends are sim-

ilar to those observed for %STD of uniform region.

Pinhole versus slit collimator

In vivo imaging is important for overall assessment of

image quality. The bone images of a mouse demonstrated

that acceptable image quality can be obtained with a

40 MBq of the administered tracer activity and reasonably

acceptable acquisition time (32 min) if resolution recovery

function is turned on. As expected from the results of

phantom studies, detailed structure was not visible with
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Fig. 5 a The %STD of uniform

region of NU-4 image quality

phantom as a function of

iteration numbers for

maximum-likelihood

expectation maximization

(MLEM) plotted for each

collimator with and without

resolution recovery function

during reconstruction. b Spill-

over ratios as a function of

iteration numbers for MLEM

plotted for each collimator with

and without resolution recovery

function. Mouse PH mouse

7-pinhole collimator, Rat PH rat

5-pinhole collimator, Mouse SL

mouse 8-slit collimator, Rat SL

rat 5-slit collimator, RR-on with

resolution recovery function,

RR-off without resolution

recovery, SOR spill-over ratios
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mouse SL because of much lower axial resolution than

mouse PH. Based on these results, we would recommend to

use mouse PH rather than mouse SL together with reso-

lution recovery in this setting. In this study, we used the

helical scan mode for in vivo imaging with mouse PH. A

drawback of helical scan is, however, that it usually

requires a large number of projections to scan entire mouse

or rat body, because acquisition step angle and bed motion

per step are fixed to 1.0� and 0.33 mm for mouse PH or

0.67� and 0.5 mm for rat PH in this system. For this reason,

the helical scan with mouse PH presented in Fig. 4 required

242 scan steps as compared to 45 steps with mouse SL.

Furthermore, the number of steps with the slit collimator

can easily be reduced to, for example, 10 (increment angle

of 4.5�). These indicate that a single scan time would be

much shorter with slit collimator for a given acquisition

time per step. When the acquisition time per step is set to

the minimal (i.e., 1 s), for example, a single scan with

mouse SL would require only 10 s as compared to 242 s

with mouse PH. As such, slit collimators should be useful

for dynamic imaging of an entire mouse or rat body, where

multiple serial short acquisitions are required. However,

the value of slit collimator for dynamic imaging needs to

be addressed in further studies, because we focused on

comparative evaluation of imaging performance with

comparable acquisition time among the collimators.

Effect of resolution recovery

We applied resolution recovery function during recon-

struction based on the modeling of pinholes and slits [16]

in this study, reflecting recent advances in iterative

reconstruction algorithms. The results showed that the use

of resolution recovery improves spatial resolution, unifor-

mity, SOR, and overall image quality. This is in line with

the published results in that the resolution recovery during

reconstruction generally provides improved resolution and

lower noise magnitude in the images [11, 21]. Therefore, in
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Fig. 6 a Recovery coefficients (RC) of NU-4 image quality phantom

as a function of iteration numbers for maximum-likelihood expecta-

tion maximization (MLEM) plotted for each collimator with (upper)

and without (lower) resolution recovery function during reconstruc-

tion. b Index of error in RC as a function of iteration numbers for

MLEM plotted for each collimator with (upper) and without (lower)

resolution recovery function. Mouse PH mouse 7-pinhole collimator;

Rat PH rat 5-pinhole collimator, Mouse SL mouse 8-slit collimator,

Rat SL rat 5-slit collimator
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practical settings, it is preferable to use resolution recovery

whenever possible as described earlier. However, our

results also indicate that images reconstructed with reso-

lution recovery should be interpreted with caution in that

the pixel values may not necessarily guarantee quantitative

accuracy as discussed earlier related to RC in NU-4

phantom. Therefore, a care should be taken when mea-

suring activity of small objects with diameter of 2–3 mm,

or object edge. In such cases, one could probably use

images without resolution recovery function as an option.

Helical scan

In this study, we preferred to use a single circular orbit rather

than a helical scan. This was because the helical scan in our

system was less flexible in terms of voxel size and acquisition

parameters such as step angle per view. For example, the

voxel size was always fixed to 0.33 mm 9 0.33 mm 9

0.33 mm and step angle was set to 1 degree for mouse PH

with no other options available. However, a helical scan has

an advantage over a single circular orbit scan in that it can

cover long axial FOV. Furthermore, a single circular orbit

scan with pinholes for a long object may cause axial blurring

and may affect analysis for performance evaluation. There-

fore, we performed a helical scan of the NU-4 image quality

phantom using mouse PH in addition to the more conven-

tional single circular orbit scan. We observed higher %STD

values of the uniform region with the helical scan than those

with the single circular orbit scan. This was likely because of

smaller voxel size for the helical scan (0.33 mm 9

0.33 mm 9 0.33 mm) than that for the single circular orbit

scan (0.5 mm 9 0.5 mm 9 0.5 mm). Moreover, imaging

of the entire phantom using two 30-min scans of single cir-

cular orbit (a total of 60 min) was longer than that using

helical scan (30 min). These circumstances in the helical

scan may have caused a high noise level and thereby a high

%STD. We also observed higher RC and STDRC values with

the helical scan. The smaller voxel size for the helical scan

may have caused less partial volume effects than those for the

single circular orbit scan, resulting in the higher RCs. The

higher STDRC values for the helical scan were likely to be

explained by the higher noise due to the smaller voxel size

and shorter acquisition time because, as mentioned earlier,

the STDRC would reflect image noise. In practice, we would

recommend to use a single circular orbit scan when the target

object is small such as heart or brain, because it is more

flexible in terms of voxel size and acquisition parameters. On

the other hand, a helical scan would be useful in the cir-

cumstances where whole-body imaging is required, although

more validations are necessary to optimize the imaging

parameters.

Effects of reconstruction settings on image quality

measures

The results showed that the %STD of sensitivity uniformity

increased, while SORs decreased, as a function of iteration,

which is in line with a study by Harteveld et al. [13].

Furthermore, the index of error in RC rapidly decreased as

the iteration number increased, which was followed by

gradual increase or decrease depending on collimator

choice and the use of resolution recovery function. From a
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Fig. 7 3D maximum intensity

projection images of a mouse

bone SPECT using either mouse

PH (left) or mouse SL (right)

with (RR-on) and without

resolution recovery (RR-off).

Mouse PH mouse 7-pinhole

collimator, Mouse SL mouse

8-slit collimator, RR-on with
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practical point of view, an optimal reconstruction setting is

one that provides relatively low %STD (e.g., \20 %), low

SORs (e.g.,\0.1), and low index of error in RC (e.g.,\1).

Our results showed that the suitable range of iteration

numbers for MLEM reconstruction to meet such require-

ments is different depending on collimator choice. For

example, the suitable range of iteration numbers with res-

olution recovery function was considered to be 50–100 for

rat PH or 50 for mouse PH, whereas it was wider (50–200)

for rat SL or mouse SL. Without resolution recovery

function, it was considered to be 60–100 for rat SL or

mouse SL. However, it was difficult to meet such

requirements for pinhole collimators mainly due to higher

%STDs. When higher %STDs (e.g., \40 %) were accep-

ted, the suitable range of iteration numbers was considered

to be 50–100 for rat PH or 50–60 for mouse PH. Thus,

reconstruction settings should be optimized for each col-

limator with/without resolution recovery function.

Limitations

There are limitations of the study to be mentioned. First,

although NU-4 phantom is successfully applied in small-

animal PET scanners [17], it has not yet been optimized for

animal SPECT with small FOV, which is necessary to

achieve high spatial resolution and sensitivity. For exam-

ple, NU-4 phantom cannot be used for very small radius of

rotation. Conversely, the phantom with larger diameter

would be better for the collimators for rat imaging. These

are the limitations of NU-4 phantom for evaluating small-

animal SPECT, where system design becomes more

diverse in recent years. Second, we focused on 99mTc as a

radionuclide to be tested in this study, because it is widely

used and many of imaging performance test results are

reported based on it [5, 8, 9, 13], which provides an

opportunity for comparison of systems. Other radionuc-

lides such as 123I or 111In, which are also used for molec-

ular imaging, should be tested in future.

Conclusions

The performance of the eXplore speCZT system has been

characterized for each collimator using phantoms including

the NEMA NU-4 image quality phantom and an in vivo

mouse. The results indicate that the scanner has a high-

energy resolution and reasonable sensitivity and spatial

resolution. The image quality phantom results indicate that

the use of resolution recovery function significantly

improves the spatial resolution as well as image quality,

although images with resolution recovery should be inter-

preted with caution in that the pixel values may not

necessarily guarantee quantitative accuracy. The overall

performance shows that the eXplore speCZT system is

suitable for preclinical imaging-based research using

small-animals.
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