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Abstract:
Background:
Cardiac injury has been described in children with both acute COVID-19 and the multisystem inflammatory syndrome in children (MIS-C). Strain has been shown to be a sensitive measure of systolic function and can be used for detecting subclinical left ventricular (LV) dysfunction. We sought to describe strain findings in both groups on initial presentation and outpatient follow up. 
Methods: 
A retrospective study analyzing echocardiograms of all patients presenting with acute COVID-19 infection and MIS-C at our institution between March 2020 and December 2020 was performed. TOMTEC software was used for strain analysis in both study groups (COVID-19 and MIS-C) and age matched healthy controls. Regional strain was obtained and comparison amongst groups was performed using the Mann-Whitney U test. Strain was compared against LV ejection fraction (EF) as measured by 5/6 area length method.
Results:
45 patients (34 MIS-C and 11 COVID-19) met inclusion criteria. There was a statistically significant decrease in LV longitudinal strain (p <0.001), LV circumferential strain (p <0.001) and left atrial strain (p = 0.014) in the MIS-C group when compared to the control group. There was a statistically significant decrease in LV longitudinal strain (p = 0.028) in the acute COVID-19 group. All patients with abnormal LVEF had abnormal strain. However 14 patients (41%) in the MIS-C group and 3 (27%) in the acute COVID-19 group had preserved LVEF but abnormal strain. Abnormal strain persisted in one-third of patients in the MIS-C and acute COVID-19 groups on outpatient follow up.
Conclusion:
Patients with MIS-C and acute COVID-19 can develop myocardial dysfunction as seen by abnormal strain. Strain may provide an additional tool in detecting subtle myocardial dysfunction. It can be routinely employed at diagnosis and at follow up evaluation of these patients.  
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Introduction:
Since the emergence of SAR-CoV-2 in December 2019, there have been multiple reports on cardiac injury related to COVID-19 in both adults and children which include myocardial infarction, myo-pericarditis, vasculitis, valvulitis and subclinical cardiac injury [1–6]. In pediatric patients, cardiac injury may manifest both acutely and as the multisystem inflammatory syndrome in children (MIS-C) [7–14]. The pathophysiology and mechanism of cardiac injury in these two conditions are distinctly different. The etiology of cardiac injury in the setting of acute COVID-19 has been thought to be a combination of direct viral infection and local vascular disease in the setting of certain modifiable and non-modifiable risk factors and/or multi-organ injury secondary to acute respiratory distress syndrome [15–17]. MIS-C, on the other hand, is believed to be due to a post infectious inflammatory process, days to weeks after the acute infection[11, 18, 19]. The degree of cardiac involvement in children appears to be more severe in patients with MIS-C [11]. In MIS-C this ranges from subclinical cardiac injury with no evidence of myocardial dysfunction to severe LV dysfunction and need for mechanical circulatory support [11, 14]. A specific phenotype comprising of carditis with coronary artery dilation and aneurysm formation has been observed in MIS-C patients, which is similar to that seen in Kawasaki disease. The pathophysiology is believed to be different from Kawasaki disease although some of the treatment strategies have been extrapolated from our experience with Kawasaki Disease. In acute COVID-19, cardiac manifestations include QT prolongation, non-specific electrocardiogram (EKG) changes, conduction abnormalities and ventricular dysfunction [19, 20].
Speckle tracking echocardiography (STE) is an emerging echocardiographic tool that analyzes the deformation of myocardial pixels on 2D imaging and derives strain data [21]. It is a useful tool in the assessment of segmental and global myocardial systolic and diastolic function.  strain, especially global longitudinal strain has been shown to detect cardiac dysfunction earlier than conventional methods of assessing function [22]. It has been employed in patients with cardiomyopathies and myocarditis [22–25]. Studies in adults have shown strain abnormalities in patients with acute COVID-19 [26–30]. Separately, studies in children have shown strain abnormalities in patients with MIS-C and acute COVID-19 patients [31–34]. However, no prior study has determined the changes in  strain in both MIS-C and acute COVID-19 patients in the same population and provided outpatient follow up.



Materials and Methods:
Study Design and Participants: 
In this retrospective study, we identified pediatric patients less than 18 years old who were hospitalized with a diagnosis of acute COVID-19 or MIS-C between March 1, 2020, and December 30th, 2020 at NYU Langone Health and Bellevue Hospital Center. The diagnosis of MIS-C was made based on the NYDOH and/ or CDC case definition for MIS-C [35, 36]. Patients who either did not have echocardiogram performed or had inadequate image quality or views for strain analysis were excluded. Data including patient demographics, testing results, treatment and clinical outcomes were recorded. Two separate frequency age matched control groups were established for both the MIS-C and acute COVID-19 groups. The control groups comprised healthy subjects with structurally and functionally normal hearts. The study protocol was approved by the Institutional Review Board of New York University Langone Health (s20-00428). 
Conventional echocardiography:
Echocardiograms of patients at the time of admission and on outpatient follow up were assessed. Echocardiograms were performed using the Philips Affinity, Philips ie33, Philips Lumify or the Siemens Acuson. Standard echocardiography acquisition included 2D, color flow mapping, pulse wave and continuous wave Doppler according to the American Society of Echocardiography guidance for pediatric echocardiography in the COVID-19 pandemic [37]. Due to COVID-19 isolation precautions and to minimize exposure of sonographers to patients with acute COVID-19 and MIS-C, focused and abbreviated echocardiograms were performed in many of these patients. Apical 4 chamber imaging plane views were obtained in all studies and used for strain analysis. Left ventricular (LV) systolic function was calculated by 5/6 area length method and LV dysfunction was defined as a left ventricular ejection fraction (LVEF) <55% [38]. Conventional LV diastolic function indices were not assessed universally. Studies were stored on a Siemens Syngo Dynamics DICOM system (Siemens Healthcare, Erlangen, Germany).
Strain Analysis:
Strain was performed in both study groups (COVID-19 and MIS-C) and the two separate age matched healthy control groups using 2D speckle tracking post processing software (TOMTEC Imaging Systems Image-Arena, GmBH, Unterschleissheim, Germany). Contours were drawn by hand along the endocardial border after manually setting the timing of end-systole and diastole in a single loop [21, 39]. Peak left ventricle (LV) longitudinal apical four chamber strain (LVLS), peak LV circumferential strain at the level of the papillary muscles (LVCS) (Figure 1), peak left atrial (LA) and peak right ventricular free wall (RVFW) strain were obtained. Peak LA and RVFW strain were obtained from the apical four chamber view 2D images. The endocardial LA borders were traced excluding the pulmonary veins and LA appendage. Similarly, the RV endocardial border was traced. The most suitable cardiac cycle was chosen for analysis. An independent observer who was blinded to the patients’ subgroup separately repeated the hand-drawn contours for a subset of random patients in both the study and control groups and interobserver reliability testing was performed. Normative ranges for  strain values were defined based on data from the healthy control subjects. Strain > 2 standard deviations were considered abnormal in the study groups. 
Outcome:
The primary end point of the study was incidence of abnormal strain on admission and at outpatient follow up.
Statistical Analysis:
Categorical data were presented as counts with percentages while continuous data as median with interquartile range (IQR). The groups (acute COVID-19, MIS-C) were compared in terms of sex using a Fisher exact test and in terms of each numeric variable using an exact Mann-Whitney test. All statistical tests were conducted at the two-sided 5% significance level using SAS 9.4 software (SAS Institute, Cary, NC). P values <0.05 were considered statistically significant. Inter-observer testing for strain assessment was performed using intraclass correlation on IBM SPSS Statistics (version 26)

Results:
34 MIS-C patients and 11 acute COVID-19 patients met the inclusion criteria and were compared to their respective control groups. There was a larger number of male patients in the MIS-C group and the median age of patients in the acute COVID-19 group was higher (Table 1). In the MIS-C group, there was a statistically significant decrease in LV longitudinal strain [-19 (-20, -16) p <0.001], LV circumferential strain [-21 (-25, -17) p <0.001] and LA strain [33 (27,37) p = 0.14] compared to the control group. RVFW strain was not statistically significant (Table 2). There was a statistically significant decrease in the LV longitudinal strain [-19 (-22, -16) p = 0.028] compared to the control group (Table 3). 
There were 5 patients (15%) in the MIS-C group and 2 (18%) in the acute COVID-19 group that had abnormal LVEF (Table 4). However, overall there was no statistically significant difference in LVEF of patients with MIS-C or acute COVD-19 compared to their respective control groups (Tables 2 and 3). Abnormal strain was noted in 19 of 34 (56%) patients in MIS-C group and 5 of 11 (45%) patients in the acute COVID-19 group (Table 4). Although all patients with abnormal LVEF had abnormal strain there were 14 subjects in the MIS-C group and 3 in the acute COVID-19 cohort who had preserved LVEF but abnormal strain. The most common strain abnormalities were LV circumferential strain and LA strain (Table 4). There was good inter observer reliability for strain analysis. ICC: 0.892 (Table 5).
The median interval between initial inpatient and outpatient echocardiogram was 37 days (13, 50 days). Abnormal strain persisted in a third of patients in the MIS-C and acute COVID-19 groups on outpatient follow up while systolic dysfunction as evaluated by 5/6 area length had resolved in all patients (Figure 2). In these patients there were abnormalities in only LV longitudinal and circumferential strain.

Discussion:

We report the incidence of strain abnormalities in 45 patients (34 MIS-C and 11 COVID-19) over a 9-month period at two large hospital systems in the New York City metropolitan area. Our study highlights that strain may be abnormal with MIS-C and acute COVID-19, even in patients that have preserved LVEF. Some of these abnormalities may persist weeks to months after resolution of clinical and other echocardiographic indicators of cardiac dysfunction. 
Strain imaging has been applied in patients with cardiomyopathies to detect subclinical myocardial dysfunction [22, 23]. LV global longitudinal strain is routinely employed in patients undergoing chemotherapy with anthracyclines. Studies in these patients have shown that a significant reduction in LV global longitudinal strain (>10%) can predict a future decrease in LVEF [23]. LV global longitudinal strain has been found to be an independent predictor of sudden cardiac death and major adverse cardiac outcomes in patients with ischemic cardiomyopathy, heart failure and valvular heart disease regardless of LVEF [24, 25]. For this reason, LV global longitudinal strain is used as part of the multimodality approach in risk evaluation for adverse outcomes in patients with cardiomyopathies [23, 25]. Circumferential and radial strain has been less extensively studied. In some studies, circumferential strain has been shown to decrease significantly after anthracycline administration compared to healthy controls [40]. While the clinical application of longitudinal strain is relatively common, circumferential and radial strain is not as common place.
In this study, we demonstrated that there were statistically significant decreases in LV longitudinal, LV circumferential and LA strain in the MIS-C group, when compared to the control group. In the acute COVID-19 group there was a significant decrease in only LV longitudinal strain compared to the control group. While previous studies have assessed the  strain in MIS-C and acute COVID-19 separately this study is the first that assesses both groups side by side in the same population.
Similar to our findings, a recent study showed a reduction in LV and LA strain in the MIS-C cohort compared to controls and additionally showed that these were strong predictors of myocardial injury when compared to serum troponin and brain natriuretic peptide [31]. There have been a few other recent studies which have similarly demonstrated that a decrease in regional and global longitudinal strain in these patients were associated with adverse clinical outcomes [32, 34, 41]. Out of these parameters, left atrial strain particularly has been used to assess ventricular filling and hence can be used as a surrogate marker for early diastolic dysfunction in patients with heart failure and preserved ejection fraction [42]. The left atrium has reservoir, conduit and contractile components. The LA fills and stretches in the reservoir phase. Peak atrial longitudinal strain is measured at the end of the reservoir phase with ventricular end diastole used as the zero-reference point. This generates a positive strain value compared to other strain indices which are negative. [43] We noted a significant decrease in LA strain in the MIS-C subjects possibly suggesting diastolic dysfunction in these patients although this inference is limited by the lack of other diastolic indices in our study. 
There have been several studies looking at strain in adults [26–30] with acute COVID-19 but only one paper to date which assesses strain in children [33]. The adult studies showed decrease in strain with acute COVID-19 infection [26–30]. One study showed that global longitudinal strain was decreased, with more significant reduction in critically ill patients [27]. Other studies showed that LV longitudinal strain was decreased in adults with severe disease and this was an independent predictors for in-hospital mortality in patients with COVID-19 [26, 29]. A recent study evaluated LV strain in asymptomatic or mildly symptomatic pediatric patients with acute COVID-19. Similar to our findings, they reported a decrease in LV global longitudinal strain in patients with COVID-19 infection compared to a control group (although not statistically significant). However, regional LV strain analysis showed a significant reduction of the LV mid-wall segments strain among cases compared to controls [33].
RV function can be affected by a variety of conditions including lung pathology. RV longitudinal strain provides a newer method of assessing for RV dysfunction, although its use in pediatrics is limited. [44] It is not surprising that there was a decrease in RV longitudinal strain in adults with acute COVID-19, especially those with severe respiratory disease/ARDS [26, 29]. Severe respiratory disease is not as common in children with acute COVID-19 or MIS-C and may explain the absence of a significant decrease in RFFW strain in both groups in this study. 
We did not see a significant difference in LVEF between either the MIS-C or acute COVID-19 groups and controls in our study (Table 2 and 3). Conversely, two prior studies demonstrated a significant decrease in LVEF compared to controls in the MIS-C group [31, 32] A separate study showed a decrease in LVEF between acute COVID-19 pediatric subjects and controls although all patients had LVEF >55% [33]. We postulate that the lack of statistically significant decrease in LVEF between both groups and control may have been due to a less severe phenotype or earlier time to presentation in our study population [12]. We demonstrated in both groups that strain abnormalities can be seen even in patients with preserved LVEF. This has also been demonstrated in prior works [30, 31].
Limitations of our study include small sample size and lack of outpatient follow up in some patients. Diastolic function assessment was not performed universally on our study subjects thereby limiting our assessment of this parameter and hence comparison with LA strain data. Due to COVID-19 isolation precautions and to minimize exposure of sonographers to patients with acute COVID-19 and MIS-C, focused and abbreviated echocardiograms were performed in many of these patients. Hence, many of these studies lacked adequate 2 and 3 chamber views limiting estimation of average global longitudinal strain analysis. Due to a lack of vendor specific (TOMTEC) normative data across all pediatric age groups we generated normative strain ranges based on analysis from the healthy subjects in the control arm of our study. Our study analysis did not take clinical context of patients into account (eg. vasoactive support). We were unable to compare strain data with cardiac biomarkers due to variability in use of different assays across our different hospitals (troponin vs high sensitivity troponin and brain natriuretic peptide vs NT- pro brain natriuretic peptide). 
Overall, the findings in our study indicate that strain parameters do suggest myocardial dysfunction in both the MIS-C and acute COVID-19 patients even when ejection fraction was normal. Strain cannot be used in isolation for the diagnosis of myocardial dysfunction; however it may be used together with conventional methods for assessing function. Strain can be easily applied to this patient population and does not add significant extra cost to their workup. 

Future considerations:
Future studies should look at longer term follow-up in this cohort, obtain data for LV global longitudinal and circumferential strain, assess diastolic function as well as correlate with MRI derived myocardial characterization. 

Conclusions:
Patients with MIS-C and acute COVID-19 demonstrate myocardial dysfunction as seen by abnormal strain, when compared to the control groups. In these patients, cardiac evaluation with systolic assessment by conventional methods may miss subtle myocardial dysfunction which could be picked up by strain. Our findings suggest that strain may be a useful adjunct for assessing myocardial dysfunction in these patients.
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Tables:
Table 1: Demographics
	 	
	MIS-C
(n= 34)
	MIS-C Control
Group
(n=34)
	P 
Values
	Acute COVID-19
(n=11)
	Acute COVID-19 Control Group
(n=11)
	P 
Values

	Female n, (%)
	13 (38.2%)
	12 (35.3%)
	0.635
	6 (54.4%)
	7 (63.6%)
	0.693

	Age, years - Median (IQR)
	2.88 (1.4, 10)
	3 (1,8)
	0.535
	16 (12,17)
	15 (10, 17)
	0.943

	Weight, kg - Median (IQR)
	15.35 (11.5,50)
	12.20 (8,37)
	0.256
	60 (47, 95)
	52 (47.7, 64)
	0.725

	Height, cm - Median (IQR)
	96 (75,142)
	94 (69, 132)
	0.175
	158 (132,167)
	162 (154,182)
	0.324







Table 2: Echocardiographic characteristics in patients with MIS-C
	
	MIS-C 
(n= 34)
	Control 
(n= 34)
	P Values

	Measurement
	Median (IQR)
	Median (IQR)
	

	LVEF (%)
	64 (60,67)

	 66 (63,67)
	p= 0.24

	LVLS (%)
	-19 (-20, -16)

	-22 (-26, -19)
	p  <0.001

	LVCS (%)
	-21 (-25 -17)

	-27 (-29, -25)
	p  <0.001

	LA strain (%)
	33 (27, 37)

	36 (31, 44) 
	p = 0.014

	RVFW strain (%)
	-22 (26, -18)
 
	-20 (-28, -17)
	p =0.091


LVEF: left ventricular ejection fraction; LVLS: left ventricular longitudinal strain; LVCS: left ventricular circumferential strain; LA: left atrial; RVFW: right ventricular free wall. 


Table 3: Echocardiographic characteristics in patients with acute COVID-19
	 
	Acute COVID-19 
(n= 11)
	Control 
(n= 11)
	P Values

	Measurement
	Median (IQR)
	Median (IQR)
	

	LVEF (%)
	62 (56,67)

	 64 (58,65)
	p = 0.817

	LVLS (%)
	-19 (-22, -16)

	-23 (-25, -19)
	p = 0.028

	LVCS (%)
	-30 (-33, -26)

	-27 (-28, -25) 
	p = 0.3

	LA strain (%)
	29 (26, 46)

	35 (30, 42)
	p = 0.278

	RVFW strain (%)
	-18 (-26, -16)

	-23 (-26, -18) 
	p = 0.76



LVEF: left ventricular ejection fraction; LVLS: left ventricular longitudinal strain; LVCS: left ventricular circumferential strain; LA: left atrial; RVFW: right ventricular free wall. 



Table 4: Comparison of abnormal echocardiographic findings in patients with MIS-C and acute COVID-19
	
	MIS-C 
(n = 34)
	Acute COVID-19
(n = 11)

	Patients with abnormal strain findings n, (%)
	19 (56%)
	5 (45%)

	LVLS n, (%)
	10/19 (53%)
	4/5 (80%)

	LA strain n, (%)
	11/19 (58%)
	2/5 (40%)

	RVFW strain n, (%)
	7/19 (37%)
	2/5 (40%)

	LVCS n, (%)
	4/19 (21%)
	1/5 (20%)

	Decreased LVEF n, (%)
Median, (IQR)
	5 (15%)
47% (44.5, 52%)
	2 (18%)
50.5% (50, 51%)


LVEF: left ventricular ejection fraction; LVLS: left ventricular longitudinal strain; LVCS: left ventricular circumferential strain; LA: left atrial; RVFW: right ventricular free wall. 

Table 5: Intraclass Correlation Coefficient strain
	Measure
	ICC
	95% CI
	p value

	LVLS, LVCS %
	0.892
	0.641, 0.968
	0.00


ICC >0.7 = fair reliability; > 0.08 = good; 0.9 = excellent
LVLS: left ventricular longitudinal strain; LVCS: left ventricular circumferential strain


Figure Legend:
Figure 1: Images of left ventricular longitudinal and circumferential strain contours and analysis
Figure 2: Strain abnormalities on outpatient follow up.
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