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Abstract

Background: Assessing endocardial strain using a single 13N-ammonia positron emission tomography 

(PET) scan would be clinically useful, given the association between ischemia and myocardial 

deformation. However, no software has been developed for strain analysis using PET. We evaluated the 

clinical potential of feature tracking-derived strain values measured using PET, based on associations 

with the myocardial flow reserve (MFR). 

Methods and Results: This retrospective study included 95 coronary artery disease patients who 

underwent myocardial 13N-ammonia PET. Semi-automatic measurements were made using a 

feature-tracking technique during myocardial cine imaging, and values were calculated using a 

16-segment model. Adenosine-stressed global circumferential strain (CS) and global longitudinal strain 

(LS) values were compared with global MFR values. Stressed and resting global strain values were also 

compared. Global strain values were significantly lower in 39 patients with abnormal MFRs [<2.0] than 

in 56 patients with normal MFRs DG5$?F$ The global CS values in the stressed state were significantly 

decreased than the resting state values in patients with abnormal MFRs.

Conclusions: This study applied endocardial feature-tracking to 13N-ammonia PET, and the results 

suggested that blood flow and myocardial motility could be clinically assessed in ischemic patients using 

a single PET scan.

Keywords: 13N-ammonia PET, left ventricular strain, high-resolution cine imaging, feature-tracking, 

myocardial ischemia

Abbreviations

PET: positron emission tomography 

ECG: electrocardiography 

CS: circumferential strain 

LS: longitudinal strain 
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MFR: myocardial flow reserve 

LV: left ventricular 

EF: ejection fraction 

RCA: right coronary artery 

LAD: left anterior descending artery 

LCx: left circumflex coronary artery 
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Introduction

Electrocardiography (ECG)-gated 13N-ammonia positron emission tomography (PET) provides high 

temporal and spatial resolution and is superior to single-photon emission computed tomography for 

detecting myocardial ischemia. 13N-ammonia PET is essential for assessing myocardial blood flow at rest, 

hyperemia-induced adenosine stress, and coronary flow reserve. Patients with myocardial ischemia can be 

assessed using the PET-derived summed stress score, summed rest score, summed difference score, 

myocardial flow reserve (MFR), and stressed:resting ratio of the myocardial blood flow (1-5). Contours 

of the myocardium, including the left ventricular (LV) papillary muscle, can also be clearly visualized 

using a PET-computed tomography scanner equipped with time-of-flight correction (6). Recent technical 

improvements in time-of-flight systems may improve the high spatial resolution of 13N-ammonia PET, 

although this modality is currently limited to measuring LV volume, mass, and ejection fraction (EF) (7). 

Wall thickening analysis can be performed based on quantitative gated single-photon emission computed 

tomography, although frequent misregistration occurs in the extraction of the myocardial contours when 

this method is applied to PET. Furthermore, high background noise in single-photon emission computed 

tomography images make them unsuitable for feature-tracking analysis. Thus, no PET-dedicated regional 

motion analysis software has been developed, and analyses are currently based on software for 

single-photon emission computed tomography.

Myocardial regional strain derived from cardiac magnetic resonance is inversely associated with infarct 

size and LV remodeling during myocardial ischemia (8-11). Feature-tracking based on routine cardiac 

magnetic resonance cine imaging provides data from three principal vectors that describe the deformation 

mechanics in LV geometry: circumferential strain (CS), longitudinal strain (LS), and radial strain (12). 

Because ischemia evolves from the endocardium to the epicardium, endocardial circumferential strain and 

longitudinal strain parameters have prognostic value in various clinical conditions (13, 14). Thus, it would 

be clinically useful to evaluate endocardial strain using a single PET scan, given the association between 

ischemia and endocardial deformation. We previously developed an original post-processing 

feature-tracking algorithm for myocardial strain analysis in cardiac magnetic resonance (15, 16). We used 
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the same feature-tracking technique to measure regional myocardial strain during ECG-gated 

high-resolution cine imaging using 13N-ammonia PET. This study aimed to determine whether feature 

tracking-derived strain values of PET were associated with myocardial ischemic parameters.

Materials and Methods

Patients

A total of 263 patients, as part of a previous study (January 2017 to January 2019), underwent 

resting/stressed myocardial 13N-ammonia PET because of known or suspected coronary artery disease (6). 

In this study, we enrolled patients with coronary artery stenosis of more than 50%, diagnosed by coronary 

computed tomography angiography, from this cohort. Among them, the patients with congenital heart 

disease, heart failure, or a transplanted heart were excluded. Consequently, 95 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 were retrieved from the patients’ 

medical records at the time of the 13N-ammonia PET.

13N-ammonia PET

After the necessary preparations (6), 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 mAs, and 3-mm slice 

collimation) were acquired for attenuation correction. Immediately after intravenous administration of 

13N-ammonia (approximately 185 MBq, 5 mCi), ECG-gated image acquisition was performed (10 min at 

16 frames/cardiac cycle using the parallel list mode) (17). After PET myocardial perfusion imaging was 

performed at rest, the adenosine stress test was performed (0.12 mg/kg/min for 6 min). At 3 min after the 

Page 8 of 34

Footer Text

Journal of Nuclear Cardiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

7

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

perfusion imaging was performed (Figure 1). 

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, 8 vertical long-axis, and 8 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). The 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 the list mode data. The MFR values based on a 17-segment model of 

the right coronary artery (RCA), left anterior descending artery (LAD), and left circumflex coronary 

artery (LCx) territories were determined from the polar maps, as the ratio of the hyperemic myocardial 

blood flow to the resting regional myocardial blood flow (18). Global MFR was the mean value of MFRs 

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

(2).

Assessment of LV volume and EF

The list mode data from 2 to 10 min were replayed to reconstruct the ECG-gated images. The 

reconstructed image data with ordered-subsets-expectation-maximization, point-spread function, and time 

of flight corrections in 13N-ammonia PET, with 21 subsets and four iterations, were transferred to a 

dedicated software (Syngo MI cardiology, Siemens Healthcare, Erlangen, Germany). The matrix size was 

128 x 128, with a slice thickness of 3.0 mm. A three-dimensional cine image of the left ventricle with 

16-frames/cardiac cycle was reconstructed (6). The quantitative gated single-photon emission computed 
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tomography algorithm developed by Germano et al. (19) was modified for PET to measure the LV 

volume and obtain the LVEF.

Strain analysis with feature-tracking

The same ECG-gated cine image constructed above was used for strain analysis. The LV regional strain 

values were semi-automatically calculated using the feature-tracking analysis (15, 16, 20). All image 

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

9.8; Mathworks Inc., Natick, MA), as shown in the Supplementary Movies. The short-axis slices for 

strain measurements at the base, middle, and apex of the heart were automatically defined as the 3rd, 9th, 

and 14th slices (among the 16 total images), respectively. Both the vertical long-axis and horizontal 

long-axis slices for strain measurements were automatically defined as the 4th slice of the 8 vertical 

long-axis and 8 horizontal long-axis images, respectively. The regional endocardial border was manually 

defined at end-diastole on the cine images that were displayed in gray color (gamma=1.3) with a 

standardized uptake value of �?Q�??L (Figure 2a). Endocardium points were evenly spaced based on the 

line length (Figure 2b). In this study, 12 points in the short-axis images and 7 points each in the horizontal 

and vertical long-axis images were set. The points were then automatically tracked during a cardiac cycle, 

using a local template-matching technique based on normalized correlation coefficient values (Figure 2c). 

The template images were automatically based on a square area centered on the points: the initial size for 

the template image was set to 24×24 pixels and search area to 32×32 pixels. However, the template size 

and search area were updated to ensure successful tracking if the endocardium was not well tracked. The 

LV endocardial regions were automatically segmented as lines with spline interpolation of the points 

tracked over a cardiac cycle (Figure 2d). Finally, systolic strain values were calculated from strain curves 

as the minimum values of the normalized LV regional lengths (Figure 2e). The systolic circumferential 

strain values of the three short-axis cine images, corresponding to the basal, middle, and apical LV slices, 

were measured using a previously reported 16-segment model for strain analysis using short-axis images 

and cardiac magnetic resonance feature-tracking (21). Global CS was calculated as the mean value of 
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systolic circumferential strain for all segments. The regional systolic circumferential strain values for the 

RCA (segments #3, #4, #9, #10, and #15), LAD (segments #1, #2, #7, #8, #13, and #14), and LCx 

(segments #5, #6, #11, #12, and #16) territories were calculated as the means of the systolic strain values 

at the corresponding segments in the 16-segment model. The systolic LS values at the middle LV slice 

were measured from the anterior and posterior walls on the vertical long-axis cine images, and from the 

lateral wall and interventricular septum on the horizontal long-axis cine images. Global LS was calculated 

as the mean of systolic longitudinal strain values from 4 regions on the vertical long-axis and horizontal 

long-axis images. Systolic longitudinal strain values for the RCA territory, based on the 16-segment 

model, were obtained from the posterior wall, those for the LAD territory were calculated as the mean of 

systolic strain values from the anterior wall and interventricular septum, and those for the LCx territory 

were obtained from the lateral wall.

Intra-observer and inter-observer reproducibility

The intra-observer reproducibility of strain values was evaluated using manually defined endocardial 

boundaries at end-diastole. Systolic strain values were automatically determined as the minimum values 

from the 16 frames of each 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 intraclass correlation coefficients with one-way random or two-way 

random single measures (intraclass correlation coefficient [1,1] or intraclass correlation coefficient [2,1], 

respectively). The intraclass correlation coefficient values were defined as excellent @G?$<8A� good (0.60–

0.74), moderate (0.40–0.59), or poor @T?$7:A$

Statistical analysis

Page 11 of 34

Footer Text

Journal of Nuclear Cardiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

10

All statistical analyses were performed using GraphPad Prism (version 8.1.2 for Mac OS; GraphPad 

Software, La Jolla, CA). Differences were considered statistically significant at P-values of <0.05. The 

Shapiro–Wilk test was used to evaluate the normality of data distribution and the means and standard 

deviations were calculated. The global CS and LS values, as well as the systolic circumferential and 

longitudinal strain values at the RCA, LAD, and LCx territories, of the 3 groups—abnormal global MFR 

[<2.0], normal global MFR DG5$?F� and control—were compared using the one-way analysis of variance 

with Tukey or Dunn post hoc analysis. Stressed and resting global systolic strain values, as well as 

systolic strain values at each territory, were compared using the paired t-test or Wilcoxon signed-rank 

test. Correlations of global systolic strain values (global CS and global LS) with LVEF were analyzed 

using Spearman correlation coefficients. 

Results

Table 1 shows the baseline characteristics and 13N-ammonia PET measurements. Abnormal global MFRs 

were observed in 39 of 95 patients (41%). All PET-derived scores in patients with abnormal MFRs were 

lower than those in patients with normal MFRs. There were no differences in the LV end-diastolic and 

end-systolic volumes in the stressed and resting states between the abnormal and normal MFR groups. 

Lower stress LVEF was observed in patients with abnormal MFRs than in those with normal MFRs. 

Abnormal regional MFRs were observed at the RCA (35/95 patients, 37%), LAD (36/95 patients, 38%), 

and LCx (37/95 patients, 39%). Supplemental Tables 1–3 show in detail the inter-group comparisons of 

the 13N-ammonia PET measurements according to the regional MFR values.

Figure 3 shows the inter-group and stressed/resting comparisons of the global CS and global LS. Global 

strains in the stressed state of the abnormal MFR groups were lower than those of the normal MFR and 

control groups. There were no differences in the resting global strains between the abnormal and normal 

MFR groups. Global CSs in the stressed state in the abnormal MFR groups were lower than those at the 

resting state. Global strains in the stressed state in the control groups were higher than those at the resting 

state. The scatter plots of global strain values and LVEF are shown in Figure 4, and all strain parameters 
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were significantly correlated with LVEF (all P<0.01). Spearman correlation coefficients (confidence 

intervals) were –0.77 (–0.84, –0.67) for stressed global CS, –0.78 (–0.85, –0.69) for resting global CS, –

0.73 (–0.82, –0.62) for stressed global LS, and –0.72 (–0.81, –0.61) for resting global LS. Figure 5 shows 

the inter-group and stressed/resting comparisons of the regional CS and regional LS. Regional strains in 

the stressed state of the abnormal MFR groups were lower than those of the control groups in all coronary 

territories. There were no differences in most of the resting regional strains of the abnormal and normal 

MFR groups. Regional CSs in the RCA and LCx territories and regional LS in the LAD territory in the 

stressed state were lower than those in the resting state. CS in the RCA territory and LSs in the RCA and 

LCx territories in the stressed state in the control groups were higher than those at the resting state.

Excellent intra-observer and inter-observer reproducibilities were observed for the feature-tracking 

technique (Table 2).

Discussion

This study revealed that feature-tracking-derived strain values from a single PET scan could provide a 

clinically reasonable assessment of regional myocardial motility. Furthermore, the semi-automatic strain 

measurements via feature-tracking during PET were simple and highly reproducible.

Global and regional strain values in the stressed state were significantly reduced in patients with abnormal 

MFRs compared with patients with normal MFRs and the control patients. This trend was also observed 

in the resting strain values. However, the circumferential strain did not significantly decrease in patients 

with abnormal MFRs. Reduced strain values in the stressed state agree with a previous report on the 

clinical use of stress echocardiography in ischemic heart disease (22); the reduced strain values may be 

related to transient ischemic dilation in patients with coronary artery disease (23) because the LV 

end-diastole volume in the stressed state is increased by >10% compared to the value in the resting state 

in patients with coronary artery disease. In the control patients, strain values in the stressed state were 

either significantly higher or similar to those in the resting state. This myocardial normo-hyperkinesis is 

consistent with wall motion changes under dobutamine stress echocardiography (22). Previously, Eitel et 
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al. revealed that cardiac magnetic resonance feature-tracking-derived LS provided prognostic information 

in patients early after reperfused myocardial infarction in comparison to circumferential and radial strains. 

Also, global LS values provide superior prognostic information over traditional cardiac risk factors, 

including LVEF (24). This is because the endocardial fiber mainly runs in the longitudinal direction, and 

hence, endocardial ischemia and infarction lead to decreased longitudinal strain. In the present study, 

there was no significant difference in the reduction of LS and CS in the stressed state in patients with 

abnormal MFRs. In contrast, in the resting state, the LS tended to be lower than CS in patients with 

abnormal MFRs. These results suggest that the resting LS is more susceptible to ischemia than CS. 

Myocardial ischemia evolves from the endocardium to the epicardium, and circumferential strain is 

greater in the endocardium than in the epicardium (25). The simple circle-like LV structure on the SA 

slice is, therefore, more appropriate to feature-tracking analysis than the HLA and VLA slices. Blurring of 

myocardial boundaries due to liver accumulation may affect tracking in the inferior wall of the RCA 

territory. As indicated in Figure 5d, there was no difference in LS in the RCA territory in the stressed 

state between patients with abnormal and normal MFRs. Thus, the tracking algorithm may need 

improvement for accurate LS assessment, especially in the inferior wall. We think that the best way to 

assess regional ischemia is to use LS and CS in a complementary fashion.

Interestingly, the global strain values correlated significantly with LVEF (Figure 3), which is plausible 

given our previous findings with feature-tracking cardiac magnetic resonance using the same algorithm 

(26). While LVEF is an important clinical marker of the overall LV function, the global strain may be 

more reliable because it allows detailed analysis of myocardial contraction in the circumferential and 

longitudinal directions. Global strain assessment using feature-tracking is reportedly effective in 

predicting the prognosis for various types of heart disease, and is reportedly more effective than EF for 

this purpose. Although we did not evaluate the relationship between global strain and adverse cardiac 

events, a combination of global strain and MFR will provide a prognostic value (27). Figure 6 shows PET 

cine imaging and strain polar maps before and after percutaneous coronary intervention for a patient with 

multi-vessel coronary artery disease. The strain map, as well as the myocardial blood flow and MFR 
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maps, shows the improvement in regional wall motion after treatment. Thus, a new therapeutic evaluation 

strategy has been devised by combining regional function and blood flow.

Our strain analysis revealed that strain measurements had excellent inter-observer and intra-observer 

reproducibilities throughout the cardiac cycle. Nevertheless, PET provides inferior image quality relative 

to cardiac magnetic resonance, and cardiac magnetic resonance is considered the most appropriate 

modality for quantitative analysis of the myocardium, owing to its high contrast, spatial resolution, and 

wide field-of-view. Additionally, the endocardial border was subjectively determined using gray images, 

although strain measurements using PET feature-tracking are considered equally reproducible relative to 

cardiac magnetic resonance feature-tracking (28, 29). Thus, 13N-ammonia PET images are sufficiently 

clear for feature-tracking and do not cause reproducibility errors. 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 for manually drawing the endocardial borders. 

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.

This study had some limitations. We could not compare the patients’ PET-derived strain data to that 

obtained from the same patients using cardiac magnetic resonance or echocardiography. This limitation 

may raise concerns regarding the accuracy of strain values, although the retrospective study design 

precluded performing PET and cardiac magnetic resonance examinations for the same patient. 

Nevertheless, our preliminary results suggest that strain analysis using 13N-ammonia PET has sufficient 

clinical potential for patients with ischemia. Prospective studies are needed to accumulate further 

evidence.

In conclusion, we applied myocardial feature-tracking in high-resolution cine imaging in 13N-ammonia 

PET. The clinically reasonable association between PET-derived strain and MFR suggests that it is 
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clinically possible to assess blood flow and quantify myocardial motility in ischemia patients using only a 

single PET examination.

New Knowledge Gained

It is possible to clinically assess blood flow and quantify endocardial motility in ischemia patients using 

only a single 13N-ammonia positron emission tomography examination.
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FIGURE LEGENDS

Fig. 1 Resting and adenosine stress protocols for 13N-ammonia PET 

A low-dose fast helical (1.5-s) computed tomography scan was performed for attenuation correction. 

Next, 13N-ammonia (185 MBq) was administered intravenously, and electrocardiography-gated 

acquisition was performed (10 min at 16 frames/cardiac cycle using a parallel list mode). After the resting 

PET scan, an adenosine stress test was performed (0.12 mg/kg/min for 6 min). Then, 13N-ammonia (555 

MBq) was infused at 3 min after completion of the vasodilator infusion, and the stress PET scan was 

performed using the same acquisition parameters.

PET, positron emission tomography

Fig. 2 Semi-automatic strain analysis with feature-tracking 

(a) The regional endocardial border is manually defined at the end of the diastole frame (left: short-axis, 

middle: horizontal long-axis, right: vertical long-axis). (b) Endocardium points are automatically and 

evenly set based on the line length. (c) The points are automatically tracked during a cardiac cycle using a 

local template-matching technique. (d) The endocardial regions are automatically segmented as lines with 

spline interpolation of points tracked during a cardiac cycle. Systolic strain is calculated from the strain 

curves as the minimum values of the normalized regional lengths.

Fig. 3 Global systolic strain values according to global MFR status

(a) Global circumferential strain values for patients with abnormal global myocardial flow reserves 

(purple/dark purple, <2.0) and normal global myocardial flow reserves (red/dark red, G5$?A� and in control 

patients (cyan/dark cyan). (b) Global longitudinal strain values for patients with abnormal global 

myocardial flow reserves (purple/dark purple, <2.0) and normal global myocardial flow reserves 

(red/dark red, G5$?A� and in control patients (cyan/dark cyan).

**p<0.01, *p<0.05. MFR, myocardial flow reserve
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Fig. 4 Correlations between global strains and LVEFs

Scatter plots show the correlations between global strain and LVEF. Plots in the upper row and lower row 

indicate the values in the stressed and resting states, respectively. Plots in the left and right columns 

indicate the correlations of LVEF with circumferential and longitudinal strains, respectively.

LVEF, left ventricular ejection fraction

Fig. 5 Regional systolic strain values according to regional MFR status 

Strain values for patients with abnormal myocardial flow reserves (purple/dark purple, <2.0) and normal 

myocardial flow reserves (red/dark red, G5$?A, and in control patients (cyan/dark cyan): the upper low 

indicates the circumferential strain values of the right coronary artery territory (a), left anterior 

descending artery territory (b), and left circumflex coronary artery territory (c), and the lower low 

indicates the longitudinal strain values of the right coronary artery territory (d), left anterior descending 

artery territory (e), and left circumflex coronary artery territory (f).

**p<0.01, *p<0.05. MFR, myocardial flow reserve

Fig. 6 Circumferential strain polar maps at stress (left) and 13N-ammonia PET cine images (right) 

for a woman in her 60s with 90% stenosis at the proximal LAD, 50% stenosis at the proximal RCA, 

and 50% stenosis at the diagonal branch 

Before (upper row) and after (lower row) percutaneous coronary intervention. The cold color of the strain 

map indicates a decrease in strain, while the warm color indicates an increase. After percutaneous 

coronary intervention, there is a marked improvement in strain reduction over a wide area of the apex to 

anteroseptal wall, and the cine images show improvement of blood flow in the anteroseptal wall and 

reduction of the left ventricular cavity.
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TABLE 1 Baseline patient characteristics and 13N-ammonia PET measurements

Patients

Characteristics
All

Global 

MFR<2.0

Global 

���G5$?
P-value

Control

Number 95 39 56 10

Age (years) 68±11 71±10 65±11 <0.05 41±15

Male/female 62/33 22/17 40/16 6/4

Cardiovascular risk factors

Hypertension 69 (73%) 29 (74%) 40 (71%) 0 (0%)

Dyslipidemia 68 (72%) 23 (60%) 45 (80%) 0 (0%)

Diabetes mellitus 44 (46%) 18 (46%) 26 (46%) 0 (0%)

Smoking 42 (44%) 15 (38%) 27 (48%) 0 (0%)

Family history 22 (23%) 8 (21%) 14 (25%) 0 (0%)

Clinical history of coronary artery disease

Myocardial infarction 14 (15%) 11 (28%) 3 (5%) 0 (0%)

Percutaneous coronary intervention 21 (22%) 11 (28%) 10 (18%) 0 (0%)

Coronary artery bypass grafting 8 (8%) 3 (8%) 5 (9%) 0 (0%)

Ammonia PET measurements

Summed stress score 5.7±7.1 8.6± .3 3.6±5.3 <0.01 1.5±3.3

Summed resting score 1.8±3.4 2.7±4.2 1.1±2.5 <0.01 0.5±1.2

Summed difference score 3.9±5.8 5.9±7.5 2.5±3.7 <0.01 1.0±2.2

Stressed myocardial blood flow (mL/g/min) 2.07±0.65 1.62±0.55 2.39±0.52 <0.01 2.43±1.00

Resting myocardial blood flow (mL/g/min) 0.98±0.25 1.05±0.29 0.92±0.22 0.03 1.06±0.28

Global MFR 2.2±0.7 1.5±0.4 2.6±0.5 <0.01 2.2±0.6

RCA MFR 2.3±0.8 1.5±0.5 2.7±0.6 <0.01 2.3±0.6
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MFR, myocardial flow reserve; RCA, right coronary artery; LAD, left anterior descending artery; LCx, 

left circumflex artery; LV, left ventricular; EDV, end-diastole volume; ESV, end-systole volume; EF, 

ejection fraction.

LAD MFR 2.2±0.7 1.6±0.5 2.6±0.6 <0.01 2.3±0.6

LCx MFR 2.2±0.7 1.6±0.4 2.6±0.6 <0.01 2.2±0.6

Resting LVEDV (mL) 88±28 90±34 86±24 0.79 71±15

Resting LVESV (mL) 30±22 36±28 25±15 0.14 17±5

Resting LVEF (%) 70±12 66±15 72±10 <0.05 76±5

Stress LVEDV (mL) 101±28 103±33 100±26 0.84 76±15

Stress LVESV (mL) 34±22 43±28 31±17 0.06 17±5

Stress LVEF (%) 67±12 62±16 71±9 <0.01 78±4
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TABLE 2 Reproducibility of strain analyses

Intra-observer reproducibility Inter-observer reproducibility

Parameter Bias (LOA) SDD
ICC (95% 

CI)
Bias (LOA) SDD

ICC (95% 

CI)

Stress

CS
–0.7 (–3.5, 

2.0)
1.4

0.98 (0.92–

0.99)

,#$) (–2.7, 

2.5)
1.3

0.98 (0.93–

1.00)
Global

LS
0.4 (–1.6, 

2.3)
1.0

0.95 (0.82–

0.99)

3.2 (–0.2, 

6.7)
1.7

0.97 (0.89–

0.99)

CS
,#$( (–6.6, 

6.1)
3.2

0.97 (0.96–

0.98)

,#$) (–5.3, 

5.0)
2.6

0.96 (0.84–

0.99)
RCA

LS
0.8 (–4.0, 

5.6)
2.5

0.985(0.83–

0.99)

4.9 (1.5, 

8.4)
1.8

0.97 (0.90–

0.99)

CS
–0.7 (–4.8, 

3.4)
2.1

0.97 (0.88–

0.99)

0.5 (–4.1, 

5.1)
2.4

0.96 (0.83–

0.99)
LAD

LS
0.3 (–1.6, 

2.2)
1.0

0.99 (0.97–

1.00)

2.5 (–2.2, 

7.2)
2.4

0.94 (0.79–

0.99)

CS
,#$  (–6.9, 

5.9)
3.3

0.91 (0.68–

0.98)

–0.8 (–6.2, 

4.6)
2.8

0.91 (0.68–

0.98)
LCx

LS
–0.0 (–1.9, 

1.9)
0.98

0.99 (0.97–

1.00)

3.0 (–1.1, 

7.2)
2.1

0.96 (0.85–

0.99)

Resting

Global CS
–0.7 (–3.5, 

2.0)
1.4

0.99 (0.95–

1.00)

,#$) (–2.7, 

2.5)
1.3

0.98 (0.93–

1.00)
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LS
0.1 (–1.8, 

2.0)
1.0

0.99 (0.97–

1.00)

2.5 (–1.9, 

6.9)
2.3

0.95 (0.83–

0.99)

CS
0.1 (–5.2, 

5.5)
2.7

0.96 (0.85–

0.99)

1.0 (–3.8, 

5.7)
2.4

0.96 (0.86–

0.99)
RCA

LS 0.0 (1.9, 1.9) 1.0
0.99 (0.97–

1.00)

3.0 (–1.1, 

7.2)
2.1

0.96 (0.85–

0.99)

CS
,#$) (–5.2, 

5.0)
2.6

0.96 (0.87–

0.99)

–0.2 (–3.9, 

3.6)
1.9

0.98 (0.92–

0.99)
LAD

LS
0.2 (–2.2, 

2.6)
1.2

0.99 (0.96–

1.00)

1.9 (–3.0, 

6.9)
2.5

0.94 (0.79–

0.99)

CS
–1.5 (–8.2, 

5.1)
3.4

0.94 (0.78–

0.98)

0.3 (–7.4, 

8.0)
3.9

0.92 (0.70–

0.98)
LCx

LS
–0.0 (–1.9, 

1.9)
1.0

0.99 (0.97–

1.00)

3.0 (–1.1, 

7.2)
2.1

0.96 (0.85–

0.99)

RCA, right coronary artery; LAD, left anterior descending artery; LCx, left circumflex artery; CS; 

circumferential strain, LS; longitudinal strain, LOA, limit of agreement; SDD, standard deviation of the 

difference; ICC, intraclass correlation coefficient; CI, confidence interval.
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Resting and adenosine stress protocols for 13N-ammonia positron emission tomography A low-
dose fast helical (1.5-s) computed tomography scan was performed for attenuation correction. Next, 13N-

ammonia (185 MBq) was administered intravenously, and electrocardiography-gated acquisition was 
performed (10 min at 16 frames/cardiac cycle using a parallel list mode). After the resting PET scan, an 
adenosine stress test was performed (0.12 mg/kg/min for 6 min). Then, 13N-ammonia (555 MBq) was 

infused at 3 min after completion of the vasodilator infusion, and the stress PET scan was performed using 
the same acquisition parameters.PET, positron emission tomography 

84x59mm (600 x 600 DPI) 
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Semi-automatic strain analysis with feature-tracking 
(a) The regional endocardial border is manually defined at the end of the diastole frame (left: short-axis, 

middle: horizontal long-axis, right: vertical long-axis). (b) Endocardium points are automatically and evenly 
set based on the line length. (c) The points are automatically tracked during a cardiac cycle using a local 

template-matching technique. (d) The endocardial regions are automatically segmented as lines with spline 
interpolation of points tracked during a cardiac cycle. Systolic strain is calculated from the strain curves as 

the minimum values of the normalized regional lengths. 
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Global systolic strain values according to global MFR status 
(a) Global circumferential strain values for patients with abnormal global myocardial flow reserves 

(purple/dark purple, <2.0) and normal global myocardial flow reserves (red/dark red, "� !�� and in control 
patients (cyan/dark cyan). (b) Global longitudinal strain values for patients with abnormal global myocardial 
flow reserves (purple/dark purple, <2.0) and normal global myocardial flow reserves (red/dark red, "� !�� 

and in control patients (cyan/dark cyan). 
**p<0.01, *p<0.05. MFR, myocardial flow reserve 
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Correlations between global strains and LVEFsScatter plots show the correlations between global strain 
and LVEF. Plots in the upper row and lower row indicate the values in the stressed and resting states, 

respectively. Plots in the left and right columns indicate the correlations of LVEF with circumferential and 
longitudinal strains, respectively.LVEF, left ventricular ejection fraction 
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Regional systolic strain values according to regional MFR status 
Strain values for patients with abnormal myocardial flow reserves (purple/dark purple, <2.0) and normal 
myocardial flow reserves (red/dark red, !��� � and in control patients (cyan/dark cyan): the upper low 

indicates the circumferential strain values of the right coronary artery territory (a), left anterior descending 
artery territory (b), and left circumflex coronary artery territory (c), and the lower low indicates the 

longitudinal strain values of the right coronary artery territory (d), left anterior descending artery territory 
(e), and left circumflex coronary artery territory (f). 
**p<0.01, *p<0.05. MFR, myocardial flow reserve 
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Circumferential strain polar maps at stress (left) and 13N-ammonia PET cine images (right) for a 
woman in her 60s with 90% stenosis at the proximal LAD, 50% stenosis at the proximal RCA, 

and 50% stenosis at the diagonal branch 
Before (upper row) and after (lower row) percutaneous coronary intervention. The cold color of the strain 

map indicates a decrease in strain, while the warm color indicates an increase. After percutaneous coronary 
intervention, there is a marked improvement in strain reduction over a wide area of the apex to anteroseptal 
wall, and the cine images show improvement of blood flow in the anteroseptal wall and reduction of the left 

ventricular cavity. 
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Supplementary Movies

Supplementary Movie 1

Short-axis: Calculation of the short-axis regional circumferential strain at the middle ventricle and the 

tracked points during a cardiac cycle. Cyan solid and dotted lines indicate segments 7 and 8 of the left 

ventricle, yellow solid and dotted lines indicate segments 9 and 10, and magenta solid and dotted lines 

indicate segments 11 and 12. This algorithm can be made available by contacting our research team 

(contact: k-mstr@hs.med.kyushu-u.ac.jp).

Supplementary Movie 2

Horizontal long-axis: Calculation of the horizontal long-axis regional strain at the middle ventricle and 

the tracked points during a cardiac cycle. The magenta solid line indicates the longitudinal strain curve for 

a cardiac cycle. This algorithm can be made available by contacting our research team (contact: k-

mstr@hs.med.kyushu-u.ac.jp).

Supplementary Movie 3

Vertical long-axis: Calculation of vertical long-axis regional strain at the middle ventricle and the 

tracked points during a cardiac cycle. The magenta solid line indicates the longitudinal strain curve for a 

cardiac cycle. This algorithm can be made available by contacting our research team (contact: k-

mstr@hs.med.kyushu-u.ac.jp).
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