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Abstract
Objective  Myocardial blood flow (MBF) assessment can provide incremental diagnostic and prognostic information and 
thus the validation of dynamic SPECT is of high importance. We recently developed a novel cardiac phantom for dynamic 
SPECT validation and compared its performance against the GE Discovery NM 530c. We now report its use for validation 
of a new hybrid SPECT/CT System featuring advanced cadmium zinc telluride (CZT) technology in a ring array detector 
design (StarGuide™, GE HealthCare).
Methods  Our recently developed cardiac phantom with injected technetium-99m radiotracer was used to create physiologi-
cal time activity curves (TACs) for the left ventricular (LV) cavity and the myocardium. The TACs allow the calculation of 
uptake rate (K1) and MBF. The StarGuide system was used to acquire and process the TACs, and these were compared to 
the TACs produced by the phantom and its mathematical model. Fifteen (15) experiments with different doses representing 
various MBF values were conducted, and a standard statistic tool was applied for significance.
Results  The TACs produced by the StarGuide system had a significant correlation (p < 0.001) with the reference TACs gen-
erated by the phantom both for the LV (r = 0.94) and for the myocardium (r = 0.89). The calculated MBF difference between 
the system and the phantom was 0.14 ± 0.16 ml/min/g and the average relative absolute difference was 13.2 ± 8.1%. A coef-
ficient of variance of ≤ 11% was observed for all MBF subranges. The regional uptake rate values were similar to the global 
one with a maximum difference of 5%.
Conclusions  Our newly developed dynamic cardiac phantom was used for validation of the dynamic hybrid SPECT/CT CZT-
based system (StarGuide™, GE). The accuracy and precision of the system for assessing MBF values were high. The new 
StarGuide system can reliably perform dynamic SPECT acquisitions over a wide range of myocardial perfusion flow rates.
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Introduction

Absolute myocardial blood flow (MBF), coronary flow 
reserve (CFR) and coronary flow capacity (CFC) provide 
incremental diagnostic and prognostic value over static myo-
cardial perfusion imaging (MPI) [1–6]. Recently, dynamic 
single-photon emission computed tomography (SPECT) 
systems have reached the high accuracy level of positron 
emission tomography (PET) in assessing these important 
parameters [7–9]. This is attributed mainly to the develop-
ment of the high sensitivity cadmium zinc telluride (CZT) 
cameras [10, 11] and is highly important given that SPECT 
is much more affordable and widely available.

As SPECT systems continue to advance, new tools are 
needed for the development and the validation of advanced 

 *	 Ronen Goldkorn 
	 Ronen.Goldkorn@sheba.health.gov.il

1	 Faculty of Medical and Health Sciences, Tel-Aviv 
University, Tel‑Aviv, Israel

2	 Department of Biomedical Engineering, Faculty 
of Engineering, Tel-Aviv University, Tel‑Aviv, Israel

3	 GE HealthCare Molecular Imaging, Haifa, Israel
4	 Nuclear Cardiology Center, Lev Leviev Heart Institute, 

Sheba Medical Center, 52621 Ramat‑Gan, Tel Hashomer, 
Israel

http://crossmark.crossref.org/dialog/?doi=10.1007/s12149-024-01966-w&domain=pdf
http://orcid.org/0000-0001-7376-7032


920	 Annals of Nuclear Medicine (2024) 38:919–926

systems and features. Various phantom models have been devel-
oped over the years for these purposes [12–18] but a phantom 
model which can simulate physiological and clinical behavior 
and allow fast and simple validation of SPECT systems is still 
in need. We previously developed an anthropomorphic beating 
phantom which is comprised of a unique cardiac insert placed 
in a commercial phantom torso and a set of pumps which allow 
injection and washout of a radiotracer [19, 20]. The phantom can 
mimic physiological behavior and produce time activity curves 
(TACs) for the left ventricular cavity and the myocardium using 
a mathematical model [19]. The produced TACs allow the vali-
dation of the dynamic capabilities of the nuclear camera. The 
uptake rate (K1) and the MBF can be calculated from the TACs 
using a net retention model [21, 22] and compared to K1 and 
MBF calculated by the SPECT system.

StarGuide is a new and advanced SPECT/CT 3D-ring CZT-
based system developed by GE HealthCare, Haifa, Israel. It 
utilizes 12 CZT detectors, 7.25 mm-thick each. The detectors 
convert gamma ray photons into digital signals for accurate iden-
tification of the event location and energies emitted. The system 
design enables closer to the patient acquisition and focused scan-
ning modes. The detectors can sweep to focus on a prespeci-
fied volume for better efficiency. The system can also detect a 
wide energy range, from 40 to 500 keV, and multiple isotopes. 
Several studies have already evaluated its capabilities [23, 24] 
but its dynamic cardiac validation is still at an early stage [25]. 
Our team previously validated the MBF measurement accuracy 
of the nuclear camera Discovery NM 530c (GE HealthCare, 
Haifa, Israel) using the phantom [19, 20]. We hypothesized that 
our anthropomorphic phantom could also be used to validate 
the dynamic measurement of the advanced SPECT/CT 3D-ring 
CZT-based system.

Methods

Fifteen (n = 15) experiments at various simulated MBF 
values (range 0.5–2 ml/min/g, up to 3 repetitions) were 

conducted to compare the StarGuide dynamic parameters 
to those of the phantom. For each experiment, two syringes 
containing saline with Tc-99m were prepared: one syringe 
for the LV compartment and one for the myocardium. The 
activities were measured in a dose calibrator (CRC-55t, 
Capintec, NJ, USA). The dose calibrator was also used to 
measure the remaining activity in the empty syringes and the 
activity at each compartment at the end of the scan by taking 
10 mL samples from the LV and the myocardium using two 
additional syringes.

Phantom

The anthropomorphic phantom (Fig. 1) was described in 
detail previously [19, 20]. It consists of a beating cardiac 
insert placed in a commercial torso (Data Spectrum, Dur-
ham, NC, USA). The shape and dimensions of the insert 
are based on a commercial static cardiac insert (Cardiac 
Insert™, ECT/CAR/I, Data Spectrum) used for SPECT 
validation [26]. The beating feature is used during the entire 
acquisition and is allowed by flexible silicone membranes 
and a pulsatile pump (Pulsatile Blood Pump 55–3305, Har-
vard Apparatus, MA, USA) which can simulate heart rate 
and stroke volume by pumping a predefined volume of water 
in and out the LV compartment. The cardiac insert allows 
injection of a radiotracer like Tc-99m to its two compart-
ments (LV and myocardium). In the LV compartment, it also 
allows washing out the radiotracer as occurs physiologically. 
In the myocardium compartment, after direct injection of 
the radiotracer in the initial wash in phase, the radiotracer 
stays in and circulates in a closed loop by a gear pump to 
ensure homogeneous distribution of the radiotracer in the 
myocardium region. The injection of the radiotracer into the 
two compartments is done by syringe pumps (Elite 11 Pump 
and PHD Ultra Pump, Harvard Apparatus, MA, USA). The 

Fig. 1   Anthropomorphic Beat-
ing Phantom. a Phantom and 
supportive pumps (pulsatile, 
syringe and gear), b Beating 
cardiac insert, c Phantom torso, 
d Phantom torso CT scan
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concentration of the radiotracer for each compartment can be 
varied and adjusted per the MBF value to be tested.

The radiotracer concentration in each compartment, the 
parameters of the injection and washout protocols, and the 
actual concentrations in each compartment at the end of the 
experiment were used to create the LV and myocardium time 
activity curves using a previously published mathematical 
model [19].

The K1 was calculated from the TACs using the net reten-

tion model equation: K
1
=

1

t3−t2
∫ t3

t2
Cm(t)−SmCLV (t)dt

PV×CF∫
t1

0
CLV (t)dt

 (1) where 

C
m(t) and C

LV (t) are the myocardial and LV radiotracer con-
centration activities. PV, S

m
 and CF are the partial volume, 

spillover from LV to myocardium region and the myocardial 
density in g/ml. Integration limit t

1
 denotes the end of the 

blood pool phase and t
2
 and t

3
 denote the integration limits 

of the average tissue activity. Default integration limits were 
used: t

1
= t

2
= 1 minute and t

3
= t

2
+ 1 minute. The MBF 

value was calculated using Renkin-Crone equation: 
K
1
= MBF

(
1 − Ae

−
B

MBF

)
 (2) where A = 0.874 and B = 0.443.

The injection and washout protocols were designed to 
generate TACs that resemble the TACs observed in human 
patients. The injection profile for the LV compartment 
included a short bolus (18 s) followed by a long washout 
(3 min) to flush the radiotracer. For the myocardium com-
partment, the radiotracer injection profile lasted 30 s initi-
ated after the end of the LV injection. Both syringe pumps 
were programmed and synchronized using a computer with 
Harvard Apparatus’ dedicated software—FlowControl 1.0.5.

The radiotracer was injected into the LV and the myo-
cardium compartment using 10 ml and 3 ml syringes cor-
respondingly. The doses ranged between 3.2 to 6.4 mCi for 
the LV compartment and 1.5 to 6.4 mCi for the myocardium 
when most combinations were repeated 2 to 3 times. The 
administrated doses were chosen to reflect the number of 
counts in clinical setting [20]. The varied doses simulated a 
wide range of the MBF values (0.5–2 ml/min/g). This range 
covers entirely the normal rest values as well as the low part 
of the stress values. The pulsatile pump parameters (heart 
rate, stroke volume) were previously defined and described 
in detail [19, 20]. At the end of each experiment the phantom 
was stored for at least two days to avoid residual activity in 
the next experiment.

StarGuide

The phantom was placed in the StarGuide system in supine, 
feet first position (Fig. 2). An automatic optical identification 
of the body contour, without the need for position dose, was 
performed by the system to plan the detectors’ motion and 

position during the scan. The acquisition was done using 
uniform mode. The scanning protocol length was 12 min 
divided into 48 consecutive, non-overlapping frames and 2 
phases: 36 frames of 10 s each to capture the rapid changes 
following injection, followed by 12 frames of 30 s each for 
the steady state. Similar protocol with combinations of 10-s 
and 30-s frames was previously used [19, 20]. The system 
time resolution is 1 s so shorter frames could be defined 
and used. The sweep duration was set to 1 s. A short static 
scan of 6 min was followed as it was a required input for the 
4DM software (for CFR calculation) but was not used in 
the analysis. The acquired data were processed, saved, and 
sent to the 4DM software (v2017, INVIA Medical Imaging 
Solutions, Ann Arbor, MI, USA) for TAC and MBF calcu-
lation. Attenuation correction was not applied. For tomo-
graphic reconstruction, only recorded events with energy of 
140 keV ± 10% were considered. The reconstruction type 
was block sequential regularized expectation maximization 
(BSREM) with 10 iterations and 10 subsets. The penalty 
regularization function type was relative difference penalty 
(RDP) with penalty weight beta of 0.05. No post-reconstruc-
tion filtering was used. The same default parameters are used 
in clinical setting.

4DM software

The software analysis included review of the data and posi-
tioning of the region of interest (ROI) in the center of the 
LV compartment. An example of the software segmentation, 
ROI location and TACs provided in Fig. 3. The spillover 
from the LV to the myocardium ( S

m
) was set to 0.25. It was 

calculated empirically by measuring the concentration level 
in the myocardium ( C

m
) prior to the radiotracer injection to 

this compartment. At this early time, C
m
 is solely the result 

of the spillover from the LV compartment ( C
LV
) and can be 

calculated using the equation: C
m
= S

m
∙ C

LV
 (3). The PV 

Fig. 2   StarGuide system during phantom scan
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value was 0.84 (default). The TACs were exported from the 
software and the MBF values were recorded for the statisti-
cal analysis. K1 was calculated from the MBF using Renkin-
Crone Eq. (2).

Statistical analysis

Pearson correlation was used to compare the phantom and 
StarGuide time activity curves (both LV and myocardium 
TACs). This was done for each experiment and the values 
were averaged. K1 and MBF derived from the TACs of 
the phantom and the StarGuide in each experiment were 
compared and averaged too. The difference, absolute differ-
ence and relative absolute difference were calculated. Mean 
and standard deviation were provided for each parameter. 
P-value and 95% confidence interval were calculated and 
P-value below 0.05 was considered significant.

Results

Fifteen experiments with various radiotracer concentrations 
representing different MBF values were conducted. The 
number of counts was similar to the one observed in a clini-
cal setting [25]. The MBF values range was 0.47–1.83 ml/
min/g. One experiment, due to injection of extremely high 
Tc-99m activity concentration, yielded a non-physiological 
MBF value of 6.97 ml/min/g. It was considered an outlier 
and excluded from the final analysis. An example of TACs 
calculated using the theoretical model of the phantom and 
measured by the StarGuide system is provided in Fig. 4.

The correlation between the TACs of the phantom and 
StarGuide was 0.94 ± 0.04, p < 0.001 for the LV and 
0.89 ± 0.06, p < 0.001 for the myocardium. The K1 correla-
tion between the phantom and the StarGuide was 0.984 

[0.942–0.995], p < 0.0001 and the R2 was 0.969. The differ-
ence ( K1

Phantom
− K1

StarGuide
 ) was 0.02 ± 0.03. The relative 

difference K1Phantom−K1StarGuide
K1Phantom

 and the relative absolute differ-

ence |K1Phantom−K1StarGuide|
K1Phantom

 were 3.9 ± 6.3% and 6.2 ± 3.9% 
correspondingly.

For the MBF, the correlation between the phantom and 
the StarGuide was 0.985 [0.951–0.995], p < 0.0001. The 
MBF difference was 0.14 ± 0.16 ml/min/g. The relative dif-
ference and the relative absolute difference were 8.2 ± 13.5% 
and 13.2 ± 8.1%. All the dynamic parameters appear in 
Table 1. The linear relationship between the phantom and 
the StarGuide MBF values is presented in Fig. 5. The differ-
ence between the MBF values was small for low values (near 

Fig. 3   a 4DM segmentation 
and ROI location. b StarGuide 
TACs (green – LV TAC, yellow 
– Myocardium TAC)

Fig. 4   Example of TACs produced by the Phantom and StarGuide 
system TAC – time activity curve. LV – left ventricular. PV – par-
tial volume. Sm – Spillover from LV volume to myocardium volume. 
t1 = t2 = 1 min after injection peak, t3 = t2 + 1 min (Eq. 1)
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zero for MBF of 0.65) and it increased as the MBF value 
increased to 0.4 for MBF of 1.8. The Bland–Altman plot 
(Fig. 6) shows the distribution of the differences, which had a 
small mean (0.14 ml/min/g) and no outliers. A positive trend 
in the difference was observed. To further explore the error 

dispersion over the range, the MBF values were divided into 
4 subranges (0.4–0.8, 0.81–1.2, 1.21–1.6, 1.61–2 ml/min/g) 
and the coefficient of variance (CV) was calculated. For the 
first three subranges, the CV was the same (11%) and for the 
last one it was lower (3%). The homogeneity of the regional 
uptake rate values was also tested by comparing the 3 main 
myocardium territories: left anterior descending (LAD), left 

Table 1   Comparison between 
phantom and StarGuide 
dynamic parameters

Fig. 5   MBF values comparison – StarGuide system vs. phantom

Fig. 6   Bland–Altman plot of MBF values. SD – Standard Deviation
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circumflex artery (LCX) and right coronary artery (RCA) 
to the global uptake rate. The maximum difference was 5%.

Discussion

Our recently developed anthropomorphic beating phan-
tom was used to validate the dynamic capabilities of the 
advanced StarGuide hybrid SPECT/CT system. For the 
validation, time activity curves were produced by the phan-
tom which includes a novel two-compartment cardiac insert 
placed in a torso. A set of pumps allows the injection and 
washout of the Tc-99m radiotracer in a physiological man-
ner while enabling a beating function. The StarGuide sys-
tem acquired the emitted gamma ray photons using its CZT 
detectors and produced TACs using 4DM software which 
are expected to be similar to the phantom TACs. Fifteen 
experiments with various Tc-99m doses were conducted. 
The correlations between the phantom and the StarGuide 
were highly significant; 0.94 for the LV TAC and 0.89 for 
the myocardium TAC, p < 0.001, showing the high sensi-
tivity of the StarGuide to track the physiological changes 
in the radiotracer concentration over time. Although a high 
correlation between the TACs was demonstrated, an over-
estimation during the steady state phase in the LV TAC of 
the StarGuide was observed. Exploring its source requires 
further investigation, however, in this study, it had no effect 
on the comparison of K1 and MBF between the phantom and 
the StarGuide, since the steady state phase is not included 
in the net retention model (see end of integration time – t3, 
in Fig. 4).

Using the net retention model, the uptake rate (K1) was 
derived from the TACs of each experiment. The correlation 
of the uptake rate between the phantom and the StarGuide 
was excellent (0.98, p < 0.0001). The difference in K1 value 
was small, 0.02 ± 0.03 and resulted in relative absolute 
error of 6.2 ± 3.9%. This mean relative error is very low 
considering experimental and technical uncertainties such 
as the Tc-99m activity concentration which was measured 
by a dose calibrator with accuracy of ± 2%. The uptake rates 
were converted to MBF values using the non-linear empiri-
cal Renkin-Crone Eq. (2). The conversion led to MBF dif-
ference of 0.14 ± 0.16 ml/min/g. The corresponding relative 
absolute error was 13.2 ± 8.1%, showing the high accuracy 
of the StarGuide system in assessing the MBF values.

As can been seen in the Bland–Altman plot, the differ-
ence between phantom MBF and StarGuide MBF values 
was small for lower values (around zero for MBF value of 
0.65) and it increased on average when the MBF value was 
higher. In these high MBFs values, the StarGuide measure-
ments overestimated the radiotracer concentration over time 
(the time activity curves) which led to an underestimation of 
the MBF value per Eq. 1. This might be related to the small 

difference between the radiotracer doses in the two compart-
ments, LV and myocardium, in those experiments. Still, on 
average the MBF error was small (0.14 ml/min/g) showing 
the high accuracy of the StarGuide system.

Additional analysis of the error, in which the MBF val-
ues range was divided into 4 subranges (0.4–0.8, 0.81–1.2, 
1.21–1.6, 1.61–2 ml/min/g) showed that although the error 
increases with MBF value, the dispersion in each subrange 
was good with a coefficient of variance of 11% or lower, 
demonstrating that StarGuide system provided precise MBF 
results. The regional uptake rate values of the 3 vessel terri-
tories were compared to the global value. As the radiotracer 
in the myocardium was well-distributed, a small difference 
was expected between the regions and indeed, the maxi-
mum difference was 5%, supporting the high precision of 
the system.

We previously used the phantom to validate the GE 
Discovery NM 530c camera [20]. When comparing our 
findings, we found similar results; low mean relative error 
(< 0.1 ml/min/g) and standard deviation (< 0.15 ml/min/g). 
This supports the accuracy of the new StarGuide system to 
assess MBF values. In addition, the regional homogeneity 
of the StarGuide system was better than the one observed for 
the Discovery NM 530c as the maximum uptake rate differ-
ence between the regional values and the global value was 
5%, lower than the 13% previously reported for the Discov-
ery NM 530c [20]. This improved homogeneity is attributed 
to the higher sensitivity of StarGuide system provided by its 
symmetrical ring of shape-adaptive detectors.

There is a wide range of clinical scenarios which can be 
tested using the novel phantom. This study tested a wide 
range of MBF values, covering both low and high values, but 
very high values reflecting stress scenario were not tested. 
The phantom can simulate higher MBF values (one MBF 
datapoint of 6.97 ml/min/g was an outlier and excluded from 
the analysis) and assessing those values is a subject of a 
future work. In addition, in this initial validation, the heart 
rate, the stroke volume, the ejection fraction and the injec-
tion rate were kept constant during the experiments and no 
defects were used to simulate ischemic areas. Therefore, the 
system was not tested in pathological scenarios such as low 
cardiac output with fluctuations. The novel phantom could 
also be used for validation of other systems and softwares. 
4DM software was used in this study, but other software 
packages are available and could be tested and yield different 
findings. In addition, attenuation correction was not utilized 
in this study although the StarGuide system is a hybrid one 
and includes a CT scanner. This correction might improve 
the MBF results and could be examined using the phantom. 
An improved phantom design with longer lines and cables 
is needed to allow the acquisition of the CT scan and the 
SPECT scan during the same procedure. Other types of cor-
rection like scatter were not applied and therefore the focus 



925Annals of Nuclear Medicine (2024) 38:919–926	

of the analysis was global MBF values and not regional 
MBF which might require correction [20]. Respiratory 
correction was not needed as the current lungs are fixed. 
Attenuation and scatter corrections and the above-mentioned 
clinical and pathological scenarios are subjects for future 
research. Injecting positioning dose was not required when 
performing the experiments, as the StarGuide uses optical 
identification of the body contour. Without the positioning 
dose, the dynamic measurement is simpler and there is no 
need to subtract the background activity which could add to 
the inaccuracy of the measurement.

Accurate MBF assessment is highly valuable for diag-
nosis and prognosis and may result in better quality of care 
and improved clinical outcomes in patients with coronary 
artery disease. In this study, the advanced StarGuide hybrid 
SPECT/CT system with its ring array detector design and 
high temporal resolution, showed high accuracy and preci-
sion, comparable to the Discovery NM 530c, in assessing 
MBF values in comparison to an anthropomorphic beating 
phantom reference. The StarGuide system can reliably per-
form dynamic SPECT measurement over a wide range of 
myocardial perfusion flow rates.
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