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Background: Left atrial (LA) mechanics are strongly linked with left ventricular (LV) filling. The LA diastasis strain slope (LADSS), which spans between the passive and active LA emptying phases, may be a key indicator of the LA–LV interplay during diastole.



Aim: This study aimed to investigate the LA–LV interdependencies in post-ST elevation myocardial infarction (STEMI), with particular focus on the LADSS.



Materials and methods: Patients with post-anterior STEMI who received primary percutaneous coronary intervention underwent contrast cardiac magnetic resonance imaging (MRI) during acute (5–9 days post-STEMI) and chronic (at 6 months) phases. The LADSS was categorized into three groups: Groups 1, 2, and 3 representing positive, flat, and negative slopes, respectively. Cross-sectional correlates of LADSS Group 2 or 3 compared to Group 1 were identified, adjusting for demographics, LA indices, and with or without LV indices. The associations of acute phase LADSS with the recovery of LV ejection fraction (LVEF) and scar amount were investigated.



Results: Sixty-six acute phase (86.4% male, 63.1 ± 11.8 years) and 59 chronic phase cardiac MRI images were investigated. The distribution across LADSS Groups 1, 2, and 3 in the acute phase was 24.2%, 28.9%, and 47.0%, respectively, whereas in the chronic phase, it was 33.9%, 22.0%, and 44.1%, respectively. LADSS Group 3 demonstrated a higher heart rate than Group 1 in the acute phase (61.9 ± 8.7 vs. 73.5 ± 11.9 bpm, p < 0.01); lower LVEF (48.7 ± 8.6 vs. 41.8 ± 9.9%, p = 0.041) and weaker LA passive strain rate (SR) (−1.1 ± 0.4 vs. −0.7 [−1.2 to −0.6] s−1, p = 0.037) in the chronic phase. Chronic phase Group 3 exhibited weaker LA passive SR [relative risk ratio (RRR) = 8.8, p = 0.012] than Group 1 after adjusting for demographics and LA indices; lower LVEF (RRR = 0.85, p < 0.01), higher heart rate (RRR = 1.1, p = 0.070), and less likelihood of being male (RRR = 0.08, p = 0.058) after full adjustment. Acute phase LADSS Groups 2 and 3 predicted poor recovery of LVEF when adjusted for demographics and LA indices; LADSS Group 2 remained a predictor in the fully adjusted model (β = −5.8, p = 0.013).



Conclusion: The LADSS serves both as a marker of current LV hemodynamics and its recovery in post-anterior STEMI. The LADSS is an important index of LA–LV interdependency during diastole.



Clinical Trial Registration: https://clinicaltrials.gov/, identifier NCT03950310.
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Introduction

The left atrium (LA) is a dynamic chamber that has a pivotal role in the sequence of events that modulate left ventricular (LV) filling (1). LA function during the cardiac cycle can be divided into three phases: reservoir (inflow during ventricular systole), conduit (passive emptying during ventricular relaxation and diastasis), and booster pump (active emptying near ventricular end-diastole). These phases are influenced by LA relaxation, chamber stiffness, and contractility (2). The clinical significance of LA functional and deformation indices has been previously recognized; for example, LA reservoir strain is identified as a prognostic factor in the general population (3) and in patients with atrial fibrillation (4). LA–LV interdependence is important, as it underlies various scenarios, such as the incremental effect of LA reservoir strain in LV diastolic dysfunction categorization (5), prognostication through LA passive ejection fraction (LAEF passive) response during dobutamine stress magnetic resonance imaging (MRI) as a marker of ischemia-induced diastolic dysfunction (6), and prognostication through the LA coupling index (LACI), which is the ratio of minimum LA to maximum LV volume, determined from cardiac MRI in the general population (7).

The shape of the LA strain curve exhibits heterogeneity across cases, and the direction of the LA diastasis strain slope (LADSS), which spans between passive and active LA emptying phases (i.e., early LV diastolic), is not always flat. In this regard, in prior publications, representative LA strain curves have been heterogenous with regard to LADSS (3, 4, 8, 9). LADSS can be visually evaluated on LA cine images by observing the presence or absence of small LA size changes during diastasis; however, its clinical significance has not been investigated in detail.

LA function and deformation assessment in post-ST elevation myocardial infarction (STEMI) may provide insights into impaired LV mechanics and its hemodynamic recovery. LV diastolic dysfunction is a common feature in post-STEMI (10), and its impaired recovery (11, 12) is an independent predictor of poor prognosis in post-STEMI. LA reservoir strain, a marker of LV diastolic dysfunction (5, 13), has been proposed as a prognostic factor in post-STEMI; however, controversy regarding its dependency over and above LV dysfunction remains (14, 15).

Therefore, in the current study, we utilized a cohort of post-anterior STEMI patients who underwent contrast cardiac MRI in the acute and chronic phases to investigate the interdependencies of LA indices with LV function and scar and shed light on the importance of LA–LV interdependence as a predictor of prognosis after STEMI. We particularly focused on LADSS and aimed to identify its clinical significance by assessing its distribution, cross-sectional associates, and longitudinal associations of LADSS with LV functional recovery relative to scar amount in a cohort of post-anterior STEMI patients. An “Atlas of LA strain in STEMI cohort” was composed to longitudinally overview the LADSS in relation to LA volumetric, strain, and strain rate (SR) curves in a post-anterior STEMI cohort.



Materials and methods


Cohort

The Laser Atherectomy for STemi, Pci Analysis with Scintigraphy Study (LAST-PASS) is an ongoing multi-center prospective study in Japan (NCT03950310). The main objective of the LAST-PASS main study was to assess the impact of excimer laser coronary angioplasty (ELCA) application during the primary percutaneous coronary intervention (PCI) for first-episode anterior STEMI by evaluating myocardial salvage using I123-BMIPP and 99mTc-tetrofosmin myocardial scintigraphy. The inclusion criteria for the LAST-PASS were as follows: individuals experiencing first-episode anterior STEMI as suggested by electrocardiogram (EKG), with onset occurring within 6 h and indicated with primary PCI; those presenting with thrombolysis in myocardial infarction (TIMI) flow grade 0 or 1 at the initial coronary angiography; individuals aged 21 years or older at the time of providing consent; and those who agreed to participate in the study and provided written consent by themselves. The exclusion criteria were as follows: individuals presenting with cardiogenic shock at the time of visit; those with culprit lesions other than the proximal left anterior descending artery (LAD); those presenting with TIMI flow grade 2 or 3 at the initial coronary angiography; cases with a small reference vessel diameter of 2.5 mm or less; patients with a history of coronary artery bypass graft (CABG); those lacking the ability to provide consent due to mental or other reasons; and those judged inappropriate to attend the study by the physician in charge. Further details about LAST-PASS can be found on the ClinicalTrials website: https://clinicaltrials.gov/ct2/show/NCT03950310.

The LAST-PASS MRI sub-study was conducted from 25 July 2018 to 31 March 2021 in five MRI facilities that participated in the LAST-PASS main study. Each participant underwent two contrast cardiac MRI examinations, one in the acute phase (5–9 days post-index STEMI) and another in the chronic phase (at 6 months post-index STEMI), using 1.5- or 3.0-T scanners. The inclusion criteria for the MRI sub-study were participants enrolled in the main study who agreed to participate in the MRI sub-study, those without contraindications for MRI, body weight less than 120 kg, absence of claustrophobia, age 21 and older, and estimated glomerular filtration rate (eGFR) higher than 40 ml/min/1.73 m2. In cases where eGFR was 40 ml/min/1.73 m2 and lower, only non-contrast imaging was conducted. Exclusion criteria were those who denied to participate, presence of metal fragments in the body or post-implantation of electrical devices, pregnancy, atrial fibrillation, body weight over 120 kg, claustrophobia, age 20 and younger, allergy to gadolinium-based contrast agents (GBCAs), or other contraindications for MRI. The current study was conducted as an ancillary study of the LAST-PASS MRI sub-study.



Clinical data

Clinical data of individual participants were collected and anonymized at each site. Then, the data were stored in the central data center. In cases where brain natriuretic peptide (BNP) information was not available, NT-pro BNP was utilized after conversion into BNP using the formula proposed by Mair et al. (lgBNP = 0.8 lgNT-proBNP − 0.018) (16). For the current study, the following information was obtained from the data center upon request: clinical data including demographics, cardiac risk factors, TIMI flow grade before and after the index PCI as assessed by the operator, maximum creatinine kinase-MB (CK-MB), and BNP levels at 6 months post-index STEMI.



Cardiac MRI protocol

A standard cardiac MRI protocol, including cine and late gadolinium enhancement (LGE) sequences, was implemented using 1.5- or 3.0-T magnets at the five LAST-PASS MRI facilities. All MRI images were acquired under EKG gating at end-expiration. Participants eligible for contrast received intravenous administration of 0.15 mmol/kg gadobutrol (Gadovist, Bayer, Berlin, Germany). Two-chamber and four-chamber long-axis cine images, as well as multi-slice short-axis cine images covering the entire LV, were acquired with a 2D steady-state free precession (SSFP) sequence under retrospective gating, deriving 30 phases per cardiac cycle. Multi-slice LGE images covering the entire LV were acquired at 17 ± 3 min after contrast administration using a standard 2D inversion recovery gradient echo sequence or a segmented phase-sensitive inversion recovery (PSIR) gradient echo sequence. The detailed MRI protocol is summarized in Supplementary Material S1.



Image analysis

A commercially available DICOM viewer (RadiAnt, version 2021.2; Medixant, Poznan, Poland, https://www.radiantviewer.com), and a workstation (QMass, version 7.6; Medis; Leiden, the Netherlands) were used for LV function and scar analysis. For LV function analysis, the endocardial and epicardial contours were drawn at the end-diastolic (ED) and end-systolic (ES) phases on the multi-slice short-axis cine images. Indexed LV volume at ED (LVEDVi) and ES (LVESVi) were obtained, and the LV ejection fraction (LVEF) was calculated. The scar size was analyzed on the multi-slice short-axis LGE images. The endocardial and epicardial contours were drawn, and then areas of remote myocardium and high signal intensity (SI) were automatically detected and assigned regions of interest (ROIs) by the software based on the minimum and maximum areas of SI. Scar quantification thresholding was performed with the full-width half-maximum (FWHM) technique (17, 18). The LA functional and strain analyses were performed on two-chamber and four-chamber long-axis cine images by a single observer using Multimodality Tissue Tracking software (MTT, version 6.1.4826, Toshiba, Japan). The LA volumetric measurements were automatically provided as biplane values; strain and strain rate indices were derived per plane and subsequently averaged to obtain the biplane values. The detailed analysis method is described elsewhere (8). In brief, MTT is a feature-tracking strain analysis software program, and the analyst drew the initial contour on the image at the phase with the largest LA volume. The software then propagated the contour throughout the cardiac phase, automatically tracking the LA contours. The following LA indices were collected: LA maximum volume index (LAVimax), LA pre-atrial kick volume index (LAVipreA), LA minimum volume index (LAVimin), LAEF total [=100 × (LAVmax − LAVmin)/LAVmax], LAEF passive [=100 × (LAVmax − LAVpreA)/LAVmax], LAEF booster pump [=100 × (LAVpreA − LAVmin)/LAVpreA], LA reservoir strain, LA booster pump strain, LA reservoir SR, LA passive SR, and LA booster pump SR. These indices within the volumetric, strain, and strain rate curves are indicated in Figure 1. The details of LA strain reproducibility analysis results are summarized in Supplementary Material S2. In brief, the intra-observer reproducibility of the LA strain analysis was excellent, with interclass correlation coefficients (ICCs) exceeding 0.9 for all LA strain and SR measurements.


[image: Figure 1]
FIGURE 1
LA volumetric, strain, and strain rate indices within the LA analysis curves. (A) LA volumetric curve. (B) LA strain curve. (C) LA strain rate curve. (D) Superimposed LA strain and strain rate curves. The LA indices within the volumetric, strain, and strain rate curves are indicated. In (D), the three phases of LA function during the cardiac cycle, reservoir, conduit, and booster pump are indicated. The conduit phase is divided into the early LV filling and diastasis phases. LA, left atrium; LAVmax, LA maximum volume; LAVpreA, LA pre-atrial kick volume; LAVmin, LA minimum volume; LV, left ventricle.




LADSS and the atlas of LA strain

LADSS was categorized into Groups 1, 2, and 3, representing positive, flat, and negative slopes, respectively (Figure 2). A standardized protocol to achieve consistency with visual assessment was developed to differentiate the direction of the diastasis strain slope utilizing receiver operating characteristic curve (ROC curve) analysis that considered the number of phases that take positive strain rate values during the diastasis phase against visual LADSS classification. This approach was based on the fact that the strain rate is a differential of the strain curve. Overall, LADSS Groups 1, 2, and 3 were defined as the number of positive strain rate phases during the diastasis phase being 3 and more, 1 or 2, and 0, respectively, which presented consistency with visual assessment as follows: for LADSS Group 1 (positive slope), sensitivity (Se) = 52.6%, specificity (Sp) = 97.7%, positive predictive value (PPV) = 90.9%, negative predictive value (NPV) = 82.5%, and accuracy = 84.0%; for LADSS Group 3 (negative slope), Se = 71.8%, Sp = 97.9%, PPV = 98.3%, NPV = 67.7%, and accuracy = 81.6%. The details of the LADSS group identification protocol are summarized in Supplementary Material S3. The LA volume, strain, and strain rate at both the acute and chronic phases for all cases are graphically summarized by the LADSS group in Supplementary Material S4, “Atlas of LA strain in STEMI cohort”, which provides an overview of the trends of LA strain curve shapes in each LADSS group.
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FIGURE 2
LADSS groups with representative images. (A) Representative LA strain curves of Groups 1, 2, and 3, reflecting a positive, flat, and negative strain slope at the diastasis phase, respectively. The individual case corresponds to each LA strain curve. LADSS Group 1: 61-year-old man, LVEF = 51.8%, LGE scar = 13.3%. LADSS Group 2: 64-year-old woman, LVEF = 50.1%, LGE scar = 11.1%. LADSS Group 3: 63-year-old man, LVEF = 30.5%, LGE scar = 21.6%. The four panels below the LADSS group name are presented in the following order: top left, two- or four-chamber cine at end-diastole (B, F, and J); top right, two- or four-chamber cine at end-systole (C, G, and K); bottom left, short-axis LGE that corresponds to the reference line in the next panel (D, H, and L), and bottom right, two- or four-chamber LGE (panels E, I, and M). The TI settings for the presented cases in Groups 1, 2, and 3 were 265, 268, and 260 ms, respectively. LADSS, left atrial diastasis strain slope; LA, left atrium; LVEF, left ventricular ejection fraction; LGE, late gadolinium enhancement; TI, inversion time.




Statistical analysis

Data distribution was confirmed with histograms and Shapiro–Wilk tests. Continuous data were expressed as mean ± SD or median (first and third quartiles), depending on the distribution. Comparisons of two variables were performed using t-tests, paired t-tests, Wilcoxon rank-sum tests, or Wilcoxon signed-rank tests based on data distribution and independence. Comparisons among the three groups were performed using analysis of variance (ANOVA) or the Kruskal–Wallis test, depending on the equality of variances by Levene's test. The post-hoc pairwise tests were performed with Tukey's honestly significant difference (HSD) tests or Dunn's pairwise tests. The participant characteristics and MRI indices were summarized for all patients as well as by LADSS groups. The LADSS group identification protocol was developed using ROC curve analysis. The cross-sectional correlates of LADSS Groups 2 and 3 in comparison to the LADSS Group 1 were investigated using univariable and multivariable multinomial logistic regression considering demographics, heart rate, mitral regurgitation (MR), LAVimax, LA passive strain rate, LA booster pump strain rate, LVEF, and LGE scar amount. The relative risk ratios (RRRs) compared to the reference group were reported. The multivariable models were defined as follows: Model 1, the correlates of the LADSS group from demographics, heart rate, MR, and LA indices; Model 2, Model 1 + further inclusion of LVEF or LGE scar amount. The covariates in the multivariable models were stepwise forward-selected with p < 0.3. The chi-square probability and pseudo-R2 for the individual models were documented in the table footnotes. The associates of LADSS Group 3 against combined Groups 1 and 2 were further investigated using logistic regression by utilizing the same Models 1 and 2 including stepwise forward-selected covariates with p < 0.3. The longitudinal associations of the LADSS group with the recovery of LVEF and LGE scar size (ΔLVEF and ΔLGE scar amount, calculated as [the chronic phase value] − [the acute phase value]) were investigated with univariable and multivariable linear regressions. The covariates in the multivariable model were stepwise forward-selected with p < 0.3. The multivariable models were defined as follows: Model 1, the associations of LADSS with ΔLVEF or ΔLGE scar amount, adjusting for the demographics, heart rate, MR, and LA indices; Model 2, Model 1 + further adjustment for the counterpart LV indices (i.e., LGE scar size when the dependent variable is ΔLVEF and vice versa); Model 3, Model 2 + further adjusting for the acute phase LV index corresponding to the dependent variable and its interaction with the LADSS group. The statistical significance for LADSS groups was set at p < 0.017 after Bonferroni correction. The F-test probability and the pseudo-R2 for the individual models were documented in the table footnotes. The collinearity between the indices within the models was investigated using Pearson's correlation coefficient (r). When r presented a moderate to strong correlation, these indices were not included in the same model and these presenting differences between the LADSS groups were prioritized, e.g., LA passive SR prioritized over LA reservoir strain. STATA software (version 16.1; StataCorp; College Station, TX) was used to perform statistical calculations. The statistical significance was set at p < 0.05.




Results


Participant characteristics

Sixty-six participants underwent cardiac MRI in the acute phase (5–9 days after MI); seven of them declined to receive the chronic phase MRI. Therefore, 59 participants underwent chronic phase MRI (6 months post-MI). There were three non-contrast MRI examinations in the acute phase and six in the chronic phase. Participant characteristics are presented in Table 1. The majority of participants were men (86.4% in acute and chronic phases), the age was 63.1 ± 11.8 years in the acute phase, the maximum CK-MB was 344.5 (209–543) IU/L, and the BNP level at 6 months post-index STEMI was 61.3 (26.7–110.9) pg/ml. The heart rate was significantly reduced from the acute to chronic phases (69.8 ± 12.0 vs. 60.1 ± 8.7 bpm, p < 0.01). The prevalence of mitral regurgitation, pericardial effusion, and pleural effusion decreased between acute and chronic post-MI, with mitral regurgitation decreasing from 30.3% to 20.3%, pericardial effusion from 48.5% to 3.4%, and pleural effusion from 24.2% to 3.4%.


TABLE 1 Participant characteristics.
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Cardiac MRI indices in the acute and chronic phases post-STEMI

Table 2 summarizes the cardiac MRI indices in the acute and chronic phases. LVEF and LGE scar size changed from the acute to chronic phases [LVEF: 39.4% (32.8%–44.4%) to 44.8 ± 9.7%, LGE: 21.7 ± 12.7% to 14.1% (9.0%–21.6%), respectively, p < 0.01 for both]. In the LA assessment, all LA volume indices remained comparable between acute and chronic phases, while LAEF total and LAEF booster pump increased in the chronic phase compared to the acute phase [LAEF total: 53.5% (46.6%–58.3%) vs. 53.7 ± 11.5%, p = 0.02; LAEF booster pump: 38.6% (34.6%–44.6%) vs. 42.7% (34.4%–49.1%), p = 0.04]. LA reservoir strain was also higher in the chronic phase than in the acute phase (26.2 ± 8.2 vs. 29.2 ± 9.8%, p < 0.01). LA booster pump strain did not reach significance but presented a trend toward a higher value in the chronic phase than the acute phase.


TABLE 2 Cardiac MRI analysis results.
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Demographics and cardiac MRI indices by the LADSS group

LA strain curve shapes among the different LADSS groups are shown in the “Atlas of LA strain in STEMI cohort” (Supplementary Material S4), revealing dull strain curves in Group 3 compared to Group 1. Positive, flat, and negative LADSS (i.e., Groups 1, 2, and 3) in the acute phase was observed in 24.2%, 28.9%, and 47.0% of the post-MI participants, respectively. In the chronic phase, these proportions were 33.9%, 22.0%, and 44.1%, respectively, showing an incremental proportion of positive LADSS (i.e., Group 1) but without significance (p = 0.45) (Table 2). The combinations of LADSS groups in the acute and chronic phases are presented in Supplementary Material S4, S5. Twenty-six cases (44.1%) maintained similar LA diastasis strain slope and were classified in the same LADSS group, while the remaining cases switched LADSS groups between the acute and chronic phases, reflecting the different direction of the strain slope during diastasis between these phases.

Demographics and cardiac MRI indices of the different LADSS groups are summarized in Supplementary Material S5. In brief, demographic data and cardiac MRI indices were generally comparable among the LADSS groups. However, for a few indices, Group 3 participants presented unfavorable alterations from a clinical viewpoint when compared to participants in Group 1, i.e., a higher heart rate in the acute phase (Group 1 vs. Group 3 = 61.9 ± 8.7 bpm vs. 73.5 ± 11.9 bpm, p < 0.01), a lower LVEF in the chronic phase (Group 1 vs. Group 3 = 48.7 ± 8.6% vs. 41.8 ± 9.9%, p = 0.041), and a weaker LA passive strain rate in the chronic phase [Group 1 vs. Group 3 = −1.1 ± 0.4 s−1 vs. −0.7 (−1.2 to −0.6 s−1), p = 0.037]. No significant differences were observed between participants in Group 1 vs. 2 or Group 2 vs. 3 in any of the indices. The LVEF and LGE scar size for different combinations of acute and chronic LADSS groups are summarized in a table in Supplementary Material S4. Generally, the LV function and scar size changed favorably from the acute to the chronic phase when the LADSS category improved to Group 1 or remained in the same group. Conversely, when the LADSS group transitioned toward Group 3, the LVEF and LGE scar size showed parallel changes associated with poor recovery. These trends were most evident in those participants who transitioned from Group 2 to Group 3 (LVEF: 39.3 ± 8.6% vs. 39.1 ± 9.6%, p = 0.94; LGE scar amount: 23.7 ± 12.9% vs. 22.3 ± 15.3%, p = 0.51).



Cross-sectional correlates of LADSS groups in the acute and chronic phases

In the acute phase, a higher heart rate was correlated with LADSS Group 2 compared to Group 1 (RRR = 1.1, p = 0.020 in multivariable Model 2). The correlation of higher heart rate with LADSS Group 3 compared to Group 1 as a reference group was also observed in the multivariable models (RRR = 1.1, p = 0.019 in Model 2) (Table 3). In the chronic phase, no correlations were found for LADSS Group 2. In LADSS Group 3, in the multivariable model without LV indices (Model 1), a weaker LA passive SR was associated with LADSS Group 3, and heart rate was a marginal associate (LA passive SR: RRR = 8.8, p = 0.012; heart rate: RRR = 1.1, p = 0.057). Upon further adjustment of LV indices in Model 2, the association of LA passive SR was attenuated, and LVEF emerged as the main correlate of LADSS Group 3; female sex and higher heart rate were marginal correlates of LADSS Group 3 (LVEF: RRR = 0.85, p < 0.01; male sex: RRR = 0.08, p = 0.058; heart rate: RRR = 1.1, p = 0.070) (Table 4). These results were generally in line but more pronounced in the correlates of LADSS Group 3 compared to combined Groups 1 and 2 (Supplementary Material S6). In the acute phase, a higher heart rate, lower LVEF, and female sex were the correlates of LADSS Group 3 compared to combined Groups 1 and 2 in multivariable Models 1 and 2. In the chronic phase, a higher heart rate, weaker LA passive SR, and lower LVEF were correlates of LADSS Group 3 in Models 1 and 2.


TABLE 3 Cross-sectional correlates of LADSS in the acute phase.
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TABLE 4 Cross-sectional correlates of LADSS groups in the chronic phase.

[image: Table 4]



Association between the acute phase LADSS group and the recovery of LVEF and LGE scar amount

Table 5 presents the association between acute phase LADSS and the recovery of LVEF and changes in LGE scar amount (ΔLVEF and ΔLGE scar amount). Acute phase LADSS Group 2 was associated with poor recovery of LVEF (Model 1: β = −6.5, p < 0.01; Model 2: β = −6.5, p < 0.01). Acute phase LADSS Group 3 also showed a trend of association with poor LVEF recovery after Bonferroni correction (Model 1: β = −4.8, p = 0.04), but this trend of association was no longer observed after further adjusting for LGE scar amount in Model 2. There was no association between acute phase LADSS and ΔLGE scar in either univariable or multivariable assessments. These findings were consistent in extended Model 3, with LADSS Group 2 remaining a predictor in the fully adjusted model (β = −5.8, p = 0.013) (Supplementary Material S7).


TABLE 5 Associations of the acute phase LADSS with the recovery of LVEF and LGE scar amount.
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Discussion

In this ancillary study of the LAST-PASS MRI sub-study, we particularly focused on a specific feature of the LA strain curve slope at the diastasis phase, LADSS, and identified its clinical significance and meaning in a post-STEMI cohort. Our primary findings are as follows: (1) The LADSS is an important feature of the LA strain curve, with class switch occurring in 55.9% longitudinally in the current post-STEMI cohort. Participants who experienced worsening per the LADSS groups showed poor recovery of LVEF and changes in LGE scar size, especially those who switched from Group 2 in the acute phase to Group 3 in the chronic phase. (2) Cases in LADSS Group 3 manifested suboptimal clinical characteristics compared to their Group 1 counterparts, such as a higher heart rate in the acute phase, and, lower LVEF and weaker LA passive SR in the chronic phase. (3) LADSS was cross-sectionally associated with heart rate, LVEF, and sex in both acute and chronic phases, as well as with LA passive SR in the chronic phase. (4) Acute phase LADSS Groups 2 and 3 were predictors of poor recovery of LVEF when adjusted for the demographics and LA indices; LADSS Group 2 remained a predictor even after adjustment for LV scar amount and acute phase LVEF. Overall, LADSS emerged as a morphological marker of the LA strain curve indicative of the current LV hemodynamics and its recovery in post-anterior STEMI.

LADSS is a unique marker of the diastasis phase, a transitional period between the early LV diastolic (i.e., passive LA emptying) and active LA emptying phases. The diastasis phase has not been clearly described by any indices derived from the LA volumetric, strain, or strain rate (8, 9, 19). The initial point of the diastasis phase is not clear-cut on the LA strain curve due to its transitional nature, but our strategy of utilizing strain rate to differentiate its positive, flat, and negative slope was successful. The physiological mechanism behind the positive, flat, and negative LADSS is explained by the balance between mitral valve (MV) and pulmonary venous (PV) flow volumes (20, 21). In cases with good LV diastolic function, the LV generates enough suction to draw blood from the LA during the early diastolic phase, resulting in low pressure in the LA and allowing room for LA expansion during the diastasis phase. This leads to an increase in LA volume with a larger PV flow volume than MV flow volume, resulting in a positive LADSS, i.e., Group 1. Indeed, this phenomenon is what we have observed on cine images as a small enlargement of the LA chamber during the diastasis phase. Conversely, in cases of LV diastolic dysfunction, the MV E-wave flow shows an elongated deceleration time on echocardiography (20). The LV’s inability to create sufficient suction leads to a relative increase in LA pressure, restricting LA expansion during the diastasis phase. This results in a gradual decrease in LA volume and a negative LADSS (Group 3). LADSS Group 2 serves as a transitional state between Groups 1 and 3, although this group may encompass cases of pseudo-normalization in the advanced stage of LV diastolic dysfunction, considering the pseudo-normalization of MV and PV flows (20). In this context, LADSS may represent a unique pattern of LA–LV interdependency during diastole.

LADSS was not a fixed feature of the strain curve but was rather a timely reflection of the current hemodynamics. The flexibility of LA volumetric curve morphology has been recognized from a cardiac MRI study utilizing dobutamine or glycopyrrolate stress (22). In that study, the positive slope of the LA volume curve during the diastasis phase (which corresponds to the same timeframe as LADSS) flattened during stress in elderly participants, whereas younger participants maintained a positive slope; this phenomenon was proposed as a marker of LV diastolic dysfunction in the elderly. Given the parallel relationship between LA volume and strain curves, this study may support LADSS as a potential marker of LV diastolic dysfunction. A weak LA passive SR correlated with LADSS Group 3 in the chronic phase. It is noted that the LA passive SR is the counterpart of the LV early diastolic strain rate (E'sr), an index indicative of LV diastolic dysfunction. This index also finds utility in the evaluation of LV diastolic function, including the E/E'sr ratio (23) and the strain relaxation index (SRI) (derived from the ratio of isovolumetric relaxation time during the diastolic phase to E'sr, obtained through circumferential LV strain measurements using tagged MRI assessment) (24). In this context, LA passive SR could serve as another potential marker of LV diastolic dysfunction. Female sex was associated with acute phase LADSS Group 3 compared to combined Groups 1 and 2 and marginally associated with chronic phase LADSS Group 3 compared to Group 1. This might reflect post-STEMI clinical differences by sex (25) or original differences in the shape of the LA strain curve by sex, although this was not evident in the present study.

In addition to clinically used metrics such as the ratio of the transmitral early filling velocity (E) to the late filling velocity (A) and to the early relaxation tissue velocity (e′) on echocardiography (E/A and E/e′, respectively), multiple efforts have been made to assess diastolic dysfunction using both echocardiography (19) and cardiac MRI (26, 27). Few diastolic dysfunction indices, however, have focused on the diastasis phase—the transitional state between the early LV diastolic (i.e., passive LA emptying) and active LA emptying phases. For example, from the LV perspective, the diastolic dysfunction indices explored were the peak filling rate (PFR) (calculated as the maximum differential of the LV volume curve and observed to increase with dobutamine stress cardiac MRI: less pronounced in elderly subjects than in young) (22), time to peak untwisting rate (which is delayed in aortic stenosis patients compared to controls in a study utilizing tagging MRI) (28), and the SRI (as previously mentioned, E'sr used in this index is the counterpart of LA passive SR; SRI was predictive of heart failure and atrial fibrillation after adjusting for conventional risk factors in the multi-ethnic study of atherosclerosis) (24). From the LA perspective, the indices explored were LAVimax (increased with worsening diastolic dysfunction according to echocardiography; however, diastolic dysfunction itself was a stronger predictor of mortality than LAVimax) (29), LAVimin [LAVimin ≥ 23 ml/m2 by cardiac MRI was a cutoff to detect elevated LV end-diastolic pressure (LVEDP) of ≥12 mmHg, with 86% sensitivity and 63% specificity and a stronger association than LAVimax] (30), LAEF passive (reduced reserve of LAEF passive during dobutamine stress MRI holds prognostic value and is considered a marker of ischemia-induced diastolic dysfunction) (6), and LA reservoir strain (echocardiographic LA reservoir strain cutoffs of 35%, 24%, and 19% differentiate LV diastolic dysfunction grades 0, 1, 2, and 3 in patients with preserved LVEF (5); LA reservoir strain-defined diastolic dysfunction of ≤24% has been associated with incident heart failure in the elderly, independently of LAVi, in a study of asymptomatic elderly subjects with non-ischemic heart failure risk factors (13)). Overall, incorporating LA indices enhances the accuracy of diagnosing, stratifying prognosis, and monitoring treatment of LV diastolic dysfunction and heart failure with preserved EF (HFpEF) (19). In this context, LADSS may offer a distinctive contribution as a unique marker of LV diastolic dysfunction, with a focus on the diastasis phase.

Concurrent observation of the LA volumetric, strain, and strain rate curves offers an efficient approach to comprehending hemodynamics beyond concentrating solely on extracted few metrics. “The Atlas of LA strain,” a compilation of LA volumetric, strain, and strain rate curves collected both in the acute and chronic phases, utilizing consistent x-axis (time) and y-axis (volume, strain, or strain rate) scales across all cases, has proven successful in this pursuit. Our study question, “What is the clinical meaning of LADSS,” was born from a meticulous visual examination of cases. Interestingly, such an idea of comprehensive observation of the LA strain curve shape is embraced in an AI-based echocardiography LA strain curve shape analysis and prognostication in the general population (31). In that study, the representative LA curve, acting as a centroid of the cluster, presented a positive or flat LADSS (corresponding to our Groups 1 and 2) in those with good prognosis, while the cluster with the worst prognosis presented a negative LADSS curve (corresponding to our Group 3) in the validation cohort (31). This aligns with the current observation that LADSS Group 3 presented suboptimal clinical characteristics. Notably, the weak LA passive SR was a feature of the cluster with the most unfavorable prognosis in the AI-based LA strain curve shape analysis study (31). This possibly aligns with our present result linking weak LA passive SR to LADSS Group 3 in the chronic phase.

While we hypothesized that LV diastolic dysfunction may be an underlying mechanism of LADSS, we could not directly verify it due to the study design. A validation study utilizing echocardiography is warranted, in which we also anticipate gaining insights into the potential pseudo-normalization in LADSS.



Conclusion

In conclusion, LADSS serves as a marker of instantaneous LV hemodynamics, and its temporal evolution in post-anterior STEMI is independent of LA or LV indices. LADSS reflects a unique pattern of LA–LV interdependence during diastole. Further investigation of LADSS in other etiologies including heart failure associated with diastolic dysfunction is warranted, as well as its value as a marker in prognostication.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors without undue reservation.



Ethics statement

The studies involving humans were approved by Johns Hopkins School of Medicine IRB. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

YK: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Project administration, Validation, Visualization, Writing – original draft, Writing – review & editing. WL: Formal Analysis, Investigation, Validation, Writing – review & editing, Methodology. MN: Data curation, Project administration, Writing – review & editing, Investigation. BA-V: Conceptualization, Investigation, Methodology, Supervision, Writing – review & editing. KT: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Writing – review & editing. YI: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing – review & editing. JL: Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing – review & editing, Conceptualization.



Funding

The authors declare financial support was received for the research, authorship, and/or publication of this article.

This study was supported by a LAST-PASS study grant from the LAST-PASS group, grant number 132771.



Acknowledgments

The authors express their deep gratitude to the five MRI facilities participating in the LAST-PASS MRI sub-study: Tokai University, Ogaki Municipal Hospital, Ageo Central General Hospital, Osaka General Medical Center, and Tottori University. Special thanks are extended to the following technologists for their sincere contributions: Tatsuya Goto from Ogaki Municipal Hospital, Nao Kajihara from Tokai University, and Chikara Noda and Elzbieta Chamera from Johns Hopkins University. In addition, the authors’ sincere appreciation goes to Fumie Saito, the manager of the LAST-PASS administration office, for her dedicated efforts in harmonizing everyone.



Conflict of interest

JL reports receipt of grant support from Canon Medical Systems. YI is the receiver of the grants for the LAST-PASS main study, DVx Inc., Boston Scientific Japan KK., and Nihon Medi-Physics Co., Ltd. The funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

YK is an editorial board member of Frontiers in Cardiovascular Medicine and Frontiers in Radiology. BA-V is an editorial board member of Frontiers in Cardiovascular Medicine.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fradi.2024.1294398/full#supplementary-material



References

1. Vieira MJ, Teixeira R, Gonçalves L, Gersh BJ. Left atrial mechanics: echocardiographic assessment and clinical implications. J Am Soc Echocardiogr. (2014) 27:463–78. doi: 10.1016/j.echo.2014.01.021

2. Barbier P, Solomon SB, Schiller NB, Glantz SA. Left atrial relaxation and left ventricular systolic function determine left atrial reservoir function. Circulation. (1999) 100:427–36. doi: 10.1161/01.CIR.100.4.427

3. Habibi M, Chahal H, Opdahl A, Gjesdal O, Helle-Valle TM, Heckbert SR, et al. Association of CMR-measured la function with heart failure development: results from the MESA study. JACC Cardiovasc Imaging. (2014) 7:570–9. doi: 10.1016/j.jcmg.2014.01.016

4. Inoue YY, Alissa A, Khurram IM, Fukumoto K, Habibi M, Venkatesh BA, et al. Quantitative tissue-tracking cardiac magnetic resonance (CMR) of left atrial deformation and the risk of stroke in patients with atrial fibrillation. J Am Heart Assoc. (2015) 4:1–10. doi: 10.1161/JAHA.115.001844

5. Singh A, Addetia K, Maffessanti F, Mor-Avi V, Lang RM. LA strain for categorization of LV diastolic dysfunction. JACC Cardiovasc Imaging. (2017) 10:735–43. doi: 10.1016/j.jcmg.2016.08.014

6. Farzaneh-Far A, Ariyarajah V, Shenoy C, Dorval JF, Kaminski M, Curillova Z, et al. Left atrial passive emptying function during dobutamine stress MR imaging is a predictor of cardiac events in patients with suspected myocardial ischemia. JACC Cardiovasc Imaging. (2011) 4:378–88. doi: 10.1016/j.jcmg.2011.01.009

7. Pezel T, Ambale Venkatesh B, Kato Y, De Vasconcellos HD, Heckbert SR, Wu CO, et al. Left atrioventricular coupling index to predict incident heart failure: the multi-ethnic study of atherosclerosis. Front Cardiovasc Med. (2021) 8:704611. doi: 10.3389/fcvm.2021.704611

8. Zareian M, Ciuffo L, Habibi M, Opdahl A, Chamera EH, Wu CO, et al. Left atrial structure and functional quantitation using cardiovascular magnetic resonance and multimodality tissue tracking: validation and reproducibility assessment. J Cardiovasc Magn Reson. (2015) 17:1–13. doi: 10.1186/s12968-015-0152-y

9. Kowallick JT, Kutty S, Edelmann F, Chiribiri A, Villa A, Steinmetz M, et al. Quantification of left atrial strain and strain rate using cardiovascular magnetic resonance myocardial feature tracking: a feasibility study. J Cardiovasc Magn Reson. (2014) 16:1–9. doi: 10.1186/s12968-014-0060-6

10. Subramaniyan S, Pandit N, Kumar Nath R, Raj A, Kamal A, Vatsa D. Acute effect of primary PCI on diastolic dysfunction recovery in anterior wall STEMI—a non-invasive evaluation by echocardiography. Egypt Hear J. (2018) 70:427–32. doi: 10.1016/j.ehj.2018.10.004

11. Whalley G. Independent prognostic importance of a restrictive left ventricular filling pattern after myocardial infarction an individual patient meta-analysis: meta-analysis research group in echocardiography acute myocardial infarction. Circulation. (2008) 117:2591–8. doi: 10.1161/CIRCULATIONAHA.107.738625

12. Yoon HJ, Kim KH, Kim JY, Cho JY, Yoon NS, Park HW, et al. Impaired diastolic recovery after acute myocardial infarction as a predictor of adverse events. J Cardiovasc Ultrasound. (2015) 23:150–7. doi: 10.4250/jcu.2015.23.3.150

13. Potter EL, Ramkumar S, Kawakami H, Yang H, Wright L, Negishi T, et al. Association of asymptomatic diastolic dysfunction assessed by left atrial strain with incident heart failure. JACC Cardiovasc Imaging. (2020) 13:2316–26. doi: 10.1016/j.jcmg.2020.04.028

14. Antoni ML, ten Brinke EA, Atary JZ, Marsan NA, Holman ER, Schalij MJ, et al. Left atrial strain is related to adverse events in patients after acute myocardial infarction treated with primary percutaneous coronary intervention. Heart. (2011) 97:1332–7. doi: 10.1136/hrt.2011.227678

15. Ersbøll M, Andersen MJ, Valeur N, Mogensen UM, Waziri H, Møller JE, et al. The prognostic value of left atrial peak reservoir strain in acute myocardial infarction is dependent on left ventricular longitudinal function and left atrial size. Circ Cardiovasc Imaging. (2013) 6:26–33. doi: 10.1161/CIRCIMAGING.112.978296

16. Mair J, Gerda F, Renate H, Ulmer H, Andrea G, Pachinger O. Head-to-head comparison of B-type natriuretic peptide (BNP) and NT-proBNP in daily clinical practice. Int J Cardiol. (2008) 124:244–6. doi: 10.1016/j.ijcard.2006.11.230

17. Amado LC, Gerber BL, Gupta SN, Rettmann DW, Szarf G, Schock R, et al. Accurate and objective infarct sizing by contrast-enhanced magnetic resonance imaging in a canine myocardial infarction model. J Am Coll Cardiol. (2004) 44:2383–9. doi: 10.1016/j.jacc.2004.09.020

18. Schulz-Menger J, Bluemke DA, Bremerich J, Flamm SD, Fogel MA, Friedrich MG, et al. Standardized image interpretation and post-processing in cardiovascular magnetic resonance—2020 update. J Cardiovasc Magn Reson. (2020) 22:1–22. doi: 10.1186/s12968-020-00610-6

19. Thomas L, Marwick TH, Popescu BA, Donal E, Badano LP. Left atrial structure and function, and left ventricular diastolic dysfunction: JACC state-of-the-art review. J Am Coll Cardiol. (2019) 73:1961–77. doi: 10.1016/j.jacc.2019.01.059

20. Fadel BM, Pibarot P, Kazzi BE, Al-Admawi M, Galzerano D, Alhumaid M, et al. Spectral Doppler interrogation of the pulmonary veins for the diagnosis of cardiac disorders: a comprehensive review. J Am Soc Echocardiogr. (2021) 34:223–36. doi: 10.1016/j.echo.2020.09.012

21. Arvidsson PM, Töger J, Heiberg E, Carlsson M, Arheden H. Quantification of left and right atrial kinetic energy using four-dimensional intracardiac magnetic resonance imaging flow measurements. J Appl Physiol. (2013) 114:1472–81. doi: 10.1152/japplphysiol.00932.2012

22. Ahtarovski KA, Iversen KK, Lønborg JT, Madsen PL, Engstrøm T, Vejlstrup N. Left atrial and ventricular function during dobutamine and glycopyrrolate stress in healthy young and elderly as evaluated by cardiac magnetic resonance. Am J Physiol Heart Circ Physiol. (2012) 303:1469–73. doi: 10.1152/ajpheart.00365.2012

23. Chan YH, Lee HF, Wu LS, Wang CL, Wu CT, Yeh YH, et al. Ratio of transmitral early filling velocity to early diastolic strain rate predicts outcomes in patients with systolic heart failure. Eur Heart J Cardiovasc Imaging. (2017) 18:79–85. doi: 10.1093/ehjci/jew015

24. Ambale-Venkatesh B, Armstrong AC, Liu C-Y, Donekal S, Yoneyama K, Wu CO, et al. Diastolic function assessed from tagged MRI predicts heart failure and atrial fibrillation over an 8-year follow-up period: the multi-ethnic study of atherosclerosis. Eur Hear J Cardiovasc Imaging. (2014) 15:442–9. doi: 10.1093/ehjci/jet189

25. Cenko E, Yoon J, Kedev S, Stankovic G, Vasiljevic Z, Krljanac G, et al. Sex differences in outcomes after STEMI effect modification by treatment strategy and age. JAMA Intern Med. (2018) 178:632–9. doi: 10.1001/jamainternmed.2018.0514

26. Ibrahim ESH, Dennison J, Frank L, Stojanovska J. Diastolic cardiac function by MRI—imaging capabilities and clinical applications. Tomography. (2021) 7:893–914. doi: 10.3390/tomography7040075

27. Bojer AS, Soerensen MH, Gaede P, Myerson S, Madsen PL. Left ventricular diastolic function studied with magnetic resonance imaging: a systematic review of techniques and relation to established measures of diastolic function. Diagnostics. (2021) 11:1282. doi: 10.3390/diagnostics11071282

28. Stuber M, Scheidegger MB, Fischer SE, Nagel E, Steinemann F, Hess OM, et al. Alterations in the local myocardial motion pattern in patients suffering from pressure overload due to aortic stenosis. Circulation. (1999) 100:361–8. doi: 10.1161/01.cir.100.4.361

29. Pritchett AM, Mahoney DW, Jacobsen SJ, Rodeheffer RJ, Karon BL, Redfield MM. Diastolic dysfunction and left atrial volume: a population-based study. J Am Coll Cardiol. (2005) 45:87–92. doi: 10.1016/j.jacc.2004.09.054

30. Posina K, McLaughlin J, Rhee P, Li L, Cheng J, Schapiro W, et al. Relationship of phasic left atrial volume and emptying function to left ventricular filling pressure: a cardiovascular magnetic resonance study. J Cardiovasc Magn Reson. (2013) 15:1–8. doi: 10.1186/1532-429X-15-99

31. Ntalianis E, Sabovčik F, Cauwenberghs N, Kouznetsov D, Daels Y, Claus P, et al. Unsupervised time-series clustering of left atrial strain for cardiovascular risk assessment. J Am Soc Echocardiogr. (2023) 36:778–87. doi: 10.1016/j.echo.2023.03.007



OPS/images/fradi-04-1294398-g002.jpg
e .»* X Dlasta5|s
¥
‘g LADSS group
/‘ i‘::‘\ Group 2 = flat slope
§ ‘»'\ Group 3 = negative slope

e [4 3

ya i
= s

0 200 400 600 800 1000

Time(ms)

Group1 4 Group2 @ Group 3

Group 2 (flat LADSS)






OPS/images/fradi-04-1294398-t001.jpg
Acute Chronic
phase phase
N (%) 66 (1,000) 59 (100)
Age at MRI (years) 631=118 635116
Male, N (%) 57 (86.4) 51 (86.4)

Participant characteristics p-value

BMI at MRI (kg/m?) 29 228(209-242) | 0.041
(21.3-243)

Heart rate at MRI (bpm) 698120 601287 <001

Max CK-MB (IU/L) 3445 NIA N/A
(209-543)

TIMI flow before index PCI

TIMI 0 | s5ea6) | N/A | N

TIMI | | sy | N [ Na
TIMI flow after index PCI

TIMI 0 1(15) N/A NIA

TIMI L [X0) NIA N/A

TIMI 2 1(1.5) N/A N/A

TIMI 3 64 (96.7) N/A N/A
BNP at 6 months post-STEMI N/A 613(267-1109) | N/A

(pg/ml)
Smoking status

Never 19 (288) N/A N/A
Current smoker 31 (47.0) N/A N/A
Past smoker 15 (227) N/A N/A
Unknown 115) N/A N/A

Diabetes mellitus 13 (19.7) NIA N/A
Dyslipidemia 44 (667) NIA N/A
Hypertension 38 (576) N/A N/A
Mitral regurgitation present, n (%) | 20 (30.3) 12 (203) <0.01
Pericardial effusion present, n (%) | 32 (48.5) 2034 <0.01
Pleural effusion present, # (%) 16 (242) 2034 <0.01

LADSS was grouped into Groups 1, 2, and 3, reflecting a pos
strain slope at the diastasis phase, respectively (Figure 2).

MRI, magnetic resonance imaging; BMI, body mass index; CK-MB, creatinine kinese-
MB; TIMI, thrombolysis in myocardial infarction; PCI, percutaneous coronary
intervention; BNP, brain natriuretic peptide; STEMI, ST-elevation myocardial infarction
S Bkl s ressnscent gy DL chowne stviictioal Gar

ive, flat, and negative

ance.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Left atrial diastasis strain slope is a marker of hemodynamic recovery in post-ST elevation myocardial infarction: the Laser Atherectomy for STemi, Pci Analysis with Scintigraphy Study (LAST-PASS)

		Introduction



		Materials and methods



		Cohort



		Clinical data



		Cardiac MRI protocol



		Image analysis



		LADSS and the atlas of LA strain



		Statistical analysis











		Results



		Participant characteristics



		Cardiac MRI indices in the acute and chronic phases post-STEMI



		Demographics and cardiac MRI indices by the LADSS group



		Cross-sectional correlates of LADSS groups in the acute and chronic phases



		Association between the acute phase LADSS group and the recovery of LVEF and LGE scar amount











		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
?frontiers ‘ Frontiers in Radiology

Left atrial diastasis strain slope is a
marker of hemodynamic recovery
in post-ST elevation myocardial
infarction: the Laser Atherectomy
for STemi, Pci Analysis with
Scintigraphy Study (LAST-PASS)





OPS/images/fradi-04-1294398-t002.jpg
Acute phase | Chronic phase

Cardiac MRI indices Alllcases Alllcases p-value
(N=66) (N=59)

LV indices

LVEDVi (ml/m’) 955186 933 (755-1097) | 053
LVESVi (ml/m?) 556 (487-670) | 482 (383-66.6)
LVMi (g/m’) 69.9+118 56.7+9.4
LVEF (%) 394 (328-444) 448297
LGE scar size (%) 217+127 141 (9.0-21.6)
LA indices
LAVimax (ml/m?) 323+89 327+116 0.69
LAVipreA (ml/m’) 237 (197-312) | 250 186-311) | 054
LAVimin (ml/m’) 14.4 (11.1-214) 13.3 (9.8-207) 027
LAEF total (%) 535 (46.6-58.3) 537+115 0020
LAEF passive (%) 20672 20+7.7 0.16
LAEF booster pump (%) 38.6 (34.6-44.6) 42.7 (34.4-49.1)
LA reservoir strain (%) 262+82 29.2+9.8
158 (13.5-18.2)

LA booster pump strain (%) 14557
LA reservoir SR (s™') 12:04 12404
LA passive SR (s”) —09 (-11 to -0.7) | -0.9(-1310-07)
LA booster pump SR (™) -15:06 -14%06 096
LADSS group [N (%)] 045

Group 1 16 (24.2) 20 (339)
Group 2 19 (28.9) 13 (220)
Group 3 31 (47.0) 26 (44.1)

LADSS was grouped into Groups 1, 2, and 3, reflecting a positive, flat, and negative
strain slope at the diastasis phase, respectively (Figure 2).

MRI, magnetic resonance imaging; LV, left ventricle; LVEDVi, LV end-diastolic
volume index; LVESVi, LV end-systolic volume index; LVMi, LV mass index; LVEF,
LV ejection fraction; LGE, late gadolinium enhancement; LA, left atrium:
LAVimax, LA maximum volume index; LAVipreA, LA pre-atrial kick volume index;
LAVimin, LA minimum volume index; LAEF, LA ejection fraction; SR, strain rate;

LADSS = LA diastasis strain slope.






OPS/images/fradi-04-1294398-g001.jpg
LA biplane volume (ml )
60 80

40

0 1 2

LAbiplane strainrate ( sec- 1)
-1

-2

LA biplane volume ( ml )

LA biplane strain ( % )

81  LAreservoir strain
@,
g.
LAVmax &
8
‘ 81 b
Se LA booster pump strain
LAVpreA By pump
581
[
1
So
e
4= | AVmin 29
o
6 260 460 660 860 10'00 12‘00 14‘00 0 200 460 600 800 1000 1200 1400
Time (ms ) Time (ms )

LA biplane strain rate (sec-1)

LA biplane Strain and Strain Rate

LAbiplane strain rate ( sec- 1)

9 21 Early LV filling [
LA reservoir SR 2 : 1
] l o Diastasis Fe
8
i ] &1 — Fe
So |
& \
£ 7 y
52
<" o
1 >8] \/ B
1) )
7 : pey re
°
x ERR., > ¢ »
LA passive SR LA booster pump SR | Reservoir | Conduit Booster pump

0 200 400 600 800 1000 1200 1400
Time (ms )

0 200 400 600 800 1000 1200 1400
Time (ms )





OPS/images/fradi-04-1294398-t005.jpg
Univariable Model 1° Model 2°

p-value p-value p-value

Age (years)
Sex (male) X =
BMI (kg/m’) X 0.043
Heart rate (bpm) X . 029

Mitral regurgitation
LAVimax (ml/m’) 3 : . . 0023
LA passive SR (s™)
LA booster pump SR (s™') . X -2.6 017
LADSS®

Group 1 Reference Reference

Group 2 X -65
Group 3 z : -48
LGE scar (%) . N/A

Univariable el 1° el 2°
ALGE scar (%)*
p-value p-value p-value
Age (years)

Sex (male)

BMI (kg/m?)
Heart rate (bpm)
Mitral
LAVimax (ml/m’)
LA passive SR (s™') 3 . —

LA booster pump SR (s™) . -32
LADSS®
Group 1 Reference Reference Reference
Group 2 13 064 24 038 28 029
Group 3 =%5 033 =11 0.67 =15 0.53
LVEF (%) 016 017 N/A NiA — —

LADSS was grouped into Groups 1, 2, and 3, reflecting a positive, flat, and negative strain slope at the diastasis phase, respectively (Figure 2).

The F-test probability and the pseudo-R? were as follows: (1) ALVEF Model 1: 0.013 and 0.19; Model 2: <0.01and 0.29. {2} ALGE Model 1: 0.04 and 0.14; Model 2: 0.015 and
0.19

*ALVEF (%) = chronic LVEF —acute LVEF. ALGE scar (%) = chronic LGE — acute LGE

"The covariates in the models were stepwise forward-selected with p <0.3. Model 1: The associations of LADSS with ALVEF or ALGE scar amount, adjusted for the
demographics, heart rate, presence of mitral regurgitation, and LA indices. Model 2: Model 1+ further adjusted for the LV index.

“Statistical significance was set at p <0.017 after Bonferroni correction.

LADSS, left atrial diastasis strain stope; LVEF, left ventricular ejection fraction; LGE, late gadolinium enhancernent; BMI, body mass index; LA, left atrium; LAVimax, maximunm
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LADSS was grouped into Groups 1, 2, and 3, reflecting a positive, flat, and negative strain slope at the diastasis phase, respectively (Figure 2).

The chi-square probability and pseudo-R? value of multivariable Model 1 were <0.01 and 0.13 and of Model 2 were <0.01 and 0.17, respectively.

*The covariates in the models were stepwise forward-selected with p < 0.3. Model 1: Th LADSS from the ics, heart rate, pr mitral
regurgitation, and LA indices. Model 2: Model 1+ LV indices.

LADSS, left atrial diastasis strain slope; BMI, body mass index: LA, left atrium; LAVimax, maximum indexed LA volurne; SR, strain rate; LVEF, left ventricular ejection fraction:
LGE, late gadolinium enhancement.
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LADSS was grouped into Groups 1, 2, and 3, reflecting a positive, flat, and negative strain slope at the diastasis phase, respectively (Figure 2). The chi-square probability and
pseudo-R? value of the multivariable Model 1 were 0.03 and 0.088, and, for Model 2 were <0.01 and 0.17, respecuvely

*The covariates in the models were stepwise forward-selected with p < 0.3. Model 1: Th LADSS the ics, heart rate, pr mitral
regurgitation, and LA indices. Model 2: Model 1+ LV indices.

LADSS, left atrial diastasis strain slope; BMI, body mass index: LA, left atrium; LAVimax, maximum indexed LA volurne; SR, strain rate; LVEF, left ventricular ejection fraction:
LGE, late gadolinium enhancement.
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