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In this study, we propose an approach for the assessment of the evolution of heart function in a population of ST-elevation myocardial infarction (STEMI) patients. The patients were imaged using cine MRI with late gadolinium enhancement at 1 month after STEMI and at follow-up 12 months later. We reduced the dimensionality of the temporal strain data in order to represent the segmental strain patterns found in these individuals in a more compact manner. Then, this compact description of strain was used to identify left ventricular segments with abnormal function, as compared to a control group of healthy patients, and to investigate if 1) the compact representation of the patterns is more effective in predicting scarring than traditional measurements; and 2) how the strain patterns evolve over the following months. To that end, we offer a method for tracking strain evolution and, in particular, comparing infarcted regions with remote regions and healthy hearts. On a population of 29 STEMI patients and 18 controls, we found that, despite considering the extent of the lesion, we were not able to identify a clear mechanism of evolution; nonetheless, the technique may be beneficial in subsequent, larger longitudinal studies to quantitatively characterise patient outcomes.

Introduction

Feature tracking based on routinely collected non-contrast cine magnetic resonance imaging (MRI) sequences may quantify myocardial deformation during This a pre-print version. The final document will be available at http://www.springerlink.com cardiac contraction [START_REF] Cao | Left Ventricular Filling Pressure Assessment Using Left Atrial Transit Time by Cardiac Magnetic Resonance Imaging[END_REF][START_REF] Claus | Tissue Tracking Technology for Assessing Cardiac Mechanics[END_REF]. Myocyte necrosis and subsequent scarring following myocardial infarction alter the mechanical characteristics of the myocardium, resulting in altered global and segmental strain [START_REF] Voigt | 2-and 3-Dimensional Myocardial Strain in Cardiac Health and Disease[END_REF]. Chronic myocardial scars, in particular those with wall thinning and obvious wall motion abnormalities, cause severe segmental strain impairment, which may be exploited to discriminate scar tissue from remote myocardium [START_REF] Tabassian | Machine learning of the spatio-temporal characteristics of echocardiographic deformation curves for infarct classification[END_REF].

Late gadolinium enhancement (LGE) identifies infarcted myocardium in vivo, where myocardial contractility is unlikely to be restored during coronary revascularization [START_REF] Kim | The Use of Contrast-Enhanced Magnetic Resonance Imaging to Identify Reversible Myocardial Dysfunction[END_REF]. However, the use of the contrast agent gadolinium poses a risk to patients with severe renal impairment [START_REF] Rogosnitzky | Gadolinium-based contrast agent toxicity: A review of known and proposed mechanisms[END_REF]. As a result, it is desirable to accompany and eventually replace LGE images with other means, such as strain information derived from feature tracking in cine imaging [START_REF] Yu | Correlation of Myocardial Strain and Late Gadolinium Enhancement by Cardiac Magnetic Resonance After a First Anterior ST-Segment Elevation Myocardial Infarction[END_REF].

The formation of scars in the myocardium after ST-elevation myocardial infarction (STEMI) can occur within a few days as the acute phase of the infarction resolves and the tissue begins to heal. The transition from acute to sub-acute infarction typically occurs within the first 2-3 weeks after the initial injury [START_REF] Richardson | Physiological Implications of Myocardial Scar Structure[END_REF]. However, the healing process can continue for several months, and factors such as the size of the infarct, the patient's age and overall health, and the presence of comorbidities can all impact the rate of healing.

The consequence of scarring on segmental strain over time is rarely investigated. A few studies looked at segmental myocardial strain as a predictor of cardiac function and mortality over longer time periods (such as one year) [START_REF] Abate | Value of Three-Dimensional Speckle-Tracking Longitudinal Strain for Predicting Improvement of Left Ventricular Function After Acute Myocardial Infarction[END_REF][START_REF] Antoni | Prognostic importance of strain and strain rate after acute myocardial infarction[END_REF][START_REF] Mollema | Viability Assessment With Global Left Ventricular Longitudinal Strain Predicts Recovery of Left Ventricular Function After Acute Myocardial Infarction[END_REF]. These studies used echocardiography, which is highly dependent on image quality and inconsistent in accuracy and reproducibility, specifically when measuring segmental strains [START_REF] Pedrizzetti | Principles of cardiovascular magnetic resonance feature tracking and echocardiographic speckle tracking for informed clinical use[END_REF]. Furthermore, Mollema et al. [START_REF] Mollema | Viability Assessment With Global Left Ventricular Longitudinal Strain Predicts Recovery of Left Ventricular Function After Acute Myocardial Infarction[END_REF] and Antoni et al. [START_REF] Antoni | Prognostic importance of strain and strain rate after acute myocardial infarction[END_REF] used a semi-quantitative wall motion score index and peak strains rather than the full temporal strain curves. Only Mollema et al. and Abate et al. [START_REF] Abate | Value of Three-Dimensional Speckle-Tracking Longitudinal Strain for Predicting Improvement of Left Ventricular Function After Acute Myocardial Infarction[END_REF] compared changes in basic strain measurements at follow-up. Another group compared strain in acute versus sub-acute infarcts (4-5 weeks after STEMI) assessed by MRI, which may be too short to see remodelling because of still ongoing pathophysiologic processes [START_REF] Polacin | Segmental strain for scar detection in acute myocardial infarcts and in follow-up exams using non-contrast CMR cine sequences[END_REF].

In this study, the changes in segmental, temporal strain patterns from noncontrast cine images were analysed in patients 1 and 12 months after STEMI. The primary focus was on the changes in these patterns between the two visits, but the study also investigated whether using a compact representation of the patterns is more effective than traditional measurements, such as peak strains.

Methods

Experimental Data

This study investigated left ventricular (LV) strain in two cohorts.

The first dataset was a sub-group of the HIBISCUS-STEMI cohort, for which STEMI patients, treated with primary percutaneous coronary intervention in the cardiac intensive care unit of the Hospices Civils de Lyon, France, were prospectively enrolled. Patients underwent cardiac MRI 1 month and 12 months after their admission for STEMI. 2-chamber, 4-chamber, and ventricular shortaxis cine images, as well as LGE images, were acquired. Further details can be found in [START_REF] Bernelin | Neprilysin levels at the acute phase of ST-elevation myocardial infarction[END_REF]. 29 patients with infarcts in the left anterior descending (LAD) artery were selected, while patients with infarcts in other territories were excluded.

The second dataset, the control group, consisted of 18 subjects and was part of the MARVEL cohort. These participants were healthy, sedentary volunteers of various ages. They were also scanned following the same protocol as above.

The demographics of both groups are listed in Table 1. The two groups were similar in age, body surface area, and LV mass. The gender proportions were matched as closely as the base cohorts allowed. Both studies were approved by the local ethics committee and are registered at ClinicalTrials.gov (NCT03064503 and NCT03070496). All patients provided written, informed consent.

Calculation of Strain and LGE Extent

In both studies, LV segmentation was performed using the CVI42 software (Circle Cardiovascular Imaging, Calgary, Canada) on short-axis, 2-chamber, and 4-chamber long-axis images. LV mass, ejection fraction (EF), and cardiac index were calculated from this segmentation. The software's Feature Tracking module was used to estimate circumferential, radial, and longitudinal strains and strain rates over the epicardial and endocardial surfaces throughout the cardiac cycle. Strains were calculated using the short-axis images and the 2-and 4-chamber long-axis views with respect to the end-diastolic configuration. End-diastole was defined to co-occur with the frame of the largest LV volume, and the strain curves were temporally aligned such that they all started at end-diastole with 0% strain. Longitudinal strain curves were found to be of poor quality or lacking coverage over some segments, so they were disregarded in further analysis. The strains and strain rates were exported on a per-segment basis, using 16 of the 17 AHA segments (excluding the apical segment). In addition, peak strains in circumferential and radial directions were also exported, as were wall thickening and end-diastolic wall thickness. CVI42 defines the frame with the smallest LV volume as the frame at which end-systole occurs. This timepoint was confirmed by visually checking for maximum LV contraction. A time delay was calculated for each segment's strain curve that signifies how much earlier or later the peak value for this strain curve was reached in comparison to end-systole.

In the STEMI group, infarcts were semi-automatically segmented from the LGE images using CVI42's Tissue Characterization Module with a full-width at half maximum algorithm and guided by previous segmentation results [START_REF] Bochaton | Impact of Age on Systemic Inflammatory Profile of Patients With ST-Segment-Elevation Myocardial Infarction and Acute Ischemic Stroke[END_REF]. Infarct size was assessed on a segment basis as a percentage of the segment area and written out for each of the 16 AHA segments.

Dimensionality Reduction of Temporal Strain Data

To reduce the dimensionality of the temporal strain data, a Principal Component Analysis (PCA) was applied to the circumferential and radial strains and strain rates individually. This approach allowed for the compact description and comparison of the major temporal patterns and has been shown to be useful for the identification of LV segments with abnormal function [START_REF] Tabassian | Machine learning of the spatio-temporal characteristics of echocardiographic deformation curves for infarct classification[END_REF].

First, the PCA was fitted to the cases in the control group to establish the baseline patterns seen in a healthy population. Then, the fitted PCA was used to transform the control and STEMI strain and strain rate curves into their respective latent spaces. The number of components was chosen such that 95% of the variance was captured (5 principal components for circumferential strain, 4 for radial strain, and 11 and 12 for circumferential and radial strain rates, respectively).

The fitting of the PCA and any further steps were implemented in Python using the scikit-learn library.

Embedding of Strain Patterns to Visualise Evolution

As the number of features (9 and 23 latent dimensions for strain and strain rates, respectively, plus functional measurements as listed in Table 2) was too large to facilitate a simple, intuitive observation of the changes in strain patterns, a second PCA was fitted to the set of features to produce a 2-dimensional Fig. 1. Result of the PCA for circumferential strain. On the left, the first three principal components, fitted to the control group, are shown. On the right, each segment is represented by its first two principal components and colour-coded with the percentage of enhanced area for this segment (STEMI group). The majority of segments with an LGE enhanced area > 50% lie outside the distribution of control cases as defined by the covariance of the control group.

embedding. This second PCA will further be called the "embedding PCA" to avoid confusion with the first PCA, which reduced the temporal strain curves to the strain patterns.

In a first step, all features were averaged over the LAD territory (AHA segments 1, 2, 7, 8, 13, 14) and the remaining "remote" segments. Then, the embedding PCA was fitted to both the control and the STEMI groups to create the two-dimensional map shown in Fig. 2. The last step consisted of the calculation of 1) the Euclidean distance between the two samples representing the strain at months 1 and 12 for the LAD territory and remote regions of each individual heart in the 2D embedding plane, and 2) the Mahalanobis distance of each sample with respect to the control group distribution.

Results

The results of the first PCA, which reduced the temporal strain curves to strain patterns, were well aligned with previous findings by Tabassian et al. [START_REF] Tabassian | Machine learning of the spatio-temporal characteristics of echocardiographic deformation curves for infarct classification[END_REF]. Cardiac strain in infarcted segments was hypothesised to be 1) smaller in amplitude (hypokinetic) or even dyskinetic (positive strain where negative was expected and vice versa) and 2) dyssynchronous (variations in timing of shortening and lengthening of the segments) [START_REF] Voigt | 2-and 3-Dimensional Myocardial Strain in Cardiac Health and Disease[END_REF]. These patterns were reflected in the first and second principal components in both radial and circumferential strain, as illustrated in Fig. 1. When applying the condition that 95% of the variance should be explained by the principal components, the number of components needed to be increased to more than 10 for the two strain rates, but when looking at their Fig. 2. Two-dimensional embedding of strain patterns in LAD, remote, and control segments. For the STEMI group, the evolution in strain features is represented by dashed lines between months 1 and 12. The Mahalanobis distance with respect to the control group is indicated by the grey contours. The features that vary strongly in the two dimensions are listed along the axes.

importance for the component loadings of the embedding PCA, all were deemed to have little variation in the dimensions of the embedding PCA.

Previous studies have attempted to detect the presence of infarcts with a single, strain-related (global, not segmental) value [START_REF] Mangion | Magnetic Resonance Imaging of Myocardial Strain After Acute ST-Segment-Elevation Myocardial Infarction: A Systematic Review[END_REF], but in the present study, there was no individual feature and no small number of combined features, calculated in the primary PCA, that correlated highly with the extent of LGE.

With two extracted dimensions, the embedding PCA covered 93.5% of the variance in the features. The embedding PCA component loadings showed that dimension 1 (which explained 78.2% of variance) best explained the variance in the first principal components of radial and circumferential strain, wall thickening, peak radial strain, and ejection fraction, while the second principal components of radial and circumferential strain varied most along the direction of dimension 2 (which explained 15.3% of variance). This meant that the two main temporal strain patterns (amplitude of strain and time delay of peak strain) were well encoded in the resulting 2-dimensional embedding. Interestingly, the two classic measurements, circumferential and radial peak strain, showed little variation in dimension 1 and only weak importance in dimension 2. The loading values for all of the other features listed in Table 2 were also low.

In Fig. 2, the resulting parameter space of the two embedding PCA dimensions is depicted. There was a group of segments belonging to the LAD territory that was outside of the main distribution consisting of control cases and remote Fig. 3. Comparison of the Mahalanobis distance for the three regions at months 1 and 12. For the LAD (STEMI) territory, the evolution between the two timepoints of each segment in terms of the Mahalanobis distance is presented with a line, colour-coded by the percentage of LGE enhanced area at month 12. Higher LGE scores were associated with a greater Mahalanobis distance, but there was no evidence that the percentage of LGE had an effect on the direction of evolution.

segments, but there was no clear clustering. The cases with high dimension 1 values coincided with the cases of high LGE, and the regression between dimension 1 and LGE has a correlation coefficient of R 2 = 0.75 and a p-value of <0.01.

Figure 3 shows the Mahalanobis distance of the LAD and remote segments versus the control group segments. The Mahalanobis distance in the segments within the LAD (STEMI) territory was significantly elevated in comparison to the control group segments. The plot allows one to look at the direction in which segments evolved, such as recovering towards the control group (negative slope) or evolving further away from the normal strain (positive slope). There was no clear direction of evolution, either when looking at cases of high or low percentages of LGE-enhanced area.

When considering the Euclidean distance between timepoints month 1 and month 12, remote segments tended to move more than infarcted segments (Fig. 4), and, overall, segments within hearts that had a high percentage of LGE enhanced area moved less than their counterparts in hearts with a low LGE score.

While dimension 1 of the embedding PCA correlated well with the amount of LGE (R 2 = 0.77), the question remains if this complex indicator, which takes into account the strain patterns as well as some global functional measurements, is better than commonly used strain indicators of reduced cardiac contraction, such as peak strains. Indeed, peak circumferential strain (R 2 = 0.85) and peak radial strain (R 2 = 0.8) correlated well with LGE, too. 

Discussion

Infarcted segments in the LAD territory were thought to evolve differently than segments in the remote territory at the outset of the study. At month 1, the infarct can be considered stable and the inflammation resolved, so that the extent of the infarct and strains at month 12 remain unchanged. For the remote segments, their evolution was not as clear; one hypothesis was that in hearts with small infarcts, strain may change very little over time as the overall ability of the heart to contract is not much reduced. Vice versa, in hearts with severe infarcts, the remote segments may have to contract harder to generate sufficient cardiac output. In this paper, there was no evidence to support such hypotheses.

There was also no clear indication as to why segments evolved favourably or worsened in terms of strain. A few reasons for this, apart from the fact that such evolution may in fact not be reliably predicted by current measurements of strain, lie in the shortcomings of this study: 1) The size of the two groups was small; 2) only the LAD territory was considered; and 3) longitudinal strain was omitted for quality reasons but is commonly, at least as a global measurement, regarded as a good predictor of the presence of infarction. Further validation of the strain calculations, with the aim to include longitudinal strains, is needed to ensure that the inability to detect a clear evolution of cardiac dysfunction in STEMI patients is not due to inaccuracies with the overall strain calculations or the omission of longitudinal strain information.

In another paper that followed a very similar dimensionality reduction scheme, strain and strain rates were found to have higher predictive power for LGE [START_REF] Tabassian | Machine learning of the spatio-temporal characteristics of echocardiographic deformation curves for infarct classification[END_REF] than classically used end-systolic strains. Interestingly, here, strain rates played an inferior role, and there was no single, individual feature or small number of combined features that correlated better with LGE than peak strains; this may be explained by the different imaging modality (echocardiography versus feature tracking from MRI) or calculation method. Only a few previous studies looked at longitudinal datasets. Polacin et al. [START_REF] Polacin | Segmental strain for scar detection in acute myocardial infarcts and in follow-up exams using non-contrast CMR cine sequences[END_REF] found that cine sequences could detect 75-80% of infarcts and that some scarred segments were reclassified with respect to their LGE score, but they also did not note any significant changes between the two imaging timepoints, which were 3-12 weeks apart.

In the future, it would be very interesting to investigate the influence of the imaging timepoint on the observed evolution. The first imaging timepoint at month 1 was well into the recovery of the inflammation and remodelling following STEMI. Therefore, an imaging timepoint shortly after treatment for STEMI may uncover a more pronounced evolution in terms of strain and LGE.

Conclusion

This study is exploratory in that it aims to investigate the evolution of temporal, segmental strain in STEMI patients over a time period long enough to ensure concluded and stable remodelling. It employed the entire temporal strain curves of each AHA segment rather than a single (semi-quantitative) measurement of wall motion or peak strains, and it described these strains in a concise manner by relating the strain to the most important temporal patterns.

On the considered set of STEMI cases, there was no clear trend in the evolution of strains between the two timepoints. The study shows that, when maintaining the temporal information in strain patterns, no better predictive power of LGE extend was achieved compared to classic measurements like peak strains.

However, the proposed approach to tracking the evolution of strain across time may be used in other longitudinal studies to help clinicians better understand the patient's outcome.
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 4 Fig. 4. Euclidean distance between months 1 and 12, representing the change each segment underwent in terms of strain.

  

  

Table 1 .

 1 Demographic data (mean ± standard deviation). BSA: Body surface area. LVM: left ventricular mass. EDV: end-diastolic volume. ESV: end-systolic volume. EF: ejection fraction. A p-value ≥ 0.05 was considered not significant (NS).

		Control	STEMI	P-value (t-test)
	N (N male)	18 (13)	29 (25)	
	Age (years) 52.9 ± 16.0	56.3 ± 8.8	NS
	BSA (m 2 )	1.91 ± 0.18	1.91 ± 0.19	NS
	LVM (g)	95.5 ± 24.9 106.9 ± 26.8	NS
	EDV (ml)	142.9 ± 28.3 165.6 ± 42.1	< 0.05
	ESV (ml)	59.9 ± 15.9	86.6 ± 37.9	< 0.01
	EF (%)	58.4 ± 6.2	49.5 ± 10.9	< 0.01

Table 2 .

 2 List of all calculated features, detailing the step in which they were calculated and if they had a high loading in the component loadings of the embedding PCA.

	Calculated in Feature	High loading in 2D embedding
	PCA	PCs of circ./radial strains	1st and 2nd PCs
		PCs of circ./radial strain rates	no
	CVI42	Ejection fraction	yes
		Cardiac Index	no
		Wall thickening	yes
		End-diastolic wall thickness	no
		Peak circ./radial strain	Radial peak strain only
		Time delay of peak circ./radial strain	no
		Percentage of LGE enhanced segment area not incl. in embedding
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