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Abstract 

Objective:  The aim of the study was to assess the accuracy of quantitative SPECT/
CT imaging in a clinical setting and to compare test results from two nuclear medicine 
departments.

Methods:  Phantom studies were carried out with two gamma cameras manufactured 
by GE Healthcare: Discovery NM/CT 670 and NM/CT 850, used in two nuclear medi‑
cine departments. The data were collected using a cylindrical uniform phantom and a 
NEMA/IEC NU2 Body Phantom, filled with 99mTc-pertechnetate.

Results:  The convergence of activity concentration recovery was validated for the two 
gamma cameras operating in two medical centers using the cylindrical uniform phan‑
tom. The comparison of results revealed a 5% difference in the background calibration 
factor Bg. cal; 6% difference in COV, and a 0.6% difference in total activity deviation 
∆Atot. Recovery coefficients (RCmax) for activity concentration in spheres of the NEMA/
IEC NU2 Body Phantom were measured for different image reconstruction techniques. 
RCmax was in the range of 0.2–0.4 for the smallest sphere (φ 10 mm), and 1.3–1.4 for the 
largest sphere (φ 37 mm). Conversion factors for SUVmax and SUVmean for the gamma 
camera systems used were 0.99 and 1.13, respectively.

Conclusions:  (1) Measurements taken in our study confirmed the clinical suitability 
of 5 parameters of image quality (Bg. cal—background calibration factor, ∆Atot—total 
activity deviation, COV—coefficient of variation used for image noise assessment,  
QH—hot contrast, AM—accuracy of measurements, or RC—recovery coefficient) 
for the validation of SPECT/CT system performance in terms of correct quantitative 
acquisitions of images. (2) This work shows that absolute SPECT/CT quantification is 
achievable in clinical nuclear medicine centers. Results variation of quantitative analy‑
ses between centers is mainly related to the use of different reconstruction methods. 
(3) It is necessary to standardize the technique of measuring the SUV conversion factor 
obtained with different SPECT/CT scanners.
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Background
The integrated diagnostic SPECT/CT (single-photon emission computed tomogra-
phy/computed tomography) systems with iterative algorithms for image reconstruc-
tion allow for the clinical use of quantitative SPECT [1]. SPECT is a quantitative 
imaging technique and therefore requires a common quality control procedure to 
maintain the accuracy and precision of quantitation. The standard methodology for 
evaluating the performance of quantitative SPECT/CT systems has been established 
[2]. However, so far, no guidelines for quantitative SPECT/CT systems harmonization 
have been published. Many studies showed the need for harmonization of quantita-
tive SPECT/CT scanners across centers [3–5]. There are differences in the calibra-
tion of these systems, in the reconstruction methods and in the correction techniques 
being applied. Software from different vendors may also produce different quantita-
tive results from the same SPECT system.

Repeatability and reproducibility are essential requirements for any quantitative 
measurement. Repeatability in SPECT relates to the uncertainty in obtaining the 
same result in the same patient examined more than once on the same system. Repro-
ducibility relates to the variation that results when different conditions are used to 
make the measurements, for example, different gamma camera systems. Standard 
uptake value (SUV) is a widely available and easy-to-use quantifier of radioactivity 
concentration in SPECT images. Physical and clinical conditions for its measurement 
still need to be standardized. A measured SUV cannot be used as an absolute number. 
SUVmax, which is preferred by physicians, depends, among other things, on the cho-
sen SPECT/CT image reconstruction technique.

Harmonization and standardization of quantitative test results have been success-
fully implemented for PET/CT (positron emission tomography/computed tomogra-
phy) imaging technique. From the beginning of its existence, this diagnostic method 
was considered a quantitative one and, therefore, absolute quantification was the 
overriding goal of the development of PET technology. However, variability in meth-
odology across centers prohibited the exchange of SUV data. In 2006, the EANM 
(European Association of Nuclear Medicine) started the EARL (EANM Research Ltd. 
Program), i.e., the multicenter program of standardization and harmonization and 
accreditation of PET/CT scanners. The EANM/EARL accreditation program has been 
developed to facilitate comparisons of quantitative PET parameters in multicenter 
studies or at medical centers equipped with several PET systems [6]. Standardization 
includes the unification procedures of patient preparation, scan acquisition, image 
reconstruction and data analysis settings. The harmonizing standards are based on 
the precise calibration of PET scanners. To obtain and maintain the EARL accred-
ited status, PET centers are required to complete and submit two phantoms scans for 
calibration quality control (using a uniform cylindrical phantom), and image quality 
control (using a NEMA NU2-2007 Body Phantom) [7]. The standardization of quan-
titative PET results is also done by committees and the working group established by 
the Society of Nuclear Medicine and Molecular Imaging and the Radiological Soci-
ety of North America. The results of the integrated works of international teams of 
experts are the guidelines for performing, interpreting and reporting the results of 
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PET/CT studies [8, 9]. Selected and proven procedures, quality control tests and tools 
used to harmonize PET scanners could be used for QSPECT harmonization.

The tests presented in the paper were performed by the authors using 99mTc (techne-
tium-99m), the most widely used radioisotope for diagnostic studies in nuclear medi-
cine. 99mTc sources are used for most of the quality control tests of gamma camera 
detectors recommended by the manufacturers.

Accuracy calibration and harmonization of SPECT/CT systems should improve the 
quality of dosimetric measurements performed on patients’ images to estimate the doses 
absorbed by individual organs. Radiation dose optimization in diagnostic imaging and 
the need for individual planning of radioisotope therapies, recommended by the Euro-
pean Directive 2013/59/Euratom [10], lead to the rising importance of clinical internal 
dosimetry in nuclear medicine departments.

Selected issues related to the quantitative analysis of SPECT/CT images were 
addressed in the present study: (1) What tests can be done to assess the performance 
of a SPECT/CT gamma camera used for quantitative imaging? (2) Is the level of accu-
racy of activity measurement obtained by manufacturers in their research laboratories 
achievable in the clinical facilities of nuclear medicine? (3) How can the repeatability of 
SUV measurements for two different SPECT/CT systems be tested?

Methods
The present study was conducted in two departments of nuclear medicine: the Clini-
cal Nuclear Medicine Department of the University of Zielona Gora, Multi-Specialist 
Regional Hospital in Gorzow Wielkopolski (Department 1), and in the Nuclear Medicine 
Department of the Pomeranian Medical University in Szczecin (Department 2). The data 
were collected using the cylindrical uniform phantom and the NEMA/IEC NU2 Body 
Phantom, filled with 99mTc-pertechnetate. Phantom tests were performed using Discov-
ery NM/CT 670 gamma camera operating in Department 1 and NM/CT 850 gamma 
camera operating in Department 2. Acquired data were processed on Xeleris 2 Work-
station in Department 1 and on Xeleris 4 Workstation in Department 2. Activity meas-
urements were performed with two different activity meters: Capintec CRC-55tR No. 
158952 at Department 1 and Capintec CRC-55tR No. 550547 at Department 2. Two dif-
ferent operators (the physicists experienced in nuclear medicine) performed the phan-
tom preparation, imaging and data analysis procedures, separately in each department.

Cross-measurements

•	 Cross-calibration of activity meter to SPECT/CT system

	 Gamma camera sensitivities, checked regularly according to vendor recommenda-
tions in both departments, were measured using the GE Healthcare application: 
“Camera Sensitivity guided workflow test.” The camera sensitivity was measured 
using a Petri dish that was filled evenly (2–3 mm deep) with a homogeneous solution 
of 99mTc-pertechnetate (90 MBq) in water.

•	 Comparison of the activity meters
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	 Both activity meters Capintec-55tR No. 158952 and No. 550547 had valid calibration 
certificates issued by The Laboratory of Radioactivity Standards of the Radioisotope 
Center POLATOM (Accredited Laboratory No. AP 120). The calibration certificates 
contained information on the results of the linearity test performed using 99mTc 
sources. The deviation from linearity did not exceed 1.0% for the Capintec CRC-55tR 
No. 158952, and 0.5% for the Capintec CRC-55tR No. 550547, within the activity 
ranges tested by the accredited laboratory.

	 In the study, the readings of both activity meters were checked using a calibration 
source prepared at Department 1 in Gorzów. One of the NEMA/IEC Body Phan-
tom spherical inserts (with a diameter of 22 mm) was used as the calibration source. 
The calibration source was filled with 99mTc-pertechnetate and measured with Cap-
intec CRC-55tR No. 158952 activity meter at Department 1. Then, the same calibra-
tion source was measured with Capintec CRC-55tR No. 550547, after its delivery to 
Department 2 in Szczecin.

1. Accuracy of measurement for activity in the cylindrical uniform phantom.
The cylindrical uniform phantom, 18  cm high, 20  cm in diameter and 5640  ml vol-

ume, was filled with a homogeneous solution of the radioisotope (99mTc) with activity 
of 294 MBq (Department 1) and 295 MBq (Department 2) at the moment of scan start. 
The same SPECT/CT acquisitions of the phantom were performed in the two medical 
departments. The acquisition parameters were as follows: low-energy high-resolution 
collimator; the photopeak emission energy window: 140.5  keV ± 10%; and the scatter 
window: 120 ± 5% keV. SPECT images were acquired with 60 projections over 360°, 180° 
per detector, step of 6°, 20 s/projection. Acquired images were reconstructed using 24 
iterations, 4 subsets, a Gaussian smoothing with a full width at half maximum (FWHM) 
of 7.5  mm, and corrections: AC (attenuation correction), SC (scatter correction), RR 
(resolution recovery). The following parameters were established for the cylindrical uni-
form phantom, as proposed by Gnesin et al. [11]:

(a)	 The SPECT-to-local activity meter cross-calibration (Bg. cal) was tested by cal-
culating ratio of the activity concentration measured in the reconstructed SPECT 
phantom background (ac,bg [MBq/ml]) to the expected activity concentration of liq-
uid filling the phantom (Ac,bg [MBq/ml]), measured during phantom preparation.

	 ac,bg was evaluated as the mean value for 5 circular regions of interest (ROIs) of 
16 cm in diameter centered on the cylinder axis of the phantom placed at different 
axial locations (Fig. 1).

(b)	 The image noise was evaluated using the coefficient of variation (COV), which was 
the ratio of standard deviation (σbg) to the average signal measured in the phantom 
background (ac,bg).

(1)Bg. cal =
ac,bg

Ac,bg

(2)COV(%) =
σbg

ac,bg
× 100,
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	 Standard deviation (σbg) was calculated according to the equation:

where ac,bg ,n is mean activity concentration in the n circular ROI calculated with 
Q.Metrix program.

(c)	 The total activity deviation (�Atot(%)) was calculated:

where Atot,rec [MBq] is the total recovered activity in the phantom measured in the 
image with Q.Metrix application of Xeleris from GE Healthcare. During the meas-
urement of Atot,rec, the maximum rectangular VOI covering the entire area of the 
phantom was drawn on the middle coronal slice of the reconstructed image. Atot 
[MBq] is the total activity in the phantom measured with an activity meter during 
phantom preparation.

2. Accuracy of measurements for the activity in hot spherical inserts in the 
NEMA/IEC NU2 Body Phantom.

In Department 1 and then in Department 2, identical SPECT/CT acquisitions were 
performed for the NEMA IEC Body Phantom prepared consistently with instructions 
on laboratory measurements provided in the white paper published by GE Healthcare 
[12]. The following acquisition parameters were used: low-energy high-resolution col-
limator; the photopeak emission energy window: 140.5 keV ± 10%; and the scatter win-
dow: 120 ± 5% keV. SPECT images were acquired with 120 projections over 360°, 180° 
per detector, step of 3°, 30 s/projection. The NEMA IEC Body Phantom, loaded with a 
99mTc solution, was used to assess quantification accuracy using 6 different sphere sizes. 
Six spherical inserts (10, 13, 17, 22, 28 and 37 mm in diameter) were filled with an activ-
ity concentration 8 times higher than the activity concentration present in the phantom 

(3)σbg =

√

√

√

√

n
∑

n=1

ac,bg ,n − ac,bg

n− 1
, n = 5,

(4)�Atot(%) =
Atot,rec − Atot

Atot
× 100

Fig. 1  Image of the uniform cylindrical phantom with 5 circular regions of interest of 16 cm in diameter 
located at different levels along the long axis of the phantom, reconstructed with Q.Metrix application of 
Xeleris 2 software from GE Healthcare
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cylinder. The total phantom activity at the time of the scan was 386.8 MBq in Depart-
ment 1, and 386.6 MBq in Department 2.

(A)
Acquired images were reconstructed using 6 subsequent iterative techniques:

2 iterations, 10 subsets; AC, SC, RR corrections; no filtering,
2 iterations, 10 subsets; AC, SC, RR corrections; Butterworth filter (cutoff frequency 
of 0.48 cycles/cm and an order of 10),
4 iterations, 10 subsets; AC, SC, RR corrections; no filtering,
4 iterations, 10 subsets; AC correction; no filtering.
5 iterations, 15 subsets; AC, SC, RR corrections; no filtering,
24 iterations, 8 subsets; AC, SC, RR corrections; no filtering.

Accuracy of measurements (AM) for activity of 6 spheres in the images of the phan-
tom was evaluated from the formula [12]:

where Loaded activity [MBq]—the real activity measured with an activity meter at the 
time of acquisition, and Measured activity [MBq]—the activity measured in SPECT/CT 
images with Q.Metrix from GE Healthcare for individual spherical inserts. Figure 2 pre-
sents the technique of radioactivity measurement for 6 hot spheres of the phantom dur-
ing the analysis of reconstructed images.

(B)
Cross sections of the NEMA/IEC Body Phantom were additionally reconstructed 

using 7 subsequent techniques, with 4, 8, 12, 16, 20, 24, 48 iterations; 4 subsets; AC, 

(5)AM =

(

1−

∣

∣Loaded activity−Measured activity
∣

∣

Loaded activity

)

× 100%

Fig. 2  A screenshot of the Q.Metrix software during the measurement of hot spheres activity in the cross 
sections of the NEMA/IEC Body Phantom. Color rings correspond to VOI (volume of interest) for 6 hot spheres
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SC, RR corrections; and no filtering. Recovery coefficient (RC) was evaluated for all 6 
spheres and images acquired with 7 different reconstruction techniques [11]:

where j is the number of sphere, ac,sph,j,max[MBq/ml] is maximum activity concentration 
in the sphere measured with Q.Metrix, and Ac,sph  [MBq/ml] is activity concentration in 
the sphere established based on measurements taken with an activity meter.

A relative deviation between measured and calculated sphere’s activity value was 
defined by:

The average BIAS was calculated as the arithmetic mean of all BIASj for 6 spheres.
Another notation for the BIAS definition (expressed using the quantity “Accuracy of 

measurements—AM”) was the following:

For the NEMA/IEC Body Phantom, the image noise, evaluated using the coefficient of 
variation (COV), was assessed with Q.Volumetrix, another Xeleris software application. 
The formula for calculating COV was analogous to formula (2), except that in this case, 
the average activity concentration was obtained by averaging the signal from the six 
cubic regions of interest (side of 40 mm) placed in the uniform background surrounding 
the six spheres. The value of σbg in this method was calculated as the standard deviation 
of the mean of the results of the activity concentration measurement for all the six cubic 
background VOIs.

The following parameters were also evaluated for the images of the NEMA/IEC Body 
Phantom (reconstructed using 16 iterations 4 subsets; AC, SC, RR corrections; no 
filtering):

•	 activity concentration in the background,
•	 activity concentration in the 22-mm-diameter hot sphere,
•	 hot contrast (QH,22) for the 22-mm-diameter sphere, from the formula [11]:

where ac,bg is activity concentration in the background measured with Q.Metrix in the 
image of the phantom, and Ac,bg is activity concentration of the radioactive liquid in 
which hot spheres are immersed (background) measured with an activity meter.

3. Comparison of SUVs acquired for a single calibration source.
Measurements of the sensitivity of the gamma cameras, according to the manufac-

turer’s recommendations, in both departments were performed with locally measured 
sources. The SUV was calculated for the same source for two purposes: to compare the 

(6)RCj,max =

ac,sph,j,max

Ac,sph

(7)BIASj =
∣

∣RCj,max − 1
∣

∣

× 100%

(8)BIAS = 100% − AM

(9)QH ,j(%) =

(

ac,sph,j/ac,bg
)

− 1
(

Ac,sph/Ac,bg

)

− 1
× 100
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cameras’ sensitivities and to verify the correctness of calculations of Q.Metrix applica-
tions in both systems. Verifying the correctness of the calculation of clinical parameters 
(like SUV) can be helpful when testing the software of newly purchased systems.

To determine the conversion factor for SUVmax and SUVmean registered in studies 
with different gamma cameras, two identical SPECT/CT acquisitions and reconstruc-
tions of the same 99mTc calibration source were performed in two nuclear medicine 
departments. The calibration source was a 22-mm-diameter hot spherical insert of the 
NEMA/IEC Body Phantom with activity of 20.03  MBq prepared and measured with 
Capintec CRC-55tR (No. 158952) activity meter at Department 1.

The acquisition of the calibration source was carried out with Discovery NM/CT 670 
gamma camera in Department 1, and a few hours later with NM/CT 850 gamma cam-
era in Department 2 (Fig. 3). The images acquired with different gamma cameras were 
reconstructed using the same method: 4 iterations, 10 subsets; AC, SC, RR corrections; 
no filtering.

Fig. 3  Acquisition of the calibration source in Department 2
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Results
Cross-measurements

•	 Cross-calibration of activity meter to SPECT/CT system

	 The sensitivities of the gamma cameras, measured before the quantitative acquisi-
tions, were 72.2 cps/MBq for Discovery NM/CT 670 gamma camera and 70.9 cps/
MBq for NM/CT 850 gamma camera.

•	 Comparison of the activity meters
	 The activity of radiopharmaceutical inside the 22-mm sphere was measured in 

Department 1 with a Capintec CRC-55tR meter No. 158952, and it was 20.03 MBq. 
The activity of this sphere measured in Department 2 with a Capintec CRC-55tR 
No. 550547 was 8.20  MBq. After taking into account a decay correction of the 
radionuclide, the measurement results of the same source for the two meters were: 
20.03 MBq for the Capintec CRC-55tR No. 158952 and 21.01 MBq for the Capintec 
CRC-55tR No. 550547  m. The percentage difference in the readings was therefore 
4.7%, and the ratio of Department 2 meter reading to Department 1 meter reading 
was 1.05.

1. Accuracy of measurement for activity in the cylindrical uniform phantom.
Table 1 presents data on the accuracy of activity concentration recovery in the images 

of the cylindrical uniform phantom acquired with two gamma cameras in two nuclear 
medicine departments. The comparison of results for the two gamma cameras revealed 
a 5% difference in the background calibration factor Bg. cal; 6% difference in COV; and a 
0.6% difference in total activity deviation ∆Atot. Activity concentration measured for the 
99mTc solution with an activity meter and then measured in the image with Q.Metrix was 
identical for both gamma cameras.

Table 1  Background calibration factor (Bg. cal), coefficient of variation (COV), total activity deviation 
(ΔAtot), background activity concentration (Ac,bg) measured with the activity meter and background 
activity concentration (ac,bg)—average of the 5 ROIs measured in the image with Q.Metrix, for two 
SPECT/CT acquisitions of the cylindrical uniform phantom in two nuclear medicine departments

Gamma 
camera, 
medical center

Coefficient

Background 
calibration 
factor
Bg. cal

Coefficient of 
variation COV 
(%)

Total 
activity 
deviation 
ΔAtot
(%)

Activity 
concentration in 
the background 
Ac,bg 
(MBq/ml)
(measured with 
an activity meter)

Activity 
concentration in 
the background 
ac,bg (MBq/ml)
(measured in 
the image with 
Q.Metrix, average 
of the 5 ROIs)

Discovery 670
Department 1

1.192 4 − 1.02 0.052 0.062

NM/CT 850
Department 2

1.135 10 − 0.45 0.052 0.059
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2. Accuracy of measurements for the activity in hot spherical inserts in the 
NEMA/IEC NU2 Body Phantom.

(A)
Figure 4 presents the accuracy of measurements for activity concentration in 6 hot spher-

ical inserts of the NEMA/IEC Body Phantom recorded with Discovery NM/CT 670 gamma 
camera in Department 1. The highest accuracy of measurement for activity concentration 
was obtained when using an image reconstruction technique with 24 iterations and 8 sub-
sets, corrections: AC, SC and RR. Another two reconstruction techniques offering the rela-
tively high accuracy of measuring the activity concentration in spheres involved 5 iterations 
with 15 subsets or 4 iterations with 10 subsets. The use of reconstruction techniques with 
fewer than 4 iterations was associated with a significant reduction in the accuracy of meas-
urement for the activity in all 6 spheres. The use of the reconstruction technique with just 2 
iterations reduced the accuracy of measurement for the largest sphere (φ = 37 mm) by 8%. 
When the Butterworth filter (0.48 10) was used in the technique with 2 iterations, the accu-
racy of activity measurement dropped by another 4% for this hot sphere.

Figure 5 shows a fragment of the graph in Fig. 4. This figure was included in the paper 
to allow the comparison of similar findings in the literature [12].

Figure  6 shows the average values of deviations of the activity concentration from 
the expected value (BIAS) for all spheres and the average values of background noise 
(expressed by the COV coefficient) on the images of the NEMA/IEC NU2 phantom 
recorded in Department 1 and reconstructed using 6 different methods described in 
point 2.A) of Methods section. The maximum BIAS (55.3%) occurred for the 4 itera-
tions 10 subsets method, without SC and RR corrections. The lowest BIAS (29.1%) was 
determined for the 24 iterations 8 subsets reconstruction method. The value of noise in 
the images increased (ranging from 1.1 to 5.2%) with the number of iterations. A slight 

Fig. 4  Accuracy of measurements (AM) for activity in 6 spherical inserts of the NEMA/IEC Body Phantom 
scanned with Discovery NM/CT 670 gamma camera in Department 1
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decrease in noise was recorded for the 2 iterations 10 subsets method with the Butter-
worth reconstruction filter, as well as for the 4 iterations 10 subsets method without SC 
and RR corrections. The introduction of the filter to the reconstruction method with 2 
iterations slightly reduced the noise level in the images (by 0.1% on average) with simul-
taneous increase in the averaged BIAS.

(B)
Figure 7 presents recovery coefficients (RCmax) for activity concentration in spheres of 

the NEMA/IEC NU2 Body Phantom. Images were acquired with Discovery NM/CT 670 
gamma camera from GE Healthcare and reconstructed with 7 techniques described in a 
paper by Gnesin et al. [11]. The type of a reconstruction technique had a minor effect on 

Fig. 5  Accuracy of measurements for activity in the 3 largest spherical inserts of the NEMA/IEC Body 
Phantom scanned with Discovery NM/CT 670 gamma camera in Department 1

Fig. 6  BIAS and COV plot showing average BIAS values of spheres activity concentration and COV average 
values for background, in the NEMA/IEC NU2 Body Phantom cross sections reconstructed with 6 methods 
compliant with the White Paper GE Healthcare [12]. The calculations were made with the Q.Metrix program 
for images acquired with Discovery NM/CT 670 at Department 1
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the accuracy of measurement for the smallest (φ 10 mm) and largest (φ 37 mm) spheres. 
RCmax was in the range of 0.2–0.4 for the smallest sphere, and 1.3–1.4 for the largest 
sphere. The widest range of RCmax (0.6–1.6) was found for sphere no. 3 (φ 17 mm).

Figure 8 shows two sets of RCmax curves calculated for 6 hot spheres, for the NEMA/
IEC NU2 phantom, obtained using two different gamma cameras (manufacturer GE 
Healthcare) at two departments. The images were reconstructed by 3 different methods 
using 12, 16 and 20 iterations. The absolute value of the difference between the RCmax 
values for the corresponding spheres and the reconstruction methods, obtained in these 
two departments, amounted to an average of 0.07, minimum 0, maximum 0.23. The 
highest RCmax difference concerned the sphere φ = 17 mm and the 20 iteration method. 
The absolute value of the difference between the RCmaxj values for the reconstruction 

Fig. 7  Recovery coefficients (RCmax) for activity concentration in 6 spherical inserts of the NEMA/IEC NU2 
Body Phantom scanned with Discovery NM/CT 670 gamma camera

Fig. 8  RCmax values as a function of the sphere diameter of the NEMA/IEC NU2 Body Phantom, for two 
gamma cameras in two departments. The dashed lines represent the results obtained by the gamma camera 
Discovery NM/CT 670 in Department 1; the continuous lines represent the results obtained by the gamma 
camera NM/CT 850 in Department 2
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methods with 12 and 20 iterations (averaged of 6 spheres) was 0.10 and 0.04, respec-
tively, for Department 1 and Department 2. The beam of RCmax curves from Department 
1 was broader than the beam from Department 2.

Figure  9 shows the average values of deviations of the activity concentration from 
the expected value (BIAS) for all spheres and the average values of background noise 
(expressed by the COV coefficient) on the images of the NEMA/IEC NU2 phantom 
recorded in Department 1 and reconstructed using the 7 different methods described in 
point 2.B) of Methods section. The maximum BIAS (42.3%) occurred for the 4 iterations 
4 subsets method. The lowest BIAS (33.2%) was determined for the 8 iterations 4 subsets 
reconstruction method. The amount of noise in the images grew steadily with the num-
ber of iterations. The range of COV values was: 0.8–4.7%.

Table  2 presents the calculated parameters of image quality obtained for the back-
ground and the 22-mm-diameter spherical insert of the NEMA/IEC NU2 Body Phantom 
measured with two gamma cameras, Discovery NM/CT 670 and NM/CT 850. Activity 

Fig. 9  BIAS and COV plot showing average BIAS values of spheres activity concentration and COV average 
values for background, in the NEMA/IEC NU2 Body Phantom cross sections reconstructed with 7 methods 
compliant with the paper by Gnesin et al. [11]. The calculations were made with the Q.Metrix program for 
images acquired with Discovery NM/CT 670 at Department 1

Table 2  Parameters of image quality obtained for the 22-mm-diameter sphere and the background 
of the NEMA/IEC NU2 Body Phantom with two gamma cameras, Discovery NM/CT 670 and NM/CT 
850

Parameter

Activity 
concentration in 
the hot sphere
Ac,sphere (22 mm) 
[MBq/ml] 
(measured with 
a meter)

Activity 
concentration in 
the hot sphere 
measured with 
Q.Metrix 
ac,sphere (22 mm) 
[MBq/ml]
(measured with 
Q.Metrix)

Hot contrast 
QH (%) 
22-mm 
sphere
(measured 
in the 
image)

Activity 
concentration in 
the background 
Ac,bg [MBq/ml]
(measured with 
a meter)

Activity 
concentration in 
the background 
ac,bg [MBq/ml]
(measured with 
Q.Metrix, mean 
for 5 ROIs)

Discovery NM/
CT 670
Department 1

0.32 0.42 71 0.04 0.07

NM/CT 850
Department 2

0.32 0.38 76 0.04 0.06
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concentration measured for the 99mTc solution in the 22-mm sphere with activity meters 
was identical for both phantoms. Activity concentrations measured in images of 22-mm 
sphere with Q.Metrix differed by 11% for two gamma cameras. Activity concentrations 
measured in the background of the phantom in the two nuclear medicine departments 
were very similar. Hot contrasts (QH,22) measured in spherical insert were comparable 
(71 vs 76%).

Comparison of SUVs acquired for a single calibration source.
Table 3 presents the comparison of calculated SUVmax and SUVmean for a calibration 

source—a hot sphere 22 mm in diameter (an insert of the NEMA/IEC Body Phantom) 
registered with two different GE Healthcare gamma cameras in the two nuclear medi-
cine departments. The activity of the calibration source at the time of acquisition start 
was 13.9 MBq in Department 1 and 7.5 MBq in Department 2.

Conversion factors for SUVmax and SUVmean were calculated for the gamma camera 
systems used:

Discussion
1. Accuracy of measurement for activity in the cylindrical uniform phantom.

The background calibration factors (Bg. cal) for the two gamma cameras, Discov-
ery NM/CT 670 and NM/CT 850, were not within 10% of the expected value (1), but 
were convergent, and only a 5% difference was found between them. Gnesin et  al. 
[11] reported that the background calibration factor (Bg. cal) was within 10% of the 
expected value, but the analysis was based on the images acquired during a two-times 
longer acquisition of the cylindrical uniform phantom. The increase in deviations from 
Bg. cal = 1 at low count density was observed in PET studies [13, 14]. Apart from the 
low count statistics, another reason for obtaining too large deviation of Bg. cal from 
the value of 1 could be limited (to two decimal places), the accuracy of the measure-
ment of activity concentration obtained using the Q.Metrix application. Newer versions 
of GE Healthcare’s Xeleris software already have a superior quantitative application: 
Q.Volumetrix.

(10)

Conversion factor for SUVmax :

SUVmax(NM/CT 850DEPARTMENT 2)

SUVmax(DISCOVERYNM/CT 670DEPARTMENT 1)
= 0.99

(11)
Conversion factor for SUVmean:

SUVmean(NM/CT 850 DEPARTMENT 2)

SUVmean(DISCOVERY NM/CT 670 DEPARTMENT 1)
= 1.13

Table 3  SUVmax and SUVmean for φ 22-mm sphere obtained using two gamma cameras: 
Discovery NM/CT 670 and NM/CT 850, in the two medical departments. The radioactive decay 
corrections were included in the calculations

Gamma camera Sphere volume 
Q.Metrix
[ml]

Sphere activity 
Q.Metrix
[MBq]

SUVmean
[g/ml]

SUVmax
[g/ml]

SUVmin
[g/ml]

Discovery NM/CT 670
Department 1

5.8 8.17 52.40 113.30 7.18

NM/CT 850
Department 2

5.8 6.47 59.05 112.62 6.56
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The relatively low values of the coefficient of variation (COV%) for the background 
prove the high degree of homogeneity of the solution filling the phantom, and thus the 
correct preparation of uniform phantoms in Department 1 and Department 2. Total 
activity deviation (ΔAtot (%)) for both gamma cameras was low, and activity concentra-
tions measured in images with Q.Metrix were consistent.

2. Accuracy of measurements for the activity of hot spherical inserts in the 
NEMA/IEC NU2 Body Phantom.

(A)
The juxtaposition of Figs. 5 and 10 allows comparison of the accuracy of measure-

ments for activity concentration obtained for the 3 largest spheres of the NEMA/IEC 
NU2 Body Phantom scanned in clinical Department 1 and in GE Healthcare labora-
tory. The images, acquired with different gamma cameras, were reconstructed using 
the same 6 methods.

The highest accuracy of measurements for the activity of hot spherical inserts was 
found, both in our study and in one performed by GE Healthcare [12], using an image 
reconstruction technique that involved 24 iterations, 8 subsets. For the two recon-
struction techniques 5 iterations and 5 subsets or 4 iterations and 10 subsets, the 
accuracy of measurements for activity concentration in the largest sphere (φ 37 mm) 
was similar (approx. 90%). For two smaller spheres (φ 27 and 22 mm), the accuracy of 
measurement for activity concentration obtained in the clinical department of nuclear 
medicine was approx. 10% lower than that reported by GE Healthcare. The maximum 
value of the accuracy of the sphere activity measurement for 5 iterations in the GE 
Healthcare laboratory was as high as 99.4% for the 28-mm sphere. In our study, the 
accuracy of measurement for this sphere was 90.2%. GE Healthcare recognized 5 iter-
ations and 15 subsets or 4 iterations and 10 subsets as the optimal reconstruction 

Fig. 10  Accuracy of measurements for activity in the 3 largest spheres of the NEMA/IEC Body Phantom 
scanned in GE Healthcare laboratory. Source: White Paper, DOC1951185, 2017, GE [12]
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methods [12]. The results of deviations of activity concentration measurements from 
the expected values obtained in our study (Fig.  6) confirmed the clinical usefulness 
of the above reconstruction methods (averaged BIAS for all spheres ~ 40% with an 
average noise level not exceeding 4%). The algorithm with a large number of 24 itera-
tions significantly extended the reconstruction time, increased the image noise and 
was considered a technique unsuitable for clinical applications.

(B)
The analysis of RCmax values obtained in the two departments for 3 methods of the 

NEMA/IEC NU2 Body Phantom reconstruction showed that the average of the differ-
ences of the corresponding recovery coefficients was within 10%, but the RC curves 
from Department 1 and Department 2 had different ranges of values (Fig. 8). Many fac-
tors could have contributed to the differences in the obtained results, including but not 
limited to: the method of preparing the phantom, the processing of the results by differ-
ent operators using two different versions of the Xeleris software.

In the study by Gnesin et al. [11], the acquisition of the NEMA/IEC NU2 Body Phan-
tom was performed with Siemens Symbia Intevo camera. Acquired data were processed 
on Siemens Syngo workstation. Figure  11 presents recovery coefficients (RCmax) for 6 
spherical inserts reported by Gnesin et al. The colors of the RCmax curves assigned to 
individual reconstruction methods were consistent with the method markings in the leg-
ends of Figs. 7 and 8.

The general shape of the RCmax curves obtained in our work (Figs. 7, 8) was similar to 
those presented by Gnesin et al. [11] (Fig. 11). The authors of [11] used a different man-
ufacturer’s system (Siemens) and considered 16 iterations of 4 subsets to be the opti-
mal method of reconstruction. Figure 9, obtained with the GE Healthcare camera, using 
analogous 7 reconstruction methods, does not clearly confirm the preference of the 16 
iterations 4 subsets method. Reconstruction parameters influence activity recovery and 
thus SUV. It should therefore be emphasized that optimization is recommended for each 
clinical system, according to clinical requirements.

In the study from 2018, Collarino et al. [15] performed recovery coefficients measure-
ments for six NEMA/IEC Body Phantom spheres using Discovery NM/CT 670 Pro GE 

Fig. 11  Recovery coefficients (RCmax) for activity concentration in 6 spherical inserts of the NEMA/IEC NU2 
Body Phantom scanned with Siemens Symbia Intevo SPECT/CT system [11] (Courtesy of Dr Silvano Gnesin)
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Healthcare gamma camera. The shape of RC curves differed to some extent from the 
shape of analogous curves in our and Gnesin’s work [11]. The authors of the work [15] 
emphasized the influence of many factors (including gamma camera sensitivity meas-
urement techniques, reconstruction techniques, segmentation methods and count sta-
tistics in images) on the quantitative accuracy of SPECT/CT system. In the publication 
[1] from 2019, Peters and colleagues presented RC curves obtained using similar acqui-
sition and reconstruction parameters to those used in our work and the work of Gne-
sin et al. [11] to analyze the NEMA/IEC Body Phantom. The shapes and values of the 
RCmax curves for Discovery NM/CT 670 Pro gamma camera were consistent with our 
results. A similar agreement was found for the results of Gnesin et al. [11] for the Symbia 
Intevo gamma camera. Peters et al. [1] compared five SPECT/CT systems from differ-
ent vendors at different imaging centers for their quantitative capabilities for 99mTc and 
found that: “the largest contribution for inter-system variation is due to vendor-specific 
reconstruction settings.” In the study from 2012, Seret et al. [16] compared four SPECT/
CT systems and found that for objects which dimensions exceeded the SPECT spatial 
resolution by several times, quantification based on calibration procedure similar to the 
one used in PET was possible within a 10% error. In the study performed by Ryu et al. 
in 2019 [17], they confirmed that quantitative PET performance standards (NEMA NU 
2-2012) apply to SPECT/CT imaging. In publications on the quantification of PET for 
18F [7, 13], the authors reported (for the NEMA/IEC Body Phantom) deviations from Bg. 
cal = 1 less than 10%, COV less than or equal to 15%, and RC values remained stable and 
generally within ± 10% for the four largest and ± 20% for the two smallest spheres.

Data presented in Table 2 imply that it is possible to obtain repeatable results of the 
same tests and SPECT/CT acquisitions performed in two different medical departments 
with different gamma cameras. Values of hot contrast measured for the φ = 22 mm hot 
spherical insert in these departments corresponded to values reported by Gnesin et al. 
[11].

3. Comparison of SUVs acquired for a single calibration source
Data presented in Table 3 were used to calculate conversion factors for SUV in order 

to compare standardized uptake values obtained in the two medical departments. The 
objective comparison of SUVs is very important for monitoring the status of a patient 
being tested in different nuclear medicine departments with different SPECT/CT 
scanners.

Harmonization of SPECT/CT scanners for quantitative 99mTc studies is feasible when 
proper scanner—activity meter cross-calibration and harmonized image reconstruction 
procedures are followed. In addition, if the activity measurements are performed with 
different activity meters, then the important step of full harmonization could be a cross-
calibration of dose calibrators over the entire range of 99mTc activities used in depart-
ments [18, 19].

Currently, medical facilities worldwide do not perform the clinical standardization 
of SUVs as a clinical routine. For this reason, doctors are unable to analyze changes 
in the standardized uptake value for imaged tumors if the patient has been examined 
with different scanners, even in the same nuclear medicine department. Clinical publi-
cations reporting SUVmax and SUVmean measured in patients’ images should provide 
SPECT/CT acquisition parameters, but also details regarding the image reconstruction 
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technique [20–23]. This would allow for an initial comparison of quantification results 
for pathological changes in images acquired with different SPECT/CT systems.

For a correct interpretation of the clinical SPECT/CT image, it is advisable to know 
the reference values of the SUV for normal tissues. Currently published papers concern 
the possibility of identifying the stage of the disease as well as differentiating inflamma-
tory and neoplastic lesions using the SUV index measured in clinical SPECT images [24, 
25]. In this case, PET is a bit ahead of SPECT. Thanks to the standardization and har-
monization of PET techniques, the absolute indicators of SUV PET can be used to plan 
radiotherapy, monitor treatment and also as a prognosticator—to predict overall patient 
survival [26]. In the study from 2021, Arvola et al. [27] showed that SUVs measured in 
SPECT images of breast and prostate cancer bone metastases were significantly corre-
lated with SUVs obtained from PET images. Following the PET pattern, the basis for 
achieving absolute SPECT/CT quantification should be the harmonization of gamma 
cameras calibration procedures, acquisition parameters, image processing and analysis.

The EANM is currently working on a SPECT/CT harmonization pilot study. In the 
opinion of the authors of this work, the launch of the EARL program for quantitative 
standardization and harmonization of SPECT/CT would significantly increase the 
clinical importance of this diagnostic imaging technique.

Conclusions

1.	 Measurements taken in our study confirmed the clinical suitability of 5 parameters of 
image quality (Bg. cal—background calibration factor, ∆Atot—total activity deviation, 
COV—coefficient  of  variation used for  image noise  assessment, QH—hot contrast, 
AM—accuracy of measurements, or RC—recovery coefficient) for the validation 
of SPECT/CT system performance in terms of correct quantitative acquisitions of 
images.

2.	 This work shows that absolute SPECT/CT quantification is achievable in clinical 
nuclear medicine centers. Results variation of quantitative analyses between centers 
is mainly related to the use of different reconstruction methods.

3.	 It is necessary to standardize the technique of measuring the SUV conversion factor 
obtained with different SPECT/CT scanners.
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