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Abstract 
    Background: Cardiac echocardiography and cardiac ECG-gated single-photon emission computed tomography (SPECT) are the most 
common modalities for left ventricle (LV) volumes and function assessment. The temporal resolution of SPECT images is limited and 
an ECG provides better temporal resolution. This study investigates the impact of frame numbers on images in terms of qualitative and 
quantitative assessments. 
   Methods: In this study, 5 patients underwent echocardiography and cardiac ECG-gated SPECT imaging, and 5 standard views of the 
LV were recorded to determine LV walls boundaries and volumes. Also, 2 original images with 8 frames and 16 frames per cardiac cycle 
were recorded simultaneously in a single gantry orbit. Using the data extracted from the LV model, 8 extra new frames were created 
with interpolation between existing frames of the original 8-frame image. Three series of images (8 and 16 original and 16 interpolated) 
were reconstructed separately. LV volumes and ejection fraction (EF) were calculated using Quantitative Gated SPECT (QGS) software. 
   Results: Compared to the original 8-frame gating, original 16-frame gated images resulted in larger end-diastole volume (EDV) (mean 
± SD: 68.6 ± 27.11 mL vs 66.2±25.41 mL, p<0.001), smaller end-systole volume (ESV) (mean ± SD: 24.6±8.7 mL vs 26±7.3 mL, 
p<0.001), and higher EF (64% vs 60.2%, p<0.001). The results for the interpolated series were also different from the original images 
(closer to the original 16-frame series rather than 8-frame).  
   Conclusion: Changing the frame number from 8 to 16 in cardiac ECG-gated SPECT images caused a significant change in LV volumes 
and EF. Frame interpolation with sophisticated algorithms can be used to improve the temporal resolution of SPECT images.  
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Introduction 
Heart diseases are the leading cause of death in most de-

veloping countries (1). Early and accurate diagnosis is the 
key in the successful treatment of heart problems (2). In nu-
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↑What is “already known” in this topic: 
ECG-gated single-photon emission computed tomography 
(SPECT) is used to improve temporal resolution and functional 
assessment of the left ventricle (LV).   
 
→What this article adds: 

This study aimed to use frame interpolation techniques to create 
accurate frames in cardiac-gated SPECT images and to help 
improve temporal resolution. The results revealed that 16-frame 
images provide better temporal resolution extracted data from 
echocardiography and could be used to improve temporal 
resolution in SPECT images and reduce imaging time. In this 
regard, proposed methods can be used to evaluate cardiac 
function more accurately.  
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clear medicine, ECG-gated single-photon emission com-
puted tomography (SPECT) provides a functional assess-
ment of the left ventricle (LV) (3). To improve temporal 
resolution, data acquisition during a cardiac cycle is divided 
into several frames using this technique. Each frame repre-
sents the LV in the related time interval during the cardiac 
cycle. In clinical applications, 16-frame or 8-frame images 
are used. A higher number of frames results in poorer qual-
ity of each frame. This is because of the low signal to noise 
ratio (SNR). The impact of frame numbers is a controver-
sial issue both from the point of view of clinical benefits 
and image quality (4). Echocardiography, due to the phys-
ics of ultrasound, provides better temporal resolution than 
nuclear medicine (about 30-60 frames). Therefore, in ultra-
sound images, we can get information at shorter time inter-
vals, which are missing in SPECT images (5). Image pro-
cessing as the art of image manipulation is very useful in 
obtaining more information from an existing image or rep-
resenting it in a more useful way. Image interpolation is one 
of the most important techniques in image processing. One 
of the applications of image interpolation is to create miss-
ing frames of a recorded dynamic event using the existing 
frames (6). This technique is widely used in video pro-
cessing and data storage processes. Using frame interpola-
tion techniques to create accurate frames in cardiac-gated 
SPECT images can help to improve temporal resolution. 
This study aimed to investigate the impact of frame num-
bers in cardiac-gated SPECT images from the perspective 
of both image quality and clinical benefit. In addition, in 
this study, the possibility of using image interpolation tech-
nique was investigated to increase the frame numbers in 
cardiac-gated SPECT images.  

 
Methods   
Echocardiography and cardiac nuclear medicine exam-

ination 
This study was approved by a local ethics committee and 

informed consent was obtained from all patients. The 5 pa-
tients who were recommended to take myocardial perfusion 
imaging (MPI) with SPECT underwent common SPECT 
examination. They were injected with 740 MBq 99mTc-
MIBI. MPI was performed using a dual head SPECT ma-
chine. This machine provides the possibility of implemen-
tation of 2 separate protocols for data recording, storage, 
and process in a single acquisition. To investigate the effect 

of frame number on images, 2 separate protocols were used, 
which were identical in all parameters except in frame per 
cardiac cycle. Some parameters included 64*64 matrix 
size, 6.4mm pixel dimensions, 1.45 zoom factor, and 16 
stops (32 projections for 2 heads); 20% energy window was 
the same for both protocols. ECG-gated cardiac images 
were acquired with 8 frames and 16 frames per R-R inter-
vals. The 8-frame series of images have 8 missing frames 
compared to the 16-frame series; we call them missing 
frames. A cardiologist conducted a 2D cardiac ultrasound 
imaging examination on all patients. Five standard views of 
the heart were recorded using a Philips HD11 machine. 
Three short axis (SA: epical – mid – base), apical 2-cham-
ber (A2C), and apical 4-chamber (A4C) views (Fig. 1). 

The boundaries of the LV walls were determined and 
marked by the cardiologist. The volumetric process was 
performed to estimate the LV volumes and function. The 
marked wall boundaries and volumetric data were extracted 
for further processes to model the LV.   

 
Ultrasound and SPECT images time registration 
Cardiac US images were also gated using ECG R-R in-

tervals (48 frames). It is possible to relate each SPECT 
frame to the proportional frame of US images when both 
are representing LV in a specific time slot during the car-
diac cycle. 

 
Modeling of LV and its location in SPECT projections 
To estimate an approximation of location of pixels, 

which are representing the LV in SPECT projections, LV 
geometry and its location in SPECT imaging were mod-
eled. The boundary walls were extracted from US images. 
Five cross section planes were used to reconstruct a volume 
as LV (Fig. 2). 

The geometry and volumetric data from US were used to 
optimize the algorithm. The modeling process was repeated 
for each of the 8 missing frames. The produced LV model 
was used in a 2D Radon transform process to obtain an ap-
proximation of SPECT projections. The zoom factor of 
gamma camera and its field of view and the distance from 
LV to gamma camera were considered. Each projection 
was mapped into a 64*64 matrix. The pixels with non zero 
values address the pixels which represent LV on SPECT 
projections. Interpolation of missing projections for 8-
frame image series, 8 new frames were created using image 

 

Fig. 1. 2D ultrasound images of left ventricle 
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interpolation techniques. Interpolation was performed to 
create 1 frame between 2 consecutive frames. Two separate 
algorithms were applied for 2 separate parts of each image. 
To maximize the accuracy of interpolation for value of pre-
defined pixels which represent the LV, the cubic spline 
method was used to interpolate this part of the matrixes. 
Also, to reduce the number of calculations, linear algorithm 
was applied to the rest of the pixels so that the impact on 
the final reconstructed image was lower.  

 
Qualitative and quantitative image comparison 
For each patient, there were 3 series of images, 2 original 

series (with 16 and 8 frames per cardiac cycle) and an in-
terpolated 16-frame series with 8 original and 8 interpo-
lated frames. Three series of images were reconstructed us-
ing standard nuclear medicine protocols and LV quantifi-
cation process was performed for each series of images 
(Figs. 3-5). LV volumes and its function were calculated 
(Figs. 6-8).  

A nuclear medicine specialist reviewed the images and 
their diagnostic values were rated on a scale of 1 to 5. 

 
Statistical analysis 
All data analysis was performed using SPSS software 

version 24. A nonparametric Wilcoxon signed ranked test 
was used to compare the mean values of EDV, ESV, and 
LVEF. P< 0.05 was considered statistically significant. 

 
Results 
The results of this study are summarized in Tables 1 and 

2. Using the Wilcoxon signed rank test to compare the 
mean values, end-diastole volume (EDV) as well as Ejec-
tion fraction (EF) were increased (2.4 mL and 3.8%, re-
spectively) as the number of frames increased. Increasing 
the frame numbers from 8 to 16 caused 1.4 mL reduction in 
measured end-systole volume (ESV). In qualitative assess-
ments, the images were visually compared. The clinical 
findings from the original 16-frame series were considered 
as a standard compared to the interpolated 16-frame and 
original 8-frame series. The utility of images to address 
these findings was graded on a 1-5 scale. The average rat-
ing for both series was 3.66.  

 

 
 
Fig. 3. QGS results for originally 16-frames image 

 
Fig. 2. Left ventricle, reconstructed from cross sectional curves ex-
tracted from US images 
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Discussion 
Eight-frame and 16-frame images comparison 
In this study, 2 important modalities with high diagnostic 

accuracy (echocardiography and SPECT imaging) and 2 

specialist physicians were used as reference in each of the 
2 modalities. The results of this study showed that calcu-
lated LV volumes from 8-frame images differ from those 
calculated from 16-frame series of cardiac SPECT images. 
The mean value of EDV was larger for 16-frame images. In 

 
 
Fig. 4. QGS results for originally 8-frames image 

 

 
 
Fig. 5. QGS results for interpolated 16-frames image 
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addition, the mean value of ESV for 16-frame series was 
smaller compared to the 8-frame images. As a consequence 
of higher EDV and lower ESV, the EF obtained was higher 
for the 16-frame series. These results agree with the find-
ings of other studies (4, 7, 8). The difference in calculated 

volumes can be explained considering the difference in 
temporal resolution between the 2 series. If the R-R interval 
is divided into 8 frames in the ECG-Gated SPECT imaging, 
it will increase the count per frame due to the increase in 
time for each frame. This means that the information from 

 
 
Fig. 6. LV nuclear medicine slices for original 16-frame series 
 

 
 
Fig. 7. LV nuclear medicine slices for original 8-frame series 
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the cardiac function parameters such as EF, EDV, and ESV 
will be more accurately recorded. On the other hand, in the 
8 frames, some of the cardiac function information will be 
miss such as cardiac diastolic function parameters. In this 
study, however, we tried to convert 8 to 16 frames in addi-
tion to compensating for the decrease in counts per imaging 
frame, increasing the accuracy of estimating the quantita-
tive functional information of the heart. As a result, in-
creased diagnostic accuracy of cardiac function indices will 
be of great importance in interpreting a nuclear medicine 
specialist and a cardiologist to continue treatment. In addi-
tion, in the conventional 16-frame method, it is necessary 
to increase the imaging time to obtain the appropriate 
count, which will increase the total imaging time and the 
resulting problems such as motion artefacts. Hence, the 
greater the number of frames, the more temporal resolution 

and thin time slots for each frame. The 16-frame series, 
which has superior temporal resolution and shorter time in-
tervals, represents LV closer to the real end-systolic and 
end-diastolic points. This results in smaller ESV and larger 
EDV.  

Also, the LV volumes and EF derived from SPECT im-
ages were not compared with a gold standard modality. 
However, previous studies reported underestimated EDV 
and EF in an 8-frame series as compared to other standard 
modalities (9-11). Thus, the results of the 16-frame series 
are more comparable with the gold standard. Also, in this 
study, the presence of perfusion defects was not considered 
as a parameter to be compared in images. In some studies, 
an overestimation in LV function due to myocardial perfu-
sion defects has been reported (12). At the same time, there 
are others that have emphasized that perfusion defects have 

 
 
Fig. 8. LV nuclear medicine slices for interpolated 16-frame series 
 
Table 1. Comparison of mean value of echocardiography with 8-frame and 16-frame SPECT 

P value r Echocardiography SPECT Cardiac function 
parameters 

<0.001 0.95 60.6±12.8 68.6±27.11 16-frame EDV (mL) 
<0.001 0.91 60.6±12.8 66.2±25.41 8-frame 
<0.001 0.94 24.8±9.17 24.6±8.7 16-frame ESV (mL) 
<0.001 0.93 24.8±9.17 26±7.3 8-frame 
<0.001 0.94 60.8±9.4 64±8.9 16-frame LVEF (%) 
<0.001 0.89 60.8±9.4 60.2±8.4 8-frame 

Values are expressed as mean ± SD. r, correlation coefficient. 
 
Table 2. Comparison of mean value of SPECT 8-frame and 16-frame images 

P value r Interpolated 16-frame Original 16-frame Cardiac function 
parameters 

<0.001 0.93 67.2±25.36 68.6±27.11 EDV (mL) 
<0.001 0.92 24.2±5.8 24.6±8.7 ESV (mL) 
<0.001 0.93 63±9.1 64±8.9 LVEF (%) 

Values are expressed as mean ± SD. r, correlation coefficient. 
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no effect on volume estimations (8, 13, 14). Manrique et al 
reported underestimated LVEF in patients with significant 
perfusion defects in SPECT images (15). Navare et al re-
ported that the results of LV volumes comparison between 
the 8-frame and 16-frame series are also independent from 
injected radiotracer doses (8). 

 
16-frame interpolated images 
In this study, 8 new frames were created between the con-

secutive frames of the original 8-frame acquired image. The 
interpolated 16-frame images represent cardiac function 
better than the original 8-frame images but are not as good 
as the original 16-frame images. The visual evaluation of 
reconstructed images revealed that in some cases the 8-
frame images exaggerate diastolic dysfunction which has 
been regulated in interpolated 16-frame images. In quanti-
tative assessment, the measured volumes from interpolated 
images are closer to those measured from the original 16-
frame rather than the original 8-frame images.  

In this study, some approximations were considered in 
the modeling process (explained in material and method). 
Also, there were some limitations which affected the re-
sults. This study was designed to investigate the possibility 
of using interpolation to create more frames for SPECT im-
ages. However, the results are not reliable from a statistical 
point of view as only a few samples were studied. One of 
the limitations was that the post stress SPECT images were 
repaired using rest echocardiography images. Another lim-
itation was that in this study the original 8-frame and 16-
frame images were obtained simultaneously (with the same 
total count) during a single gantry orbiting. Separate acqui-
sitions with lower dose and time for 8-frame images can 
lead to a more accurate comparison.  

This study showed that measured volumes and EF from 
16-frame cardiac-gated SPECT images are significantly 
different from those provided by 8-frame images. Also, a 
16-frame image provides better temporal resolution com-
pared to an 8-frame image. Thus, the 16-frame per cycle 
may be the preferred gating protocol for cardiac perfusion 
imaging. Also, with more accurate algorithms, the interpo-
lation technique can be used to create further frames to im-
prove temporal resolution.  

 
Conclusion   
We performed ECG-gated myocardial perfusion SPECT 

to acquire images with 8-frame and 16-frame original 
frame per cardiac cycle and quantified them to obtain LV 
volumes and EF. The results were compared to investigate 
the impact of the number of frames on images and LV func-
tion. The interpolation technique was implanted to create 8 
more frames in the original 8 frame images. The results 
from interpolated images were then compared to the origi-
nal images. The results revealed that 16-frame images pro-
vide better temporal resolution extracted data from echo-
cardiography and could be used to improve temporal reso-
lution in SPECT images.  
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