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Introductory section
Heart CT, a non-invasive technique, is highly accurate in 
diagnosing coronary arterial stenosis.1 However, it does 
not clearly define the hemodynamic significance of lesions. 
Despite the efficacy of single photon emission CT and 
positron emission tomography for the quantitative anal-
ysis of myocardial blood flow and coronary flow reserve, 
these techniques do not allow the evaluation of coronary 
stenosis due to poor spatial resolution.1 Extensive data 
related to the prognostic value of myocardial perfusion 
imaging suggest infarct and ischemic burden correlate with 

long-term outcomes in distinguishing the patients most 
appropriate for revascularization from those indicated for 
medical therapy. Therefore, combining anatomical findings 
derived from CT angiography with physiological data from 
perfusion may enhance the diagnostic value.2 Dual energy 
CT (DECT) makes it possible to simultaneously use two 
different tube voltages, allowing different X-ray absorption 
features to be obtained at the same anatomic site with two 
distinct X-ray spectra.3,4 Preliminary experimental and 
human studies suggest DECT provides a one-step imaging 
for determining coronary morphology and myocardial 
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Objective: We assessed the diagnostic value of 
“one-step” dual energy CT (DECT) in combination with 
coronary CT angiography and iodine mapping within the 
myocardial blood pool in detecting acute myocardial 
infarction (AMI).
Methods: Five minipigs were subjected to transcatheter 
embolization of coronary artery with a gelatin sponge 
to induce AMI. Arterial-phase myocardial DECT imaging 
was carried out 1 h before and 24 h after embolism of the 
coronary. Color-coded iodine maps were used to eval-
uate myocardial blood pool deficits in the 17-segment 
model. Myocardial DECT imaging 24 h after MI induc-
tion was used for final comparison with post-mortem 
histology. 
Results: We found a sensitivity of 95.55% and a specificity 
of 95%, respectively, for AMI detection by DECT-based 

iodine mapping within the myocardial blood pool. The 
dose–length product values were 219.4 ± 60.9 ​mGy.​cm 
(172–321 ​mGy.​cm) and the effective radiation dose was 
5.7 ± 1.5 mSv (4.4–8.3 mSv).
Conclusion: This experimental study demonstrated 
that DECT-based iodine mapping shows a high value 
for the detection of myocardial perfusion defects in the 
first-pass myocardial perfusion. Hybrid heart images 
obtained by coronary CT angiography and DECT-based 
iodine mapping may yield valuable data and help clini-
cians accurately identify cases requiring further treat-
ment after AMI.
Advances in knowledge: This study demonstrated that 
DECT-based iodine mapping is a promising new tech-
nique for the detection of myocardial perfusion defects 
in the first-pass myocardial perfusion.
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blood supply, with findings highly corroborating those derived 
from invasive coronary angiography, single photon emission 
CT and MRI.5–7 Although initial reports have applied first-
pass dual energy perfusion CT for detecting myocardial perfu-
sion anomalies,8 few studies have evaluated the accuracy of 
dual  energy iodine mapping in diagnosing acute myocardial 
infarction (AMI), including histopathological findings as refer-
ence. The present work assessed the diagnostic value of DECT 
combined with coronary CT angiography and iodine mapping—
blood distribution—within the myocardium for detecting AMI 
using second generation dual  source CT in comparison with 
histopathological data, in pigs.

Methods and Materials
Ethical statement
The present study had approval from the Capital Medical 
University Animal Care and Use Committee, and was carried out 
following the Guide for the Care and Use of Laboratory Animals 
recommended by the Association for Assessment and Accredita-
tion of Laboratory Animal Care International.

Animal model
A total of five pigs (Taihe Biotechnology Co., Taizhou,   China; 
25–34 kg) were used. Exams were carried out under general 
anesthesia and monitored continuously by electrocardiography. 
The pigs were anesthetized by intramuscular injection of 6 
mg kg−1 ketamine (Fujian Gutian Pharmaceutical Co., China), 
midazolam (0.2 mg kg−1; Jiangsu Enhua Pharmaceutical Group 
Co., China) and penehyclidine hydrochloride (1 mg; Chengdu 
Lisi Pharmaceutical Co., Ltd., China). In addition, the animals 
received propofol at 3.5 mg kg−1. Anesthesia maintenance was 
performed by continuously providing 6–8 mg kg−1 h−1 propofol 
intravenously. Such protocol was employed for myocardial 
infarction (MI) induction and final CT exams. In dual energy CT, 
esmolol hydrochloride (0.15–0.3 mg kg−1·min; Qilu Pharmaceu-
tical Co., Ltd., Shandong, China) was injected continuously to 
reduce the heart rate (targeting a heart rate of <100 beats min−1) .

MI induction
The MI induction process was guided by selective coronary 
angiography with gelatin sponge as an embolic agent. A 6-Fr 
introducer sheath was introduced in a femoral artery, followed 
by administration of 10,000 IU heparin (Changzhou Pharma-
ceutical Co., China). Subsequently, 1000 IU heparin was admin-
istered on an hourly basis. A 5-Fr guiding catheter (Medtronic, 
USA) was introduced in the left or right coronary artery (RCA) 
via the introducer sheath. This was followed by the placement of 
the guide wire between the first and second diagonal branches 
of the left anterior descending (LAD) or at the midpoint of the 
RCA. Then, a 3-Fr balloon (2.0 × 20 mm, Medtronic Co., USA) 
was positioned at the distal end of the second LAD diagonal 
or midpoint of the RCA. To protect from ischemic injury and 
reduce mortality, the balloon was dilated about 180 s for isch-
emic preconditioning,9 blocking blood flow for 1, 2 and 5 min, 
respectively, at 60 s intervals. Next, gelatin sponge (1.5 × 1.5 mm) 
injection into the midpoint of the LAD (two pigs) or distal end 
of the RCA (one pig). Two additional pigs had occlusions of both 
the LAD (as described above) and proximal circumflex artery. 

Ventricular fibrillation during balloon occlusion was immedi-
ately followed by defibrillation. The pigs were fed a high protein 
diet for 24 h, with water for rehydration, to compensate for blood 
loss during MI induction.

Scan protocols and image reconstruction
The retrospective electrocardiographic-gated dual  energy 
mode on a second-generation 128-slice DSCT (Definition 
Flash, Siemens Healthcare, Forchheim, Germany) was used 
for all scans. Arterial-phase myocardial DECT was carried out 
1 h before and 24 h after embolism to evaluate the absence of 
myocardial blood flow. The dual energy CT mode was charac-
terized by 280 ms gantry rotation, pitch of 0.17 for spiral modes, 
collimation 2 × 64  ×  0.6 mm/2 × 128×0.6 mm with a z-flying 
focal spot, and 150 mAs per rot tube current at Sn140 kVp to 165 
mAs per rot at 100 kVp. The contrast agent iohexol (350 mg ml−1; 
GE Healthcare, USA) was provided intravenously at 1.5 ml kg−1 
and 4 ml s−1. Flushing was carried out with 40 ml saline adminis-
tered once. Data acquisition started after reaching the threshold 
in the ascending aorta (mean delay of 4 s).

By default, raw data were automatically reconstructed into three 
separate image sets: low-kilovoltage (100 kV), high-kilovoltage 
(140 kV), and linearly blended image sets. The linearly blended 
images used a weighting factor of 0.3, combining 30% of 100 kV 
data and 70% of 140 kV data. Then, the linearly blended images 
were used at 1.0 mm slice thickness and 0.75 mm intervals with 
a D30 dual energy cardiac kernel, and subsequently processed 
on a commercially available workstation (Syngo MMWP, VA36, 
Siemens Healthcare) with an associated software to generate 
myocardial “iodine maps” in the short and long axes (four 
views). The iodine maps representing the myocardial blood pool 
were 16-bit color-coded and overlayed with grayscale anatomic 
multiplanar reformatted myocardial images to form “iodine 
maps”. The latter were further overlayed with grayscale multi-
planar reformatted virtual non-enhanced myocardial images in 
short- and long-axis views of the left ventricle. Color coding 
was carried out using shades of green, with bright green and 
black representing high and no iodine, respectively. To evaluate 
the coronary artery, CT angiography images were reconstructed 
with retrospective electrocardiographic-gating and single- 
segment reconstruction in best diastolic (heart rate ≤70 bpm) 
or systolic (heart rate >70 bpm) phase (BestPhase, Siemens 
Healthcare, Germany): slice thickness, 0.75 mm and 0.4 mm 
increment; medium-soft convolution kernel (B26f). Curved 
planar reformatting (thickness 8.0 mm), maximum intensity 
projection (thickness 10.0 mm), multiplanar reformatting 
and volume rendering were employed for coronary artery 
assessment.

Image interpretation
Two radiologists (3 and 5 years of experience, respectively, 
in cardiac imaging) with no knowledge of histopathological 
data and reconstruction procedure evaluated the three DECT 
series obtained after reconstruction, in an independent and 
random manner. Sensitivity, specificity, and positive- (PPVs) 
and negative-predictive values (NPVs)  for MI detection were 
derived for all imaging modalities, respectively, following 
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the standard classification of myocardial 17-segment model 
(Figure 1), compared with histopathological data.

Estimation of radiation dose
The volume CT dose index and dose–length product (DLP) were 
recorded after single scans. Effective radiation doses (mSv) were 
derived as DLP values multiplied by a cardiac-specific coeffi-
cient of 0.026 mSv·mGy−1·cm−1, according to the latest report by 
JACC: Cardiovascular Imaging.10

Histopathological assessment
Histopathological findings were considered the diagnostic refer-
ence. Myocardial DECT imaging 24 h after MI induction was 
used for final comparison with post-mortem histology. After the 
final CT scan, which was performed 24 h after MI induction, all 
the animals were euthanized. This was followed by heart exci-
sion and storage at −20°C for 60 min. Along the short axis, the 
left ventricle was cut into 3-mm-thick sections, treated with 1% 
triphenyl-tetrazolium chloride (TTC), and submitted to staining 
(37°C and 1 h) for histopathology. Infarction cases were verified 
by hematoxylin and eosin (H&E) staining and electron micros-
copy for all 17 left ventricular segments, respectively.

Statistical analysis
Statistical analyses were carried out with SPSS19.0 (SPSS, USA). 
Measurement data are mean ± standard deviation. With patho-
logical data as diagnostic reference, sensitivity, specificity, and 
PPVs and NPVs of DECT-based iodine mapping for detecting 
myocardial ischemia were assessed. Between-observer consis-
tency was determined by the Cohen's κ method.

Results
MI modeling was successful in all pigs, with one having a 
distal occlusion of the RCA and two showing occlusions both 
in the middle segment of LAD and proximal circumflex artery 
(Although LAD was the target coronary, gelatin sponge embolus 
refluxed into proximal circumflex artery and the proximal 

circumflex artery was obstructed by gelatin sponge embolus in 
two pigs, which were obstructed both in LAD and the proximal 
circumflex artery.) . Meanwhile, two animals had a single occlu-
sion in the middle segment of LAD. A total of two animals mani-
fested ventricular tachycardia during LAD occlusion and were 
successfully treated with lidocaine administered intravenously. 
Animal weights were 29 ± 3.8 kg, ranging from 25 to 34 kg; heart 
rates were 102 ± 18 bpm, ranging between 80 and 128 bpm.

Histopathology findings
The normal myocardium stains red, but appears white after 
treatment with triphenyl-tetrazolium chloride. Histopatholog-
ical findings revealed 46 segmental myocardial regions with MI 
and 39 normal ones. H&E staining showed myocardial infarcts 
interspersed with normal myocardial foci, which were visible 
microscopically at low magnification. Pathological alterations, 
including myocardial cytoplasm cohesion, eosinophil level vari-
ations, stripe disappearance, nuclear relocation, and cardiomyo-
cyte interstitial edema, were visualized at high-magnification by 
microscopy. A few severely damaged myocardial cells showed no 
nuclei and basophilic granules. Micrographs of H&E staining of 
lesions in the infarcted myocardium are shown in Figure 2.

Accuracy of DECT-based iodine mapping using 
histopathological findings as a reference
In 5 pigs, 85 segmental myocardial regions were evaluated by 
DECT-based iodine mapping. Using histopathological find-
ings as a diagnostic reference, DECT-based myocardial iodine 
mapping correctly diagnosed 43 of the 46 infarcted segmental 
myocardial regions, and 37 of the 39 non-infarcted segmental 
myocardial regions for Reader 1; 43 of the 46 infarcted segmental 
myocardial regions and 35 of the 39 non-infarcted segmental 
myocardial regions were corrected detected by Reader 2. These 
findings indicated sensitivity of 93.47% and specificities of 94.87 
and 89.74% for readers 1 and 2, respectively. A good interob-
server agreement for the assessment of iodine distribution 
in the myocardium was obtained (κ = 0.74). Overall, DECT-
based myocardial iodine mapping had 95.55% sensitivity and 
95% specificity in comparison with histopathological findings 

Figure 1.  Standard classification of segmental myocardial 
regions for CT myocardial perfusion imaging. LAD, left ante-
rior descending; LCx, left circumflex artery; RCA, right coro-
nary artery.

Figure 2.  H&E staining depicting infarcted myocardial lesions 
(arrow) and normal intersperse myocardial foci, detect-
able at low magnification by microscopy (a). At high mag-
nification, myocardial cytoplasm cohesion, eosinophil level 
alteration, stripe disappearance, nucleus relocation, and 
interstitial edema of cardiomyocytes were detected (arrow) 
(b). H&E, hematoxylin and eosin.
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for detection of myocardial perfusion defects. Table  1 displays 
comparative data of DECT-based iodine mapping and histo-
pathological diagnosis of MI for regions and numbers of isch-
emic segmental myocardial regions. Parameters reflecting the 
diagnostic value of DECT-based iodine mapping are indicated 
in Table 2, including sensitivity, specificity, and predictive values. 
Data obtained by coronary CT angiography, invasive angiog-
raphy, and dual  energy iodine mapping before MI induction 
are shown in Figure  3. Representative results of dual  energy 
iodine mapping within the myocardial blood pool for detecting 
AMI in comparison with pathological findings are illustrated  
in Figure 4.

Radiation dose
The DLP values were 219.4 ± 60.9 ​mGy.​cm (172–321 ​mGy.​cm). 
The effective radiation dose was 5.7 ± 1.5 mSv (4.4 –8.3 mSv).

Discussion
This study revealed sensitivity of 95.55% and specificity of 95%, 
respectively, for AMI detection by DECT-based iodine mapping 
within the myocardial blood pool. DECT-based iodine mapping 
shows a high value for the detection of myocardial perfusion 
defects in the first-pass myocardial perfusion.

Differentiating viable from infarcted myocardium is critical 
in predicting the improvement of left ventricular function, 
detecting occult infarcts and identifying cardiovascular risk. 
Coronary occlusion caused infarction of the ventricular wall in 
surviving animals as verified by ultrastructural and histological 
findings. MI is associated with an increased local distribution of 
contrast agents. Accordingly, scar infarction is observed as hype-
renhancement with delayed enhancement CT or MRI. Fenoglio 
et al11 used isolated superfused preparations of the infarcted 
myocardium to assess the cellular electrical activity of subendo-
cardial Purkinje fibers and the ventricular muscle in the first 24 h 
after occlusion of left anterior descending coronary artery. They 
found that the number of ventricular muscle cell layers decrease 
with time after coronary occlusion. At 24 h after occlusion, there 
were no ventricular muscle cell layers. According to Fenoglio et al, Ta
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Table 2.  Accuracy assessment for DECT Iodine map detection 
of myocardial infarction

Diagnostic 
accuracy

Reader 1 
(n = 85)

Reader 2 
(n = 85) Overall

True-positive 43 44 43

False-positive 2 4 2

True-negative 37 35 38

False-negative 3 2 2

Sensitivity (%) 93.47 93.47 95.55

Specificity (%) 94.87 89.74 95

Positive-predictive 
value (%) 95.55 91.48 95.55

Negative-predictive 
value (%) 92.50 92.11 95

DECT, dual energy CT.
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we hypothesized that myocardial iinfarction should be detected 
at the time point of 24 h after coronary occlusion. Zhang et al7 
performed single contrast-enhanced DECT at 1 day before and 
3 h after ligation of the mid segment of the LAD. In this experi-
mental study, the porcine model had a high survival rate because 
MI induction was guided by selective coronary angiography with 
gelatin sponge as an embolic agent. Meanwhile, we selected 24 h 
after coronary occlusion as the optimum time point to evaluate 
the myocardial perfusion defects in the first-pass myocardial 
perfusion.

Previous reports assessing the accuracy of DECT-based iodine 
mapping in detecting myocardial ischemia showed that sensi-
tivity varies from 72 to 93.8%, and specificity between 72 
and 99.1%.7,12–14 As shown above, sensitivity and specificity 
were 93.47 and 94.87%, respectively, for detecting AMI by 
DECT-based iodine mapping. In this study, DECT revealed 
two segmental myocardial regions with false-positive infarcts 
and two with false-negative results. The false positive findings 
obtained by DECT-based iodine mapping were attributed to 
the hibernating myocardium presenting as blood pool deficient 
segmental myocardial regions in iodine imaging. Indeed, the 
hibernating myocardium displays low contractility because of 
decreased perfusion caused by severe coronary artery stenosis. 
Deseive et al15 reported that the infarcted myocardium displays 
higher iodine levels compared with normal myocardial tissues 

Figure 3.  Coronary CT angiography showing no occlusion 
in segments of the coronary artery before MI induction (a). 
Dual  energy iodine mapping showing normal blood pool in 
the middle segmental region of the myocardium before MI 
induction (b). Invasive angiography (c) confirming obstruc-
tion in the middle of left anterior descending artery (red 
arrow) and left circumflex artery (green arrow). Coronary CT 
angiography demonstrating the obstruction (d). MI, myocar-
dial infarction.

Figure 4.  Representative results of dual energy iodine map-
ping within the myocardial blood pool for detecting acute 
myocardial infarction based on pathological findings. Basal 
segment (a, b), middle segment (c, d), apical segment (e, f), 
and segments of the apex (g, h). Dual energy iodine imaging 
(a, c, e, and g) showing blood pool deficit in the myocardial 
segments 1, 2, 4, 5, 7, 8, 10, 11, 13, and 17 (*) and correspond-
ing myocardial infarction segmental regions (*) in TTC pathol-
ogy (b, d, f, and h). Myocardial segmental regions 3, 6, 9, 10, 
12, 14, and 16 in dual-energy iodine imaging showed normal 
blood pool and corresponding normal myocardial infarction 
segmental regions in pathology. Dual-energy iodine imaging 
(e) showing blood pool deficit (*) in the myocardial segmen-
tal region 15, confirmed normal myocardial segmental region 
(Δ) in TTC pathology (f) (false-positive).  TTC,  triphenyl- 
tetrazolium chloride.
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during late enhancement. This study solely focused on AMI 
detection in single-phase scans rather than delayed enhance-
ment, which may be more sensitive compared with single arte-
rial phase. Beam hardening and heart movement artefacts lead 
to false-positive findings. False-negative findings were charac-
terized by widely variable myocardial iodine levels, which might 
be due to iodine level normalization to regions with normal 
myocardial perfusion.

Radiation doses required by the various CT methods were 
assessed; radiation doses in the current model were 5.7 ± 1.5 mSv, 
based on a cardiac-specific coefficient of 0.026 mSv·mGy−1·cm−1 
proposed by the latest report by JACC: Cardiovascular Imaging.

The limitations of the current study should be mentioned. 
First, the relatively small sample size resulted in reduced statis-
tical power. Therefore, experiments assessing more animals are 
required to confirm these findings. Secondly, DECT data focused 
on detecting myocardial perfusion defects early after MI in single-
phase scans. Additional investigations combining DECT-based 
iodine mapping during the arterial phase and delayed enhance-
ment are required to increase diagnostic sensitivity. Future studies 
may also combine imaging data in the arterial phase and DECT-
based delayed enhancement imaging assessment of myocardial 
viability. DECT may be of particular significance for the latter 
application; indeed, DECT-based iodine mapping with delayed 
enhancement may detect subtle regions with higher sensitivity 
than routine single-source CT. Thirdly, even after administering 

drugs intravenously to lower the heart rate, a mean value of 102 
bpm was obtained, which is higher than that of clinical cases and 
results in decreased image quality in coronary CT angiography 
and DECT-based iodine mapping. Fourthly, the sizes of coronary 
vessels were not assessed, and the sizes of myocardial infarcts 
revealed by DECT with those observed in histopathology could 
not be compared because current heart DECT software cannot 
provide the quantitative measurements of the sizes of myocar-
dial infarcts. Nevertheless, since it would be unethical to obtain 
histopathological correlations in most clinical studies, animal 
models are critical to validate the accuracy of CT techniques.

Conclusion
This experimental study demonstrated that DECT-based iodine 
mapping shows high sensitivity and specificity for the detection 
of myocardial perfusion defects in the first-pass myocardial 
perfusion. Hybrid heart images obtained by coronary CT angi-
ography and DECT-based iodine mapping may yield valuable 
data and help clinicians accurately identify cases requiring 
further treatment after AMI.
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