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Background: In cardiac computed tomography (CT), the best image quality is obtained at mid-diastole 
at low heart rates (HRs) and at end-systole at high HRs. On the other hand, extracellular volume (ECV) 
measurements may be influenced by the cardiac phase. Therefore, we aimed to clarify the influence of the 
cardiac phase on the image quality and ECV values obtained using dual-layer spectral computed tomography 
(DLCT).
Methods: Fifty-five patients (68.0±14.5 years; 26 men) with cardiac diseases who underwent retrospective 
electrocardiogram-gated myocardial CT delayed enhancement (CTDE) between February 2019 to April 
2022 were enrolled. The ECVs at the right ventricle (RV) and left ventricle (LV) walls in the end-systolic and 
mid-diastolic phases were calculated using iodine-density measurements from CTDE spectral data. Iodine-
density image quality was classified on a 4-point scale. ECV and image quality across cardiac phases were 
compared using the t-test and Wilcoxon signed-rank test, respectively. Inter- and intraobserver variability 
were evaluated using intraclass correlation coefficient (ICC) values.
Results: The ECV of the septal regions during mid-diastole was significantly higher than that during end-
systole. Other regions showed similar ECV measurements in both groups (P=0.13–0.97), except for the LV 
anterior wall and LV posterior wall at the base-ventricular level. The image-quality score in end-systole was 
significantly higher than that in mid-diastole (systole vs. diastole: 3.6±0.5 vs. 3.2±0.7; P=0.0195). Intra- and 
interobserver variabilities for RV ECV measurements at the end-systolic phase were superior to those at the 
mid-diastolic phase, whereas the corresponding values for LV ECV measurements were similar.
Conclusions: Septal ECV showed small but significant differences while other region ECV showed no 
difference during the cardiac cycle. RV ECV measurements in the end-systolic phase were more reproducible 
than those in the mid-diastolic phase.

Keywords: Extracellular volume (ECV); myocardial computed tomography delayed enhancement (myocardial 

CTDE); dual-layer computed tomography; cardiac cycle

Submitted Nov 20, 2023. Accepted for publication May 22, 2024. Published online Jun 18, 2024.

doi: 10.21037/qims-23-1647

View this article at: https://dx.doi.org/10.21037/qims-23-1647

4722

mailto:yamasaki.yuzo.776@m.kyushu-u.ac.jp
https://crossmark.crossref.org/dialog/?doi=10.21037/qims-23-1647


Quantitative Imaging in Medicine and Surgery, Vol 14, No 7 July 2024 4715

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(7):4714-4722 | https://dx.doi.org/10.21037/qims-23-1647

Introduction

Extracellular volume (ECV) fraction measurements 
obtained using cardiac magnetic resonance T1 mapping 
have been validated as discriminators of myocardial disease 
(1-3) and used for risk stratification of cardiac events (4,5). 
Although cardiac magnetic resonance imaging (MRI) can be 
performed without radiation exposure, it may require longer 
acquisition times, yield limited imaging sections, and show 
limited applicability for patients who require mechanical 
device support. Gadolinium-enhanced cardiac MRI is also 
contraindicated in patients with severely impaired renal 
function, contrast allergy, and active asthma. It is difficult 
for patients who are critically ill to tolerate acquisitions 
involving multiple and long breath holds.

Cardiac computed tomography (CT) is widely used for 
coronary artery imaging owing to its high accessibility, low 
acquisition times, high spatial resolutions, and suitability 
for use in patients with mechanical devices and those 
undergoing dialysis. The introduction of dual-layer spectral 
CT (DLCT) has enabled ECV measurements using 
myocardial CT delayed enhancement (CTDE) imaging 
without non-contrast images. This system uses a detector-
based dual-energy technique to measure the high- and 
low-energy projection data in the two detector layers 
simultaneously at the same spatial and angular locations, 
and can help prevent the misregistration associated with 
the subtraction-derived ECV method using pre- and post-
contrast images. It can also facilitate the acquisition of 
clearer and finer images and may improve assessments 
of thinner and smaller structures, such as the right 
ventricle (RV), and patients with high heart rates (HRs). 
Therefore, this modality has evolved to yield myocardial 
characterizations comparable to ECV quantification using 
cardiac MRI (6-11).

The end-systolic or mid-diastolic phases are frequently 
used for assessment of cardiac structure because of the 
minimal motion in these phases. Yamasaki et al. recently 
demonstrated that DLCT with systolic-phase acquisition 
could reliably measure RV ECV and concluded that the CT-
ECV measurements may be a surrogate marker of reverse 
tissue remodeling in chronic thromboembolic pulmonary 
hypertension, a form of pulmonary hypertension (12). On the 
other hand, Kidoh et al. reported a change of approximately 2% 
in the global left ventricle (LV) ECV during the cardiac cycle 
in a patient with hypertrophic cardiomyopathy, indicating 
the influence of the cardiac cycle on ECV values (13). This 
difference can also appear in structures other than the LV. 
One previous study also reported that the best image quality 

in cardiac CT was obtained at mid-diastole at low HRs and 
at end-systole at high HRs (14). Thus, ECV measurements 
may also be influenced by the cardiac phase. Thus, this 
study aimed to compare the image quality and ECV fraction 
of both ventricles in the diastolic and systolic phases and 
to clarify which phase is appropriate for ECV assessment 
using DLCT. We present this article in accordance with 
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-1647/rc).

Methods

Study population

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This 
retrospective observational study was approved by the 
Institutional Review Board of Kyushu University (No. 
2023-72), and the requirement for informed consent was 
waived due to the retrospective nature of the study. Eighty-
four consecutive patients who had or were suspected 
of having cardiac disease and underwent CTDE at our 
institution between February 2019 and April 2022 were 
screened. We excluded cases with (I) metal artifacts after 
cardiac surgery and (II) poor image quality that disables the 
identification of the myocardium. The patients were divided 
into 2 groups based on their HR (>70 and ≤70), and the 
effect of HR on the results was evaluated.

CT acquisition parameters

All  pat ients  underwent coronary CT, pulmonary 
angiography, transcatheter aortic valve implantation 
planning CT, or ablation planning CT, and CTDE (iQon 
Spectral CT, Philips Healthcare, Best, the Netherlands) 
using 80–100 mL of contrast medium [Iopamidol 
(Iopamiron 370; Bayer HealthCare, Osaka, Japan), Iohexol 
(Omuniparqu 300 or 350; GE HealthCare, Tokyo, Japan), 
or Ioversol (Optiray 320 or 350; Guerbet Japan, Tokyo, 
Japan)]. After 10 min, CTDE scans were obtained using 
retrospective electrocardiogram gating and the following 
parameters: detector collimation, 64×0.625 mm; tube 
rotation time, 270 ms; and tube voltage, 120 kVp; and scan 
mode, helical scan. The tube current was controlled using 
automatic exposure control (dose right index, 37).

Myocardial ECV measurement

Using spectral CTDE scan data, axial-source monochromatic 

https://qims.amegroups.com/article/view/10.21037/qims-23-1647/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-1647/rc
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40-kV images (CTDE images) and iodine-no-water images 
were reconstructed with section thicknesses and intervals of 
0.8 and 0.4 mm, respectively, at cardiac phases of 40% (end-
systole) and 80% (mid-diastole). Each original dataset of the 
axial images was processed for multiplanar reformation in 
the short-axis plane with a section thickness of 2.0 mm. The 
iodine density in each structure in the iodine-no-water images 
was measured by copying the regions of interest (ROIs) 
from the images at a workstation (IntelliSpace Portal version 
10.1; Philips Healthcare, Best, the Netherlands) (Figure 1). 
We used 40-kV images, which had the highest contrast-to-
noise ratio (15), for easy differentiation of the myocardium 
from the surrounding structures. The heart was divided 
into three sections in the long axis and four-chamber views: 
apex, mid, and base. ECV was measured in the slice at the 
center of the base and mid sections. The ROIs were drawn 
manually for the myocardium as large as possible from the 
epicardium to the endocardium avoiding the very edges 
of the myocardium so that partial volume averaging from 
the myocardial-blood interface. Each ROI was placed by a 
radiation technologist (D.N.) with 5 years of experience in 
cardiac CT and MRI. The iodine-density-derived CT-ECV 
was calculated as follows: CT-ECV (%) = (1 – hematocrit) 
× (iodine density in myocardium/iodine density in the LV 
blood pool) × 100 (12). The ECVs were measured at the LV 
anterior wall, septum, LV posterior wall, LV free wall, RV 
anterior wall, RV free wall, and RV posterior wall in the LV 
short-axis view of the mid- and base-ventricular levels at the 
end-systole and mid-diastole phases, respectively. The apex 

level was not measured to avoid partial-volume effects (9). 
Iodine-density image quality was subjectively classified on 
a 4-point scale by two cardiovascular radiologists (Y.Y. and 
T.H.) with 15 and 14 years of experience, respectively (4 = 
perfect image quality without artifacts, 3 = slightly impaired 
image quality, e.g., by mild grainy and speckled, 2 = severe 
impaired image quality, but not involving the whole 
segment, or 1 = severely impaired image quality involving 
the whole segment, but the myocardium can be identified, 
and the ROI can be placed).

Reproducibility

To determine the reproducibility of measurements for each 
imaging modality, image analysis of 20 randomly selected 
patients was repeated at least 1 month later by a radiation 
technologist (D.N.) and a cardiovascular radiologist (Y.Y.) 
who was blinded to the results of the initial study and 
clinical and experimental data. 

Statistical analysis

JMP Pro 15.10 (SAS Institute, NC, USA) was used 
for statistical analysis. Statistical significance was set at 
P<0.05. The Shapiro-Wilk test was applied to test for 
normally distributed data. Normally distributed continuous 
variables are presented as mean± standard deviation. ECV 
measurements in the low- and high-HR groups were 
compared using the paired t-test. Patient characteristics of 

lodine density image Myocardial CTDE image (40 kV)

RV free wall

Septum

A B

RV anterior
LV anterior wall

RV  
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LV  
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LV posterior wall

Septum

Figure 1 Color-coded iodine maps and myocardial CTDE images. (A) Iodine-density measurements in the right ventricular free wall (upper) 
and septum (lower). (B) Schematic of the region of interest placement for extracellular volume measurement. RV, right ventricle; CTDE, 
computed tomography delayed enhancement; LV, left ventricle.
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categorical variables between the low and high HR groups 
were compared using χ2 test and continuous variables between 
the low and high HR groups were compared using Mann-

Whitney U test. The image-quality scores in the systolic and 
diastolic phases were compared using Wilcoxon’s signed-rank 
test. To investigate the impact of the observer and cardiac 
phase on the RV-ECV measurements, we conducted a two-
way repeated measure analysis of variance (ANOVA). The 
intra- and interobserver variabilities of ECV measurements 
were evaluated using intraclass correlation coefficient (ICC) 
values. The level of agreement was classified as follows: 
excellent, ICC >0.75; good, ICC =0.60–0.74; fair, ICC 
=0.40–0.59; and poor, ICC <0.40 (12).

Results 

Study population 

After excluding 16 patients with metal artifacts due to 
previous cardiac surgeries and 13 patients with poor 
image quality, 55 patients (HR >70, 28 patients; HR ≤70, 
27 patients) were enrolled and analyzed in this study  
(Figure 2). Patient characteristics are shown in Table 1. The 
two HR groups showed no significant difference in age 
(68.5±14.1 vs. 67.5±15.2 years; P=0.89) and BMI (23.6±3.7 
vs. 24.1±4.1; P=0.81), but showed significant differences in 
sex distribution (7 males and 20 females vs. 19 males and 9 
females; P=0.0093).

Comparison of ECVs in the mid-diastolic and end-systolic 
phases

The ECVs of the septal regions during mid-diastole were 
significantly higher than those during end-systole (base: 
end-systole vs. mid-diastole, 26.6%±4.8% vs. 27.8%±5.1%, 
P=0.0011; mid-ventricle: end-systole vs. mid-diastole, 
26.7%±4.4% vs. 28.2%±4.6%, P=0.0001) (Table 2). Other 
regions showed no significant differences (P=0.13–0.97) 
and similar ECV measurements in each group, except the 
LV anterior wall at the base-ventricular level (end-systole 
vs. mid-diastole, 24.7%±3.6% vs. 25.9%±4.8%, P=0.0181) 
and the LV posterior wall at the base-ventricular level (end-
systole vs. mid-diastole, 27.2%±4.3% vs. 28.3%±4.5%, 
P=0.0061). The image-quality score in systole was 
significantly higher than that in diastole (systole vs. diastole: 
3.6±0.5 vs. 3.2±0.7, P=0.0195). 

Comparison of ECVs in the mid-diastolic and end-systolic 
phases in the high- and low-HR groups

The ECVs of the septal regions during mid-diastole 

84 patients who underwent MDE using DLCT from 

February 2019 to April 2022 

Excluded n=29

•	16: after surgery

•	13: poor image quality

55 patients were enrolled and analyzed 

Figure 2 Patient flow diagram. MDE, myocardial delayed 
enhancement; DLCT, dual layer computed tomography.

Table 1 Baseline characteristics of the patients

Characteristic Variable

Age (years) 68.0±14.5

Sex (male:female) 26:29

Heart rate (bpm) 72.7±18.4

Body mass index (kg/m2) 23.9±3.9

Atrial fibrillation 16 (29.1)

Chronic thromboembolic pulmonary 
hypertension 

13 (23.6)

Aortic valve stenosis 10 (18.2)

Pulmonary embolism 4 (7.3)

Coronary artery disease 2 (3.6)

Sarcoidosis 1 (1.8)

Chronic heart failure 1 (1.8)

Mitral regurgitation 1 (1.8)

Heart failure with preserved ejection fraction 1 (1.8)

Pulmonary arterial hypertension 1 (1.8)

Pulmonary hypertension associated with lung 
diseases and/or hypoxia

1 (1.8)

Patent ductus arteriosus 1 (1.8)

Pericarditis constrictive 1 (1.8)

Aortic valve regurgitation 1 (1.8)

Unknown 1 (1.8)

Values are expressed as mean ± standard deviation or n (%).
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were significantly higher than those during end-systole 
in the high-HR group (base: end-systole vs. mid-diastole, 
27.4%±4.9% vs. 28.5%±5.0%, P=0.0330; mid-ventricle: 
end-systole vs. mid-diastole, 27.3%±4.2% vs. 28.8%±5.0%, 
P=0.0133) and low-HR group (base: end-systole vs. mid-
diastole, 25.9%±4.7% vs. 27.2%±5.1%, P=0.0160; mid-
ventricle: end-systole vs. mid-diastole, 26.1%±4.6% vs. 
27.6%±4.2%, P=0.0034) (Tables S1,S2). The other regions 
showed no significant differences in ECV measurements in 
both groups (P=0.059–0.97), except the LV anterior wall at 
the base-ventricular level in the high-HR group (end-systole 
vs. mid-diastole, 25.2%±4.3% vs. 26.6%±5.1%, P=0.0224) 
and the LV posterior wall at the base-ventricular level in the 
low-HR group (end-systole vs. mid-diastole, 26.8%±3.9% 
vs. 28.0%±4.6%, P=0.0491). The image-quality score in 
systole was significantly higher than that in diastole in the 
low-HR group (systole vs. diastole: 3.5±0.5 vs. 3.0±0.7, 
P=0.034) and high-HR group (systole vs. diastole: 3.6±0.5 
vs. 3.0±0.7, P=0.049).

Inter- and intraobserver variabilities

Table 3 shows the intra- and interobserver variability of the 
ECV measurements at each ventricular level. The LV ECV 
measurements showed excellent agreement in both groups. 
However, the intra-and interobserver variabilities of RV 
ECV measurements at the end-systolic phase were higher 
than those at the mid-diastolic phase in almost all segments 
except the RV basal posterior wall {base: intraobserver, end-
systole vs. mid-diastole, 0.817 [95% confidence interval (CI): 
0.695–0.891] vs. 0.620 (95% CI: 0.366–0.773); interobserver, 
end-systole vs. mid-diastole, 0.602 (95% CI: 0.413–0.741) vs. 
0.502 (95% CI: 0.289–0.668); mid-ventricle: intraobserver, 

end-systole vs. mid-diastole, 0.787 (95% CI: 0.645–0.873) 
vs. 0.327 (95% CI: −0.125–0.598); interobserver, end-systole 
vs. mid-diastole, 0.614 (95% CI: 0.430–0.750) vs. 0.380 
(95% CI: 0.140–0.578)}. We conducted a repeated measures 
ANOVA to examine the influence of the cardiac phase 
and observer on the RV-ECV measurements. Our analysis 
revealed significant effects of the cardiac phase in the mid- 
and base-ventricular levels of the RV anterior wall, as well 
as the base ventricular level in the RV free wall, and the base 
ventricular level in the overall RV (P<0.0001–P=0.0184). 
However, no significant effects of cardiac phase were 
observed in the other areas (P=0.2632–0.3148). Furthermore, 
no significant effect of the observer was observed (P=0.1257–
0.9622). It was observed that the cardiac phase affects the 
RV-ECV based on the observation location.

Discussion

The main findings of our study are as follows: (I) the ECVs 
of the septal regions at mid-diastole was significantly higher 
than that at end-systole, irrespective of HR; (II) the ECV 
values were similar in the other regions, including the 
RV, except the LV anterior and posterior wall at the base-
ventricular level; (III) the image quality was better in end-
systole than in mid-diastole, irrespective of HR; and (IV) 
reproducibility of RV-ECV measurements at the end-
systolic phase was superior to that at the mid-diastolic 
phase.

Regardless of the HR, the ECV of the septum in the 
mid-diastolic phase was significantly higher than that in 
the end-systolic phase. This result was similar to those 
reported in previous studies using cardiac MRI (16). The 
difference in ECV between the end-systolic and mid-

Table 2 Extracellular volume at each point between cardiac cycles

ECV location
Base Mid

End-systole Mid-diastole P value End-systole Mid-diastole P value

Septum (%) 26.6±4.8 27.8±5.1 0.0011 26.7±4.4 28.2±4.6 0.0001

Anterior (%) 24.7±3.6 25.9±4.8 0.0181 25.4±4.2 26.0±4.6 0.2204

Lateral (%) 27.5±4.0 27.3±3.9 0.7178 27.0±3.6 26.8±4.1 0.5874

Posterior (%) 27.2±4.3 28.3±4.5 0.0061 26.8±4.6 27.5±4.4 0.1316

RV anterior (%) 26.8±3.8 26.1±3.8 0.2264 26.5±4.3 26.5±4.8 0.9739

RV lateral (%) 26.2±4.0 25.9±4.6 0.3997 26.6±4.1 26.7±5.1 0.8333

RV posterior (%) 26.9±3.8 27.2±4.5 0.5207 27.8±3.7 28.0±5.0 0.5607

Values are expressed as mean ± standard deviation. ECV, extracellular volume; RV, right ventricle.

https://cdn.amegroups.cn/static/public/QIMS-23-1647-Supplementary.pdf
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diastole phases is expected to be mainly related to changes 
in myocardial blood volume (16). Although differences in 
reported numbers are related to differences in measurement 
techniques and study populations as well as the differences 
between in vivo and ex vivo studies, changes from diastole to 
systole in capillary volumes in the septum region have been 
shown to be larger than those in the lateral wall (decrease 
of 24.7% vs. 18.2%) (17,18). These differences in capillary 
volume during the cardiac cycle may have been reflected 
in the differences in ECV values in the septum and other 
regions. Moreover, the septum is less susceptible to motion 
artifacts and beam hardening; therefore, it is the most 
commonly used site for ECV measurement. However, this 
small but significant difference in ECV could influence 
the outcomes of repeated ECV measurements for the 
evaluation of treatment response and disease monitoring. 
Therefore, selection of the same cardiac phase for ECV 
measurements is crucial in these clinical settings. The other 
regions showed no significant differences in ECV between 
end-systole and mid-diastole, except for the anterior and 
posterior LV at the base-ventricular level. In these areas, 
potential for beam hardening effect exists due to adjacent 
chest wall structures and the liver, as reported in the 
literature (19,20). Moreover, ECV in low HR were slightly 
as higher than that of high HR in this study. The difference 
of ECV between low and high HR may be caused by 
disparity in the gender distribution. Women’s ECV values 
were higher than that of men, as reported in a previous 
study (21). Our results of sub-analysis were significantly 
difference in gender between high and low HR groups. 
Therefore, our results were reflected to gender imbalance. 
In addition, a previous study had reported that the poor 
image quality of delayed myocardium enhancement affects 
the measurement of CT-ECV (22). In our results, the 
image quality score of end-systole was significantly higher 
than that of mid-diastole. The difference between the end-
systolic ECV and mid-diastolic ECV may be influenced by 
the difference of image quality. Thus, these factors could 
influence the ECV values and should be taken into account. 

In our study, the RV-ECV values in the mid-diastolic 
phase were not significantly different from those in the 
end-systolic phase. However, the intra- and interobserver 
variabilities of RV-ECV values at the mid-diastolic phase 
were lower than those at the end-systolic phase in almost 
all segments. The thinner RV wall and non-compacted 
trabeculae may have resulted in low reproducibility in 
the mid-diastolic phase (Figure 3). Myocardial fibrosis 
is categorized as replacement fibrosis expressed by late 
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gadolinium enhancement and diffuse interstitial fibrosis 
expressed by ECV (23). The RV fibrosis induced by 
pulmonary hypertension is a potentially reversible form 
of reactive interstitial fibrosis, unlike the irreversible 
replacement fibrosis (24).  Therefore, histological 
remodeling and reverse remodeling, which may be reflected 
by increased or decreased ECV values are important 
research targets in this field (25,26). Structural remodeling, 
e.g., a reduced RV volume, may be followed by histological 
remodeling. To our knowledge, this is the first study to 
prove that the end-systolic phase is suitable for repetitive 
RV-ECV measurements using DLCT, and the findings 
would greatly influence future investigations of pulmonary 
hypertension and congenital heart diseases.

Limitations

Our study had several limitations. First, this study was 
conducted at a single center with a relatively small cohort, 
potentially causing selection bias. Furthermore, we could 
not include a healthy control group for comparison because 
this investigation required the use of a contrast medium. 
Further studies with a large-scaled population are warranted 
to validate the results in the future. Second, our results were 
obtained with a detector-based dual-energy system from a 
single CT vendor; therefore, further evaluations should be 
performed with tube-based dual-energy CT systems (e.g., 
dual-source or fast kilovoltage-peak switching systems). 

Finally, additional radiation exposure was required to obtain 
CT-ECV results. Although further reduction of radiation 
exposure is desirable, it should be accomplished without 
sacrificing image quality.

Conclusions

Regardless of the HR, the ECV of the septal regions at 
mid-diastole was significantly higher than that at end-
systole. The ECV in the other regions, including the RV, 
did not differ significantly in both groups, except for the 
LV anterior and posterior walls at the base-ventricular 
level. The image quality and reproducibility of ECV 
measurements in the end-systolic phase were superior to 
those in the mid-diastolic phase in the RV. Repetitive ECV 
measurements of the septum for evaluation of treatment 
response and disease monitoring should be performed in 
the same cardiac cycle. Additionally, ECV measurements 
of the RV should be preferably acquired at the end-systolic 
phase because of their high reproducibility.
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