
Received: 2019.08.01
Accepted: 2019.09.30

Published: 2019.10.25

 2957   1   5   32

A Pilot Study of Third-Generation Dual-Source 
Computed Tomography for the Assessment of 
Global Dynamic Changes in Left Ventricular 
Structure and Function in a Porcine Model of 
Acute Myocardial Infarction

 CEG 1,2 Wenjia Li
 A 2 Liang Lyu
 B 2 Weixin Yang
 B 3 Rongshun Zhang
 F 2 Gang Wang
 D 2 Dong Fan
 C 2 Wei Song
 B 2 Junkun Yin
 B 2 Jiangmao Yang
 B 2 Wei Li
 B 4 Liling Chen
 A 5 Tianyou Luo

 Corresponding Author: Tianyou Luo, e-mail: ltycqfs@126.com
 Source of support: This study was funded by the Health and Technology Program of Yunnan (Grant number: 2014NS261)

 Background: First-generation and second-generation dual-source computed tomography (DSCT) are useful for analyzing left 
ventricle (LV) structure and function. This pilot study aimed to investigate the feasibility and role of third-gen-
eration DSCT for the evaluation of dynamic changes in LV structural and functional characteristics in a Diannan 
small-ear pig model of acute myocardial infarction (AMI).

 Material/Methods: The model of AMI was established by balloon occlusion of the distal third of the left anterior descending (LAD) 
coronary artery in 14 Diannan small-eared pigs. Third-generation DSCT was performed to observe dynamic 
changes in LV structure and function before and after AMI was induced, with a follow-up period of 30 days.

 Results: The mean structural measurements at baseline included interventricular septum thickness (8.50±0.90 mm), 
LV anterior wall thickness (8.40±1.30 mm), LV posterior wall thickness (7.80±1.20 mm), LV end-diastolic dimen-
sion (LVEDD) (45.00±4.90 mm), and LV end-systolic dimension (LVESD) (25.90±4.10 mm). The mean functional 
measurements at baseline included the LV end-diastolic volume (LVEDV) (74.62±13.54 ml), LV end-systolic vol-
ume (LVESV) (23.06±7.46 ml), LV ejection fraction (LVEF) (69.29±6.83%), LV mass (86.35±14.02 g), stroke vol-
ume (SV) (51.56±9.77 ml), and cardiac output (CO) (4.22±2.14 l/min). Trends of time-dependent changes were 
observed for LVESV, LVEF, SV, and CO, but not for LVEDV or LV mass.

 Conclusions: Third-generation DSCT was validated as a tool for assessing dynamic changes in LV global function in a por-
cine model of AMI.
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Background

Acute myocardial infarction (AMI) is a serious clinical conse-
quence of coronary heart disease (CHD) due to atherosclerosis 
and is a major cause of morbidity and mortality worldwide [1,2]. 
Non-invasive imaging methods have become increasingly used 
for the diagnosis and evaluation of AMI and continue to be 
studied and refined [3,4]. Although magnetic resonance imag-
ing (MRI) is established as the standard for non-invasive imag-
ing examination of cardiac structure and function [5], cardiac 
computed tomography (CT) is also commonly used in clinical 
practice because it is easy to perform, and is both time-saving 
and cost-saving when compared with cardiac MRI [5,6]. The use 
of cardiac CT, or multidetector computed tomography (MDCT), 
allows data to be obtained for cardiac structure and function 
within a single heartbeat [6]. Also, CT is the examination of 
choice for patients with contraindications for MRI, including for 
patients with metal implants or patients with severe claustro-
phobia [7]. In 2005, dual-source computed tomography (DSCT) 
was developed and showed efficacy for the evaluation of cor-
onary artery stenosis [8,9]. The application of retrospective 
gating in DSCT permits the evaluation of the status of cardi-
ac function and myocardial perfusion, which currently means 
that CT scanning is an alternative imaging procedure to MRI 
for clinical evaluation of patients with CHD [10–13].

In 2015, advances in imaging resulted in the introduction of 
third-generation DSCT that offered the availability of a com-
plete evaluation of the morphology of the left ventricle (LV) 
and global cardiac function [14,15]. The associated reduction 
in the use of contrast agents and the reduction in radiation 
dose further expanded the clinical application of CT cardiac 
imaging [16]. Recent meta-analysis data showed that cardiac 
CT provided an accurate assessment of global LV function and 
LV wall motion deficits, but the limits of agreement compared 
with cardiac MRI were moderately wide [15]. Therefore, car-
diac CT provides a one-stop non-invasive imaging technique 
to evaluate both the severity of coronary artery stenosis and 
the status of cardiac function.

Preclinical studies in animal models of AMI are important for 
accelerating the application of translational research findings 
clinically in patients with CHD. Because the anatomy of the 
pig is similar to that of humans, including the anatomy of the 
coronary arteries, porcine models of AMI have been devel-
oped [17]. Compared with echocardiography and MRI, cardiac 
CT is less time-consuming and less influenced by the acoustic 
window and the breathing and heart rate of experimental ani-
mals. Although various non-invasive imaging techniques such 
as echocardiography, radionuclide myocardial imaging, CT, and 
MRI have been applied in animal studies of cardiovascular dis-
eases [18–20], studies focusing on baseline cardiac data in pig 
models are rare [20–22]. Chinese miniature pigs are commonly 

used in research as animal models of human cardiovascular 
disease, but the baseline structural and functional character-
istics of the LV measured by DSCT have not been fully evalu-
ated. Dynamic changes in LV function following AMI are close-
ly correlated with clinical risk category and clinical prognosis 
and are important areas to study in animal models.

Therefore, this pilot study aimed to investigate the feasibili-
ty and role of third-generation DSCT for the evaluation of dy-
namic changes in LV structural and functional characteristics in 
a Diannan small-ear pig model of AMI. The findings from this 
study may provide essential basic data and reference values 
for CT evaluation in preclinical studies of AMI in miniature pigs.

Material and Methods

Animal groups and preparation

All animal experiments were approved by the Animal 
Committee of Kunming Medical University (Approval Number: 
Kmmu2019042), and the study complied with local and national 
laboratory animal management regulations. Fourteen healthy 
adult Diannan small-eared pigs of either sex with an average 
weight of 39.57±5.61 kg were used in this study. The animals 
were randomized into a normal control group (n=6) or an ex-
perimental group in the porcine model of acute myocardial 
infarction (AMI) (n=8). All animals were fasted for 12 hours 
and prevented from drinking water for 4 hours before the pro-
cedure. Anesthesia was induced with xylazine hydrochloride 
(0.1 ml/kg) and ketamine hydrochloride (5 mg/kg) and main-
tained with 3.0% sodium pentobarbital via a 24G trocar placed 
in an ear vein. No additional medication was applied to reduce 
the respiratory rate or heart rate.

The Diannan small-ear pig model of acute myocardial 
infarction (AMI) and coronary artery angiography

In the eight animals in the experimental group, AMI was in-
duced using a closed-chest model after baseline examina-
tion with third-generation dual-source computed tomogra-
phy (DSCT). For this purpose, a 6F guide wire (FMD Co, Ltd, 
Minato-ku, Tokyo, Japan) was inserted in the right femoral ar-
tery. A Launcher 6F guide catheter (Medtronic, Danvers, MA, 
USA) was placed in the left main coronary artery trunk, and 
coronary angiography was performed to visualize the anatom-
ic characteristics of the left coronary arteries. A detachable 
Sprinter Legend balloon (Medtronic, Minneapolis, MN, USA) 
with a diameter of 2.0–2.5 mm was used to induce occlusion 
of the distal third of the left anterior descending (LAD) coro-
nary artery, distal to the second diagonal artery. Repeat coro-
nary angiography showed complete arterial occlusion (Figure 1). 
The entire process was performed with the animals monitored 
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by electrocardiography (ECG). To prevent dehydration, all ani-
mals received a constant infusion of normal saline.

The third-generation dual-source computed tomography 
(DSCT) imaging protocol

Third-generation DSCT scanning was performed with a 
SOMATOM Force dual-source CT scanner (Siemens Healthcare, 
Forchheim, Germany) before the procedure, and at 1 hour, 
3 hours, 6 hours, 12 hours, 24 hours, 2 days, 3 days, 7 days, 
and 30 days after AMI induction. A standardized examination 
protocol was applied, with 0.6×128 slices collimated for both 
detectors, a tube rotation time of 0.25 s, and an individual 
heart rate adapted pitch ranging from 0.15–0.28. Tube volt-
ages A and B were 90 kV and Sn150 kV, respectively. The scan-
ning time was 3.59–7.72 s. For contrast enhancement, iohexol 
(350 mg I/ml) was administered using a 24G needle access in 
an ear vein. A dual-phase injection protocol was used to admin-
ister 20–25 ml of contrast material at a flow rate of 2–2.5 ml/s, 
followed by injection with 20–25 ml of a mixture of contrast 
medium and normal saline at a concentration ratio of 1: 1 and 
a flow rate of 2–2.5 ml/s. The scan delay was determined us-
ing the bolus tracking technique. The scanning range was set 
between the levels of the aortic root and the diaphragmatic 
surface of the heart. The data acquisition commenced 5 s af-
ter a threshold of 100 Hounsfield units (HU), which was main-
tained in a region of interest (ROI) positioned in the ascending 
aorta. Depending on the heart rate, the volume CT dose index 
(CTDIvol) ranged from 22.35–49.22 mGy. The mean heart rate 

during third-generation DSCT scanning was 68 ± 19 beats per 
minute (bpm) (range, 39–102 bpm).

DSCT imaging processing procedures

All datasets were transferred to an off-line syngo.via work-
station for further analysis (Siemens Healthcare, Forchheim, 
Germany). The data were reconstructed by the Bv40 vascular 
algorithm for every 5% (0–95%) of the R-R interval and with 
a 1.5 mm slice width (with 1.0 mm increments). After recon-
struction at the main station, these data were transferred to 
the workstation for cardiac function analysis by syngo.via soft-
ware (Siemens Healthcare, Forchheim, Germany) to observe the 
end-systolic and end-diastolic image phases. By manual initial-
ization, the mitral valve plane was edited, and the LV endocar-
dial and epicardial contours were delineated. Finally, a quan-
titative index of global cardiac function and a bull’s-eye map 
with LV myocardial segmentation were obtained.

DSCT imaging data analysis

DSCT images were assessed using a double-blind strategy by 
two attending physicians with more than five years of experi-
ence in cardiac image interpretation. For the quantitative as-
sessment, end-systolic and end-diastolic images from the base 
to the apex of the LV were used, with end-systole defined as 
the maximum contraction and end-diastole defined as the max-
imum dilatation of the LV. Papillary muscles were included in 
the ventricular lumen. The American Heart Association (AHA) 

A B

Figure 1.  Representative images of the induction of acute myocardial infarction (AMI) in the porcine closed-chest model. (A) Coronary 
angiography was performed to visualize the anatomy of the left coronary artery before occlusion. (B) A detachable balloon 
was used to occlude the distal third of the left anterior descending coronary artery in the same projection shown in (A).
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2002 Heart Standard Plane Nomenclature [23] was used for 
the determination of the following parameters. Interventricular 
septum (IVS) thickness: avoiding the LV outflow tract level, 
showing a complete circle in the LV short-axis position at the 
end of diastole in the basal segment LV muscle, with measure-
ments performed perpendicular to the endocardium. Left ven-
tricular anterior wall (LVAW) thickness: endocardial measure-
ments were performed at the end of diastole with the IVS in 
the same plane, perpendicular to the anterior wall of the LV. 
Left ventricular posterior wall (LVPW) thickness: endocardial 
measurements were performed at the end of diastole with the 
IVS in the same plane, perpendicular to the posterior wall of 
the LV. Left ventricular end-diastolic diameter (LVEDD): at the 
end of diastole, the LV was measured in the same plane as the 
IVS and LVPW. Left ventricular end-systolic diameter (LVESD): 
at the end of systole, the LV diameter was measured in the 
same plane as the IVS and LVPW (Figure 2). The left ventric-
ular ejection fraction (LVEF), left ventricular end-diastolic vol-
ume (LEDV), left ventricular end-systolic volume (LESV), stroke 
volume (SV), LV ejection fraction (LVEF), cardiac output (CO), 
and end-diastolic LV mass were calculated automatically by 
computer according to the modified Simpson’s method [18].

Statistical analysis

Data were analyzed using SPSS version 22.0 statistical soft-
ware (SPSS, Inc., Chicago, IL, USA). After confirmation of the 
normality of distribution using Shapiro-Wilk’s test, continu-
ous parameters were presented as the mean±standard devi-
ation (SD) and compared with a two-tailed independent sam-
ple t-test. For parameters repeatedly measured at more than 

two timepoints, the one-way repeated measures analysis of 
variance (RM-ANOVA) was used. A P-value <0.05 was consid-
ered statistically significant.

A B

Figure 2.  Representative images showing the measurements for the left ventricle (LV) structural parameters. (A) (1) Interventricular 
septum (IVS) thickness. (2) Left ventricular anterior wall (LVAW) thickness. (3) Left ventricular posterior wall (LVPW) thickness. 
(4) Left ventricular end-diastolic (LVED) diameter. (B) (1) Left ventricular end-systolic (LVES) diameter.

Mean Standard deviation (SD)

IVS (mm) 8.50 ±0.90

LVAW (mm) 8.40 ±1.30

LVPW (mm) 7.80 ±1.20

LVED (mm) 45.00 ±4.90

LVES (mm) 25.90 ±4.10

LVEDV (ml) 74.62 ±13.54

LVESV (ml) 23.06 ±7.46

LVEF (%) 69.29 ±6.83

LV mass (g) 86.35 ±14.02

SV (ml) 51.56 ±9.77

CO (l/min) 4.22 ±2.14

Table 1.  Left ventricular structure and global functional 
parameter baseline measurement result (n=14).

IVS – interventricular septum; LVAW – left ventricular anterior 
wall; LVPW – left ventricular posterior wall; LVEDD – left 
ventricular end-diastolic dimension; LVESD – left ventricular 
end-systolic dimension; LVEDV – left ventricular end-diastolic 
volume; LVESV – left ventricular end-systolic volume; LVEF – left 
ventricular ejection fraction; LV mass – left ventricular mass; 
SV – stroke volume; CO – cardiac output.
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Results

The 14 Diannan small-ear pigs in this study underwent exami-
nation by third-generation dual-source computed tomography 
(DSCT) before the induction of acute myocardial infarction (AMI). 
The baseline left ventricle (LV) structural parameters, includ-
ing the left ventricular anterior wall (LVAW) thickness, the left 
ventricular posterior wall (LVPW) thickness, the LV end-diastol-
ic dimension (LVEDD), and LV end-systolic dimension (LVESD), 
as well as the LV functional parameters, including the LV end-
diastolic volume (LVEDV), the LV end-systolic volume (LVESV), 
the left ventricle ejection fraction (LVEF), the LV mass, stroke 
volume (SV), and cardiac output (CO) are shown in Table 1.

Among the eight pigs in which AMI was induced, two pigs died, 
one from ventricular fibrillation after 20 minutes of coronary 
occlusion, and another from a reaction to the anesthesia, two 
hours after the operation. The remaining six pigs survived the 
procedure, and the AMI model was successfully established. 
Computed tomography angiography (CTA) and first-pass per-
fusion confirmed the successful preparation of the model 
(Figure 3), with a success rate of 75%. There were 12 pigs, six 
in the control group, and six in the AMI group, that underwent 
serial third-generation DSCT examination after the operation.

The dynamic changes in LVESV, LVEF, SV, and CO are shown in 
Figure 4. The results confirmed that time affected the LVESV, 

A

C

B

D
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LVEF, SV, and CO (P<0.05), and these four parameters showed 
significant differences between the two groups (P<0.05). 
Specifically, from a baseline value of 69.83±6.09%, the LVEF 
decreased to 50.33±5.66% at 30 days after AMI. The SV de-
creased from 53.07±6.51 ml to 40.85±4.97 ml at 30 days af-
ter AMI, while the LVESV increased from 22.97±4.55 ml to 
40.71±6.42 ml, and the CO decreased from 5.06±2.42 l/min 
to 3.82±1.69 l/min at 30 days after AMI. These changes were 
most significant at one hour after the establishment of the 
AMI model, peaked at six hours after AMI, and then showed 
a trend of gradual recovery (Figure 4). Time was not shown to 
be an influencing factor for LVEDV or LV mass (P>0.05), but sig-
nificant differences in the LVEDV and LV mass were observed 
between the two study groups (P<0.05) (Figure 5).

Discussion

In this study, baseline data for left ventricle (LV) structure and 
global LV function in a Diannan small-ear pig model of acute 
myocardial infarction (AMI) were obtained using third-gen-
eration dual-source computed tomography (DSCT) imaging. 
The results from the dynamic changes in global LV functional 
parameters using third-generation DSCT in this porcine mod-
el of AMI may help to provide basic data and references for 
CT evaluation in preclinical studies of AMI in miniature pigs. 

In this pilot study, third-generation DSCT was validated as a 
tool for the assessment of dynamic changes in LV functional 
parameters in the porcine model of AMI.

Obtaining accurate baseline values is important for the ap-
plication of new innovative techniques in both experimental 
and clinical studies [21]. The findings from the present study 
showed that the left ventricular end-systolic volume (LVESV) 
was lower, and the left ventricle ejection fraction (LVEF) and 
stroke volume (SV) were higher compared with the findings 
previously reported from studies that used early-generation 
DSCT [22,24]. However, the findings from the present study 
were similar to those described by Busch et al. in 2008 in a 
study that compared dual-source CT with cardiac magnetic 
resonance imaging (MRI) [25]. These differences may be ex-
plained by the increased temporal resolution of third-gener-
ation DSCT, which is the reason that this technique is asso-
ciated with significantly improved accuracy of data due to 
optimized end-systolic matching when compared with earlier 
generation CT scanning [26].

However, the average heart rate of experimental animals is 
relatively rapid, and this study did not use drug treatment to 
reduce the heart rate of the pigs, which could be a reason for 
the slight overestimation of the LVEF. Overall, the values of 
the LV functional indicators were within the reference ranges 

Figure 3.  Representative images for the third-generation dual-source computed tomography (DSCT) measurements. (A) Computed 
tomography angiography (CTA) imaging confirmed the successful preparation of the model and show that the distal end of 
the left anterior descending (LAD) coronary artery is occluded. The position of the balloon is visible. (B) The enhanced image 
shows that the left ventricle (LV) apex and the anterior apical segment are significantly affected. (C, D) First-pass perfusion 
images of the LV end-systolic short-axis position show significant perfusion defects in the affected segments. (E, F) First-pass 
perfusion images of the LV end-diastolic short-axis position showed significant perfusion defects in the affected segments.

E F
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Figure 4.  Dynamic changes in left ventricle (LV) functional parameters assessed by serial third-generation dual-source computed 
tomography (DSCT) in the Diannan small-ear pig model of acute myocardial infarction (AMI). Diannan small-ear pigs in the 
AMI group (light blue) and the control group (deep blue). (A) Left ventricular ejection fraction (LVEF). (B) Stroke volume 
(SV). (C) Left ventricular end-systolic volume (LVESV). (D) Cardiac output (CO). Data are expressed as the mean ± standard 
deviation (SD). * P<0.05 indicates statistical significance.

1 h 3 h 6 h 12 h
Time post AMI

LVEDV

24 h 2 d 3 d 7 d 30 dBaseline

M
illi

lit
er

 (m
l)

110

100

90

80

70

60
1 h 3 h 6 h 12 h

Time post AMI

LV mass

24 h 2 d 3 d 7 d 30 dBaseline

Gr
am

m
e (

g)

120

110

100

90

80

70

Control group
AMI group

A B

Figure 5.  Dynamic changes in the left ventricular end-diastolic volume (LVEDV) and left ventricle (LV) mass assessed by serial third-
generation dual-source computed tomography (DSCT) in the Diannan small-ear pig model of acute myocardial infarction 
(AMI). Diannan small-ear pigs in the AMI group (light blue) and the control group (deep blue). (A) Dynamic changes in the 
LVEDV. Tests of within-subject effects: F=1.83; * P=0.07. Tests of between-subject effects: F=6.77; * P=0.02. (B) Dynamic 
changes in LV mass. Tests of within-subject effects: F=0.77; * P=0.64. Tests of between-subject effects: F=16.80; * P<0.05. 
LVEDV – left ventricular end-diastolic volume; LV mass – left ventricle mass.
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provided by the analysis software, indicating that the values 
of these indicators were similar to human levels. These results 
further support that clinically, the third-generation DSCT, or mul-
tidetector computed tomography (MDCT) method, offers good 
agreement with MRI in assessing LV function [14,15]. With a 
lower radiation dose, high-performance MDCT methods have 
also become an optimal method for assessing LV function af-
ter AMI and ischemia-reperfusion [27–29].

The severity of LV dysfunction after AMI is an important prog-
nostic factor for the development of congestive heart failure 
(CHF) and sudden cardiac death in patients with AMI [30]. 
The accurate measurement of LV function after AMI is impor-
tant for risk stratification of these patients [31]. The findings 
from this study confirmed that third-generation DSCT could ac-
curately evaluate changes in cardiac function during the hyper-
acute period after AMI. The changes in LVEF and SV were sig-
nificant as early as one hour after AMI, as shown in this study.

The results from a previous study showed that systolic function 
after AMI was an independent predictor of recovery of LVEF. 
However, because of early-stage percutaneous coronary inter-
vention after AMI, it is difficult to obtain a timeframe for re-
vascularization. Also, there is a lack of information regarding 
LV function or initial post-hospital revascularization before the 
index AMI, which prevents an effective prediction of LV recov-
ery [27]. The findings from the present study showed that the 
dimensions of the LV were significantly increased in the AMI 
group when compared with the controls, and the absolute mag-
nitude of these differences was not affected by time, demon-
strating that LV dilatation occurs rapidly following AMI, which 
is consistent with previously reported findings [17]. Another 
important result from the present study was that the peak 
imaging changes occurred six hours after AMI, and while the 
change then gradually recovered, the values did not return to 
the preoperative baseline levels. These findings may provide a 
basis for correlation analysis between improvement in LV sys-
tolic function and revascularization after AMI, which should 
be investigated in future studies using third-generation DSCT 
in this animal model and other animal models.

Trends in the changes in LVEDV and LV mass over time were 
not observed in the present study, which might have been 
due to several factors. First, AMI caused by complete occlu-
sion is characterized by LV systolic dysfunction. Second, in this 
study, the post-AMI follow-up period was 30 days, which may 
not be sufficiently long to reflect changes in LV remodeling. 
Also, animal models of AMI and ischemia-reperfusion are 

mostly prepared using the coronary artery balloon occlusion 
method [17,19,20,32]. However, the success rate for establish-
ing an AMI model in large animals has been rarely reported. 
We found that it may be wise to reduce the coronary occlu-
sion if the heart function parameters met the experimental 
requirements. The intravenous infusion of a bolus of 50 mg li-
docaine followed by infusion at a rate of 50 μg/kg/min helps 
increase the success rate of the establishment of the model. 
This finding may be related to the preventative effect of lido-
caine against ventricular arrhythmia through membrane sta-
bilization and increasing shock-induced thresholds for ven-
tricular fibrillation.

This study had several limitations that should be considered. 
First, this was a pilot study that included a small study sam-
ple size, and the findings require further validation in a larger 
number of animals to achieve a generalized reference range 
for LV structural and functional parameters derived by third-
generation DSCT. Second, the control group in this study did 
not include one which was treated with a sham procedure. 
Third, no quantitative analysis of local LV local function at dif-
ferent stages after AMI was performed to determine trends in 
the changes of these parameters over time. Fourth, the obser-
vation period of 30 days may not be sufficiently long to ob-
serve LV remodeling. Finally, this study did not collect hemo-
dynamic data following the induction of AMI in the Diannan 
small-eared pig model.

Conclusions

In this study, baseline data for left ventricular (LV) structure 
and global function in miniature pigs were obtained by third-
generation dual-source computed tomography (DSCT). These 
preliminary results validate third-generation DSCT as a useful 
tool for the assessment of dynamic changes in the LV global 
functional characteristics in the Diannan small-ear pig model 
of acute myocardial infarction (AMI).
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