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Abstract 

Purpose: We developed a feature-tracking algorithm for use with electrocardiography-gated high-resolution 

13N-ammonia positron emission tomography (PET) imaging, and we hypothesized it could be used to clarify 

the association between right ventricular (RV) longitudinal strain (LS) and right coronary artery (RCA) 

ischemia. The aim of this study was to investigate the association between the reduction of regional 

myocardial flow reserve (MFR) in RCA territories and PET-derived LS of the RV free wall. 

Methods: Ninety-three patients with coronary artery stenosis > 50%, diagnosed by coronary computed 

tomography angiography, and 10 controls were retrospectively analyzed. RV-LS in the free wall was measured 

by a feature-tracking technique on the resting and stressed 13N-ammonia PET images of horizontal long-axis 

slices. The patients were sub-grouped according to regional MFR values at the territories of RCA, left anterior 

descending artery (LAD), and left circumflex coronary artery (LCx): RCA-MFR<2.0 [n=34], RCA-MFR�2.0 

but MFR<2.0 at LAD or LCx territories [n=11], and 0)5���� for all territories [n=48]. Stress and resting RV-

LS were compared in each of the four groups. Multiple comparisons of RV-LS among the four groups were 

performed in the stress and resting state. 

Results: Decreased stress RV-LS in patients with an RCA-MFR<2.0 was observed. In the patients with 

0)5���� for all territories, the stressed RV-LS was significantly increased compared to that in the resting 

state. Significantly decreased RV free-wall LS during adenosine stress in patients with RCA-MFR<2.0 was 

observed in the other three groups. 

Conclusions: We measured RV myocardial LS using feature tracking in cine imaging of 13N-ammonia PET. 

The results of this study suggest that PET-derived stressed RV-LS is useful for detecting reduced RV 

myocardial motion due to ischemia in the RCA territory. 

 

Keywords 

13N-ammonia PET, right ventricular strain, high-resolution cine imaging, feature-tracking, myocardial flow 

reserve 
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Introduction 

Time-of-flight systems have improved the temporal and spatial resolution of electrocardiography-gated 13N-

ammonia positron emission tomography (PET). This technical innovation has achieved a cinematic 

visualization of myocardial motion through an entire cardiac cycle. Recently, we developed an original post-

processing algorithm for analyzing myocardial strains with PET imaging by applying the feature-tracking 

technique of cardiovascular magnetic resonance imaging [1]. Our technique revealed that ischemia of the 

coronary arteries is associated with hypokinesia in the left ventricular (LV) myocardium of the corresponding 

coronary artery. Furthermore, increased LV strain in non-ischemic myocardium was also revealed under 

adenosine stress against the resting state. In addition, myocardial flow reserve (MFR) derived from 13N-

ammonia PET constitutes the stress to resting ratio of myocardial blood flows and represents the relative 

reserve of the coronary circulation [2-6]. The MFR can be modeled as the 17 segments of the LV myocardium 

and can be displayed as a color map to obtain the regional MFR for each coronary artery territory as the right 

coronary artery (RCA), left anterior descending artery (LAD), and left circumflex coronary artery (LCx). 

Hence, PET-derived global and regional MFR are essential for the quantitative assessment of patients with 

myocardial ischemia. Although the association between coronary ischemia and decreased LV myocardial 

strain was revealed, the RCA also nourishes the right ventricular (RV) myocardium [7]. Longitudinal strain 

(LS) is a sensitive biomarker for the left and right ventricles to assess myocardial damage due to ischemia [8-

12]. However, to the best of our knowledge, the association between MFR and RV myocardial strain, which 

are PET-derived parameters, has never been reported. This is because it has been difficult to image RV motion 

for conventional nuclear medicine due to the lack of detection of the small amount of radioisotope 

accumulated in the RV myocardium. Therefore, we hypothesized that the association between RV-LS and 

RCA ischemia could be clarified using electrocardiography-gated high-resolution 13N-ammonia PET imaging. 

In the present study, we analyzed the association between PET-derived regional MFR and LS of the RV free 

wall and LV inferior wall as the RCA territory. 

 

Materials and Methods 

Study population 

As part of a previous study (January 2017 to January 2019), 263 patients underwent resting/stressed 

myocardial 13N-ammonia PET due to known or suspected coronary artery disease [13]. In this study, we 
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enrolled patients with coronary artery stenosis > 50%, diagnosed by coronary computed tomography 

angiography, from this cohort. All patients were over the age of 18 years and in a clinically stable state. 

Patients with congenital heart disease, heart failure, or a transplanted heart were excluded. In addition, we 

excluded two cases in which the right ventricle was not well within the PET scan area. Consequently, 93 

patients were retrospectively evaluated. In addition, 10 patients with no coronary stenosis and/or a history of 

myocardial infarction were randomly selected from the excluded patients as controls. This study was approved 

by the appropriate institutional review board, and the requirement for written informed consent was waived. 

None of the patients had cardiovascular risk factors that ZHUH�UHWULHYHG�IURP�WKH�SDWLHQWV¶�PHGLFDO�UHFRUGV�DW�

the time of 13N-ammonia PET.  

13N-ammonia PET scan 

After the necessary preparations, the patients were positioned in a three-dimensional PET system (Biograph 

mCT; Siemens Healthcare, Erlangen, Germany). Repeatedly upgraded Syngo VA30A_HF07 software was 

used for dose correction (i.e., the difference in residual 13N-ammonia activity between resting and stressed 

images). Sequential computed tomography scans (120 kV, 20 mA, and 3-mm slice collimation) were acquired 

for attenuation correction. Electrocardiogram-gated image acquisition was performed immediately after 

intravenous administration of 13N-ammonia (approximately 185 MBq, 5 mCi), for 10 min at 16 frames/cardiac 

cycle using the parallel list mode [14]. After PET myocardial perfusion imaging was performed at rest, the 

adenosine stress test was performed (0.12 mg/kg/min for 6 min). Three minutes after vasodilator 

administration, 13N-ammonia was infused (approximately 555 MBq, 15 mCi), and myocardial perfusion 

imaging was performed. 

Assessment of myocardial blood flow via MFR 

Images were reconstructed using Fourier re-binning and filtered back-projection with a 12-mm three-

dimensional Hann window for the ramp filter. The reconstructed images were automatically re-orientated to 

the 16 short-axis, eight vertical long-axis, and eight horizontal long-axis cine images. The pixel size of the 

cine images was 3.2×3.2 mm, with a 3.0-mm slice thickness. Extraction of mean myocardial and cavity time-

activity curves, and generation of polar maps for absolute myocardial blood flow and MFR were performed 

using dedicated software (Syngo MI Cardiology; Siemens Healthcare, Erlangen, Germany). Myocardial blood 

flow was determined based on the LV input time-activity curve and myocardial uptake using a three-

compartment model and a dataset of list mode images that were obtained during the first 2 min of imaging of 
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the list mode data. The regional MFR values based on a 17-segment model of the RCA, LAD, and LCx 

territories were determined from the polar maps as the ratio of the hyperemic myocardial blood flow to the 

resting regional myocardial blood flow [15]. Global MFR was considered the mean value of the regional 

MFRs of the RCA, LAD, and LCx territories. Global and regional MFR values <2.0 were considered 

abnormal [2]. 

Longitudinal strain measurements with feature-tracking 

The regional strain values of the RV free wall and LV inferior wall were semi-automatically calculated using 

feature-tracking analysis [1]. Images for strain analysis of the RV free wall and LV inferior wall were utilized 

in the middle slice of the heart of the horizontal long-axis and vertical long-axis, respectively. All image 

processing algorithms for stressed and resting PET were implemented using MATLAB R2020a (version 9.8; 

Mathworks Inc., Natick, MA, USA). All PET images are displayed in gray color (gamma = 1.3) with a 

VWDQGDUGL]HG�XSWDNH�YDOXH�RI���௅����� First, the regional endocardial border of the ventricular wall was 

manually defined as a freehand line at end-diastole on the cine image. The endocardial line was replaced as 

the 7 points with evenly spaced points based on the line length. Second, the points were automatically tracked 

during a cardiac cycle using a local template-matching technique based on normalized correlation coefficient 

values. The initial size of the template image was set to 24×24 pixels, and the search area was set to 32×32 

pixels. Finally, the ventricular regions were automatically segmented as lines with spline interpolation of the 

points tracked over a cardiac cycle. Systolic LSs of the RV free wall and LV inferior wall were calculated 

from the ventricular wall lengths using the following formula: 

�ሾΨሿܵܮ�݈ܿ݅݋ݐݏݕܵ ൌ
݄ݐ݈݃݊݁�݈ܿ݅݋ݐݏݕܵ െ ݄ݐ݈݃݊݁�݈ܿ݅݋ݐݏܽ݅ܦ

݄ݐ݈݃݊݁�݈ܿ݅݋ݐݏܽ݅ܦ
ൈ ͳͲͲ 

LS takes a large negative value when the myocardium moves significantly and increases when myocardial 

motility decreases and approaches zero. Figure 1 shows the measurements of LS on cine PET images with 

points tracked by feature tracking. 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism (version 8.1.2 Mac, GraphPad Software, La 

Jolla, CA). Differences were considered statistically significant at P <0.05. The Shapiro-Wilk test was used to 

evaluate the normality of the data distribution, and the mean and standard deviations were calculated. The 

stressed and resting strain values among patient groups with RCA-MFR>2.0, RCA-0)5������LAD-
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MFR<2.0, or LCx-0)5��������YHVVHOV�0)5������DQG�FRQWURO�ZHUH�PXOWLSO\�FRPSDUHG��For comparison, one-

way analysis of variance or the Kruskal-Wallis test was used depending on the distribution of the data. The 

stress and resting LS values of each group were compared. For paired comparison, paired t-test or Wilcoxon 

matched-pairs signed rank test was used depending on the distribution of the data. The stressed and resting 

RV-LS values among the patient groups with LV inferior ischemia (RCA ischemia), without RCA ischemia 

but with LV ischemia (LAD/LCx ischemia), without ischemia (non-ischemia), and control were multiply 

compared. The presence of LV ischemia was diagnosed according to the mismatch of isotope accumulation at 

stress and rest states. For comparison, one-way analysis of variance or the Kruskal-Wallis test was used 

depending on the data distribution. The stress and resting RV-LS values of each group were compared. For 

paired comparison, paired t-test or Wilcoxon matched-pairs signed rank test was used depending on the data 

distribution. 3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQWV��r��RU�6SHDUPDQ¶V�FRUUHODWLRQ�FRHIILFLHQWV��rS) of RV free-wall 

LS against the RCA-MFR, LAD-MFR, and LCx-MFR were calculated for linearly and non-linearly 

distributed data, respectively. Similarly, correlation coefficients of LV inferior-wall LS and regional MFRs 

were calculated. 

Intra-observer and inter-observer reproducibility 

All longitudinal strain measurements were tested for intra-observer reproducibility at 16 frames per cardiac 

cycle. A single observer performed all stressed and resting analyses for 30 randomly selected patients and then 

blindly repeated the analyses at least 1 month later. Inter-observer reproducibility was evaluated based on 

stressed and resting measurements for the same 30 patients, which were performed by a second observer who 

was blinded to the clinical and experimental data. The intra-observer and inter-observer reproducibility of the 

strain measurements was evaluated using Bland-Altman analyses and the intraclass correlation coefficient 

(ICC) with one-way random or two-way random single measures (ICC [1,1] or ICC [2,1], respectively). The 

,&&�YDOXHV�ZHUH�GHILQHG�DV�H[FHOOHQW����������JRRG������±0.74), moderate (0.40±�������RU�SRRU��������� 

 

Results 

Table 1 shows the baseline characteristics and 13N-ammonia PET measurements. The number of patients with 

RCA-MFR<2.0, with RCA-0)5�����EXW�0)5�����DW�/$'�RU�/&[�WHUULWRULHV��and ZLWK�0)5�����IRU�DOO�

territories were 34, 11, and 48, respectively. Abnormal regional MFRs were observed in the RCA (32/93 

patients, 34%), LAD (33/93 patients, 35%), and LCx (34/93 patients, 37%) groups. Thirteen patients were 
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GLDJQRVHG�ZLWK�5&$�VWHQRVLV������E\�LQYDVLYH�FRURQDU\�DQJLRJUDSK\��2I�WKH�SDWLHQWV�ZLWK�5&$-MFR<2.0, 3 

out of 8 had a history of myocardial infarction in the RCA territory. Ammonia PET showed permanent hypo-

accumulation in the inferior wall in all the three patients, two of whom were considered to have non-

transmural infarcts with a %uptake of approximately 50%. The other had a basal inferior wall %uptake of 

around 25%, which is considered a transmural infarction. 

 Figure 2a shows the comparison of RV-LS among the four groups at stress and resting states. 

Significantly decreased RV free-wall LS during adenosine stress in patients with RCA-MFR<2.0, was 

observed in the other three groups. There were no significant differences in the resting RV-LS among the four 

groups. Decreased stress RV-LS was observed against the resting state in patients with RCA-MFR<2.0. In the 

patients with regional 0)5���� for all territories, the stressed RV-LS was significantly increased compared to 

that in the resting state. Figure 4 shows representative cases of RV-LS changes between the stress and resting 

states. A decrease in RV-LS in patients with RCA-MFR<2.0 and an increase in RV-LS in patients with 

regional 0)5�����for all territories were observed. Figure 2b shows the comparison of LV-LS among the four 

groups at stress and resting states. Significantly decreased LV inferior-wall LS during adenosine stress in the 

three patient groups compared to the control group were observed. The resting LV-LS in the RCA-MFR<2.0 

group was lower than that of the control. An increase in stress LV-LS against the resting state in the control 

group was observed. Figure 3 shows that the absolute value of stressed RV-LS was significantly higher than 

those at resting state in the non-ischemic and control groups. On the other hand, in the group with ischemia in 

the LV, there was no significant difference between stress and resting RV-LS. The stressed RV-LS in patients 

with ischemia at the LV inferior wall (with RCA ischemia) was absolutely decreased than that of the control 

group. Scatter plots of regional MFR and RV-LS at stress and resting states are shown in Figure 5. There were 

moderate correlations between stressed RV-LS and regional MFRs in each coronary territory, but there were 

no correlations between resting RV-LS and regional MFRs. There were no correlations between LV-LS in both 

stress and resting states and regional MFRs (Figure 6). 

The intra- and inter-observer reproducibility for stress and resting RV free-wall LS and LV inferior-

wall LS measurements are reported in Table 2. Both intra- and inter-observer reproducibility was excellent (all 

ICCs >0.75, P < 0.01), with negligible bias identified on the Bland-Altman analysis and narrow standard 

deviation in measurement and a narrow limit of agreement. 
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Discussion 

There are two findings from the present study. One is that the PET-derived stressed LS in the RV free wall is 

associated with reduced RCA-MFR. Second, semi-automatic LS measurements via feature tracking in 13N-

ammonia PET imaging are simple to acquire and highly reproducible. 

 RV-LS in the patients with regional MFR<2.0 decreased in the stress state. This decrease was similar 

to the changes in the kinetics of the ischemic myocardium of the LV under adenosine stress [16-18]. 

Therefore, the reduced RV-LS was affected by RCA ischemia. Moreover, the RV-LS in the regional 0)5����, 

non-ischemia, and control groups increased in the stress state, and these results were consistent with the 

changes in kinetics in adenosine-stressed normal myocardium. Comparing the RV-LS at stress and resting 

states among the four groups, stressed RV-LS from the RCA-MFR<2.0 and RCA ischemia groups were 

reduced compared to those from other groups. In the correlation analysis, stressed RV-LS was correlated to the 

regional MFR of the three coronary arteries, and the correlation coefficient with RCA-MFR was the highest. 

Consequently, it can be concluded that RV-LS has a significant association with RV-MFR, which reflects RCA 

ischemia under adenosine stress. In the comparison of LV-LS of the inferior wall, increased stressed LV-LS in 

controls, and reduced stressed LV-LS in controls compared to the other three groups were observed. In the 

comparison of LV-LS of the inferior wall, stressed LV-LS in controls was higher than that in resting state, and 

stressed LV-LS in controls was greater than in the other three groups. There were no significant correlations 

between LV-LS and regional MFRs. We considered two reasons why RV-LS was observed to be associated 

more with RCA-MFR than LV-LS. First, the contribution of the longitudinal direction for myocardial 

contraction was greater in the RV than in the LV. In the LV myocardium, contractions of endocardial, middle, 

and epicardial layers produce the long axis and short axis motions, as well as a twisting motion corresponding 

to systemic circulation [19-22]. On the other hand, in the RV myocardium, two thin myocardial layers are 

responsible for pulmonary circulation, mainly long-axis contraction [23, 24]. Second, because the LV 

myocardium receives blood supply not only from the RCA but also from the LAD and LCx, LV-LS did not 

reflect the effects of reduced RCA-MFR as strictly as RV-LS. MFR is defined as MBF under adenosine stress 

divided by the rest MBF. MFR is highly dependent on resting MBF, and MFR of each territory is calculated 

from the same dynamic data immediately after ammonia injection. Therefore, MFRs of the main coronary 

territories interfere with each other and are averaged out. For this reason, Kawaguchi et al. proposed relative 

MFR, which emphasizes abnormalities in local MFR [25]. RV-LS takes a negative value because the RV 
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length reduces during RV contraction. In other words, a low strain value is large in absolute value, which 

means good wall motion. The inverse correlation between RV-LS and LAD-MFR or LCx-MFR means that 

reduced RV wall motion is associated with reduced LV-MFR. We postulate that one reason for this correlation 

is that LAD-MFR or LCx-MFR decreases in parallel to the decrease in RCA-MFR. Finally, RV-LS reduction 

is associated with decreased LV-MFR outside the inferior wall. Based on the above, RV-LS is considered to 

reflect changes in myocardial motility due to RCA ischemia more strongly than LV-LS, and PET-derived RV-

LS can be expected as a new clinical evaluation index for RCA ischemia. In addition, in three patients with a 

history of RCA infarction, the absolute mean value of the stressed RV-LS tended degraded against resting state 

(stress: 15.9 %, resting: 17.3 %). The residual ischemic area in the peri-infarction may have been reflected as a 

slight loss of wall motion during adenosine stress. To advance the clinical application of PET-derived RV-LS, 

we believe that further research on patients with a history of infarction is necessary. 

 Our feature-tracking-based semi-automatic LS measurement indicated excellent inter -and intra-

observer reproducibility. Excellent reproducibility of LV-LS with PET imaging has been reported [1]. 

Compared to this previous report, the reproducibility of the RV-LS measurement using PET images is 

excellent. Because the RV myocardium is thin, wall motion analysis is difficult. However, feature tracking 

could be fully applied to high-resolution PET imaging without manual correction for the mistracking of 

myocardial features in this study. Furthermore, feature tracking involves a simple-to-use algorithm, and our 

proposed strain analysis method can automatically calculate the strain for a cardiac cycle using only manual 

delineation of the regional myocardial wall. Because feature tracking involves a traditional template-matching 

technique, the offline tool we used provides regional myocardial strain values within 10 s, which includes the 

time taken to manually draw the endocardial borders. In recent years, cardiovascular magnetic resonance-

derived RV strain has been attracting attention as a useful clinical value for patients with pulmonary 

hypertension, such as pulmonary embolism or congenital heart disease [26, 27]. One of the great advantages 

of PET imaging over cardiovascular magnetic resonance is that the images at stress and resting states can be 

obtained in a single examination. Moreover, this analysis can be performed as needed, even after the PET 

examination, via post-processing strain measurements, and does not require additional image acquisition or 

additional radioisotope use, which enhances its potential clinical value. Therefore, our proposed PET-derived 

RV-LS analysis may provide novel clinical findings for various diseases in patients with pulmonary 

hypertension. 
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 This study had some limitations. We analyzed a small number of patients from a single center. This 

limitation might be restricted by only a few cyclotrons in our country, which are required for 13N-ammonia 

production. Nevertheless, our preliminary results suggest a significant association between PET-derived RV-

LS and RCA-MFR and clinical potential for patients with RCA ischemia. Therefore, further prospective 

studies are needed to accumulate further evidence. 

 

Conclusion 

In conclusion, we measured RV myocardial LS using feature tracking in high-resolution cine imaging of 13N-

ammonia PET. The results of this study suggest that PET-derived stressed RV-LS is useful for detecting 

reduced RV myocardial motion due to ischemia in the RCA territory and provides reproducible quantitative 

values of RV motion. 
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FIGURE LEGENDS 

Fig.1 Semi-automatic feature-tracking in cine imaging of positron emission tomography 

Images from left to right indicate the flow of the image processing. First, the endocardial border was manually 

defined as a freehand line at end-diastole (green square). Then, the line was replaced with 7 points, and the 

template image centered on each point was tracked through a cardiac cycle. The upper row indicates the 

tracking of the right ventricular free wall on horizontal long-axis images (magenta square). The lower row 

indicates the tracking of the left ventricular inferior wall on vertical long-axis images (yellow square). 

 

Fig.2 Systolic longitudinal strain values according to myocardial flow reserve status 

(a) Right ventricular free-wall longitudinal strain values in patients with RCA-MFR<2.0 (purple/dark purple), 

with LAD/LCx-MFR<2.0 (blue/dark blue), with regional 0)5�����for all territories (red/dark red), and 

control (green/dark green). (b) Left ventricular inferior-wall longitudinal strain values in patients with RCA-

MFR<2.0 (purple/dark purple), with LAD/LCx-MFR<2.0 (blue/dark blue), with regional 0)5�����for all 

territories (red/dark red), and control (green/dark green). 

**P<0.01, *P<0.05. RV, right ventricular; LV, left ventricular; MFR, myocardial flow reserve; RCA, right 

coronary artery; LAD, left anterior descending artery; LCx, left circumflex coronary artery. 

 

Fig.3 Systolic longitudinal strain values according to the presence of ischemic image findings 

Right ventricular free-wall longitudinal strain values in patients with RCA ischemia (purple/dark purple), with 

LAD/LCx ischemia (blue/dark blue), without ischemia (red/dark red), and control (green/dark green).  

**P<0.01, *P<0.05. RV, right ventricular; RCA, right coronary artery; LAD, left anterior descending artery; 

LCx, left circumflex coronary artery 

 

Fig.4 13N-ammonia PET images (left) and the RV-LS curve (right) for a woman in her 50s with RCA-

MFR=1.20 (blue) and for a man in his late 60s with RCA-MFR��.0 (red) 

In the patients with RCA-MFR=1.20, stressed RV-LS (blue solid curve) was reduced compared to the resting 

state (blue dashed line). In patients with RCA-0)5�3.0, stressed RV-LS (red solid curve) increased compared 

to that in the resting state (red dashed line). 
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PET, positron emission tomography; RV-LS, right ventricular longitudinal strain; RCA, right coronary artery; 

MFR, myocardial flow reserve. 

 

Fig.5 Correlations between right ventricular free-wall strains and regional myocardial flow reserves 

Scatter plots show the correlations between longitudinal strain and regional myocardial flow reserve. Plots in 

the upper and lower rows indicate the values in the stressed and resting states, respectively.  

rS��6SHDUPDQ¶V�FRUUHODWLRQ�FRHIILFLHQW��r��3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQW��59, right ventricular; MFR, 

myocardial flow reserve; RCA, right coronary artery; LAD, left anterior descending artery; LCx, left 

circumflex coronary artery. 

 

Fig.6 Correlations between left ventricular inferior-wall strains and regional myocardial flow reserves.  

Scatter plots show the correlations between longitudinal strain and regional myocardial flow reserve. Plots in 

the upper and lower rows indicate the values in the stressed and resting states, respectively.  

rS��6SHDUPDQ¶V�FRUUHODWLRQ�FRHIILFLHQW��r��3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQW��/9, left ventricular; MFR, 

myocardial flow reserve; RCA, right coronary artery; LAD, left anterior descending artery; LCx, left 

circumflex coronary artery. 
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RV free-wall tracking

LV inferior-wall tracking

Endocardial line End-diastole End-systole Mid-diastole

FIGURE 1. Semi-automatic feature-tracking in cine imaging of positron emission tomography.

Images from left to right indicate the flow of the image processing. First, the endocardial border was manually defined as a 
freehand line at end-diastole (green square). Then, the line was replaced with 7 points, and the template image centered on 
each point was tracked through a cardiac cycle. The upper row indicates the tracking of the right ventricular free wall on 
horizontal long-axis images (magenta square). The lower row indicates the tracking of the left ventricular inferior wall on 
vertical long-axis images (yellow square).
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a. RV free-wall strain b. LV inferior-wall strain

FIGURE 2. Systolic longitudinal strain values according to myocardial flow reserve status. 

(a) Right ventricular free-wall longitudinal strain values in patients with RCA-MFR<2.0 (purple/dark purple), with 
LAD/LCx-0)5������EOXH�GDUN�EOXH���ZLWK�UHJLRQDO�0)5�����IRU�DOO�WHUULWRULHV��UHG�GDUN�UHG���DQG�FRQWURO��JUHHQ�GDUN�
green). (b) Left ventricular inferior-wall longitudinal strain values in patients with RCA-MFR<2.0 (purple/dark purple), with 
LAD/LCx-0)5������EOXH�GDUN�EOXH���ZLWK�UHJLRQDO�0)5�����IRU�DOO�WHUULWRULHV��UHG�GDUN�UHG���DQG�FRQWURO��JUHHQ�GDUN�
green).

**P<0.01, *P<0.05. RV, right ventricular; LV, left ventricular; MFR, myocardial flow reserve; RCA, right coronary artery; 
LAD, left anterior descending artery; LCx, left circumflex coronary artery.



FIGURE 3. Systolic longitudinal strain values according to presence of ischemic image findings. 

Right ventricular free-wall longitudinal strain values in patients with RCA ischemia (purple/dark purple), with LAD/LCx-
ischemia (blue/dark blue), without ischemia (red/dark red), and control (green/dark green). 
**P<0.01, *P<0.05. RV, right ventricular; RCA, right coronary artery; LAD, left anterior descending artery; LCx, left 
circumflex coronary artery.
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FIGURE 4. 13N-ammonia PET images (left) and the RV-LS curve (right) for a woman in her 50s with RCA-
MFR=1.20 (blue) and for a man in his late 60s with RCA-0)5������UHG�

In the patients with RCA-MFR=1.20, stressed RV-LS (blue solid curve) was reduced compared to the resting state (blue 
dashed line). In patients with RCA-0)5������VWUHVVHG�59-LS (red solid curve) increased compared to that in the resting 
state (red dashed line).
PET, positron emission tomography; RV-LS, right ventricular longitudinal strain; RCA, right coronary artery; MFR, 
myocardial flow reserve.
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FIGURE 5. Correlations between right ventricular free-wall strains andregional myocardial flow reserves. 

Scatter plots show the correlations between longitudinal strain and regional myocardial flow reserve. Plots in the upper and 
lower rows indicate the values in the stressed and resting states, respectively. 
rS��6SHDUPDQ¶V�FRUUHODWLRQ�FRHIILFLHQW��U��3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQW��59��ULJKW�YHQWULFXODU��0)5��P\RFDUGLDO�IORZ�
reserve; RCA, right coronary artery; LAD, left anterior descending artery; LCx, left circumflex coronary artery.
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FIGURE 6. Correlations between left ventricular inferior-wall strains and regional myocardial flow reserves. 

Scatter plots show the correlations between longitudinal strain and regional myocardial flow reserve. Plots in the upper and 
lower rows indicate the values in the stressed and resting states, respectively. 
rS��6SHDUPDQ¶V�FRUUHODWLRQ�FRHIILFLHQW��U��3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQW��/9��OHIW�YHQWULFXODU��0)5��P\RFDUGLDO�IORZ�
reserve; RCA, right coronary artery; LAD, left anterior descending artery; LCx, left circumflex coronary artery.



a. RV free-wall strain b. LV inferior-wall strain

FIGURE 3. Systolic longitudinal strain values according to presence of ischemic image findings. 

(a) Right ventricular free-wall longitudinal strain values in patients with RCA ischemia (purple/dark purple), with LAD/LCx-
ischemia (blue/dark blue), without ischemia (red/dark red), and control (green/dark green). (b) Left ventricular inferior-wall 
longitudinal strain values in patients with RCA ischemia (purple/dark purple), with LAD/LCx-MFR ischemia (blue/dark 
blue), without ischemia (red/dark red), and control (green/dark green). 

**P<0.01, *P<0.05. RV, right ventricular; LV, left ventricular; RCA, right coronary artery; LAD, left anterior descending 
artery; LCx, left circumflex coronary artery.
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TABLE 1 Baseline patient characteristics and 13N-ammonia PET measurements 

Characteristics RCA-MFR<2.0 
LAD-MFR<2.0 or 

LCx-MFR<2.0 
0)5���� Control 

Number 34 11 48 10 

Age [year] 69 ± 11 68 ± 11 67 ± 10 41 ± 15 

Male/Female 20/14 7/4 34/14 6/4 

Cardiovascular risk factor     

Hypertension 24 7 36 0 

Dyslipidemia 15 5 23 0 

Diabetes mellitus 20 9 38 0 

Smoking 15 6 22 0 

Positive family history 5 4 13 0 

Clinical history of CAD     

History of myocardial infarction 8 2 5 0 

Previous PCI 8 4 9 0 

Previous CABG 3 1 4 0 

Ammonia PET measurements     

SSS 9 ± 9 8 ± 8 2 ± 3 2 ± 3 

SRS 3 ± 4 3 ± 4 1 ± 1 1 ± 1 

SDS 6 ± 8 5 ± 5 2 ± 3 1 ± 2 

Stress MBF [mL/g/min] 1.60 ± 0.56 1.98 ± 0.40 2.43 ± 0.54 2.43 ± 1.00 

Resting MBF [mL/g/min] 1.05 ± 0.29 1.00 ± 0.21 0.92 ± 0.22 1.06 ± 0.28 

Global-MFR 1.5 ± 0.4 2.0 ± 0.1 2.7 ± 0.6 2.2 ± 0.6 

RCA-MFR 1.5 ± 0.4 2.3 ± 0.2 2.8 ± 0.5 2.3 ± 0.6 

LAD-MFR 1.6 ± 0.4 2.0 ± 0.2 2.7 ± 0.6 2.3 ± 0.6 

LCx-MFR 1.6 ± 0.4 1.8 ± 0.3 2.7 ± 0.6 2.2 ± 0.6 

Stress LVEDV [mL] 105 ± 33 101 ± 27 99 ± 25 76 ± 15 

7DEOH
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Unless otherwise indicated, data are presented as the mean ± standard deviation. CAD, coronary artery 

disease; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; PET, positron 

emission tomography; SSS, summed stress score; SRS, summed rest score; SDS, summed difference score; 

MBF, myocardial blood flow; MFR, myocardial flow reserve; RCA, right coronary artery; LV, left ventricular; 

EDV, end-diastolic volume; ESV, end-systole volume; EF, ejection fraction. 

  

Stress LVESV [mL 44 ± 29 38 ± 20 30± 16 17 ± 5 

Stress LVEF [%] 62 ± 16 64 ± 12 71 ± 9 78 ± 4 

Resting LVEDV [mL] 92 ± 35 89 ± 28 85 ± 23 71 ± 15 

Resting LVESV [mL] 38 ± 29 31 ± 20 25 ± 13 17 ± 5 

Resting LVEF [%] 66 ± 15 67 ± 14 72 ± 9 76 ± 5 
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TABLE 2 Reproducibility of longitudinal strain analyses 

Parameter 

Intra-observer reproducibility  Inter-observer reproducibility 

Bias (LOA) SDD 
ICC (95% 

CI) 
 Bias (LOA) SDD 

ICC (95% 

CI) 

Stress 

RV-LS 

Ѹ1.40 (Ѹ16.8 

to 14.1) 
7.9 

0.85 (0.83 to 

0.87) 
 

Ѹ1.0 (Ѹ18.3 

to 16.3) 
8.8 

0.82 (0.80 to 

0.87) 

Resting 

RV-LS 

Ѹ0.3 (Ѹ14.0 

to 13.4) 
7.0 

0.88 (0.85 to 

0.90) 
 

Ѹ0.03(Ѹ16.1 

to 16.1) 
8.2 

0.83 (0.80 to 

0.86) 

Stress 

LV-LS 

0.8 (Ѹ4.0 to 

5.5) 
2.4 

0.97 (0.83 to 

0.99) 
 

Ѹ0.29 (Ѹ4.97 

to 4.39) 
2.5 

0.97 (0.96 to 

0.97) 

Resting 

LV-LS 

Ѹ0.46 (Ѹ4.4 

to 3.5) 
2.0 

0.98 (0.97 to 

0.98) 
 

Ѹ0.15 (Ѹ4.24 

to 3.94) 
2.1 

0.97 (0.97 to 

0.98) 

RV, right ventricular; LV, left ventricular; LS, longitudinal strain; LOA, limit of agreement; SDD, standard 

deviation of the difference; ICC, intraclass correlation coefficient; CI, confidence interval. 


