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Abstract
Background
Messenger RNA (mRNA) coronavirus disease of 2019 (COVID-19) vaccine are known to cause minor side effects at the injection site and mild global systemic symptoms in first 24–48 h. Recently published case series have reported a possible association between acute myocarditis and COVID-19 vaccination, predominantly in young males.

Methods
We report a case series of 5 young male patients with cardiovascular magnetic resonance (CMR)-confirmed acute myocarditis within 72 h after receiving a dose of an mRNA-based COVID-19 vaccine.

Results
Our case series suggests that myocarditis in this setting is characterized by myocardial edema and late gadolinium enhancement in the lateral wall of the left ventricular (LV) myocardium, reduced global LV longitudinal strain, and preserved LV ejection fraction. All patients in our series remained clinically stable during a relatively short inpatient hospital stay.

Conclusions
In conjunction with other recently published case series and national vaccine safety surveillance data, this case series suggests a possible association between acute myocarditis and COVID-19 vaccination in young males and highlights a potential pattern in accompanying CMR abnormalities.
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Background
Coronavirus disease of 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has affected 169 million people across the globe and has resulted in more than 3.5 million deaths [1]. Two messenger RNA (mRNA) vaccines (Pfizer-BioNTech, Moderna) are now United States (US) Food and Drug Administration (FDA)-approved to reduce the risk and severity of COVID-19 infection [2]. To date, 294.9 million COVID-19 vaccination doses have been administered in the US [3] and the FDA recently expanded emergency use authorization of the Pfizer COVID-19 vaccine to include minors 12 years and older [2]. On May 17, 2021, the US Centers for Disease Control and Prevention (CDC) reported several cases of myocarditis within four days after receiving an mRNA-based COVID-19 vaccine, particularly in younger males after the second vaccine dose [4]. A handful of subsequently published case series also suggests a possible association between acute myocarditis and mRNA-based COVID-19 vaccination in young adult males [5–10] and in pediatric patients [11]. Based on the evidence currently available, the CDC continues to recommend COVID-19 vaccination for everyone 12 years or older [12]. In this case series, we report the patient characteristics, cardiovascular magnetic resonance (CMR) findings, and clinical course of 5 young male patients with acute myocarditis within 72 h after mRNA-based COVID-19 vaccination.
Methods
Case series
This case series includes 5 young males who were diagnosed with myocarditis or myopericarditis within 72 h after receiving a dose of either the Pfizer or Moderna mRNA-based COVID-19 vaccine.
Results
Key characteristics of each case are described below, with additional relevant clinical information included in Table 1. Representative 12-lead electrocardiogram (ECG) findings are shown in Fig. 1 and key CMR findings from each case are shown in Fig. 2.Table 1Clinical characteristics of patients with acute myocarditis/myopericarditis following COVID-19 vaccination


	 	Case 1
	Case 2
	Case 3
	Case 4
	Case 5

	Age (years)
	22
	19
	25
	37
	20

	Gender
	Male
	Male
	Male
	Male
	Male

	Body mass index (kg/m2)
	24
	25
	28
	28
	26

	Coronary artery disease  risk factors
	No
	No
	No
	No
	No

	Cardiac comorbidities
	No
	No
	No
	No
	No

	Symptoms
	 	 	 	 	 
	  Chest pain
	Yes
	Yes
	Yes
	Yes
	Yes

	  Dyspnea
	No
	Yes
	Yes
	No
	Yes

	  Other
	Headache, generalized malaise
	Nausea, emesis
	Generalized body aches, nausea, headache, chills, and fatigue
	Fever, diaphoresis, rigors, nausea, myalgia, headache, fatigue
	Headache, body ache

	  Arrhythmia
	No
	No
	No
	No
	No

	COVID-19 vaccine doses prior to symptom onset
	1
	2
	2
	2
	2

	COVID-19 vaccine manufacturer
	Pfizer
	Pfizer
	Moderna
	Pfizer
	Pfizer

	Days after vaccine administration prior to symptom onset
	2
	1
	3
	2
	3

	Cardiac rub
	No
	No
	No
	No
	No

	Serum TnI (ng/ml)
	37
	49
	17
	26
	58

	Brain natriuretic peptide (pg/ml)
	Not obtained
	Not obtained
	Not obtained
	Not obtained
	133

	Erythrocyte sedimentation rate (mm/hr)
	Not obtained
	26
	24
	32
	20

	C-reactive protein (mg/l)
	50
	109
	96
	Not obtained
	Not obtained

	SARS COVID-19 PCR testing
	Negative
	Negative
	Negative
	Negative
	Negative

	Other Viral Serologies
	 	 	 	 	 
	 Adenovirus
	Not detected
	Not detected
	Not detected
	Not obtained
	Not detected

	 Coxsackie antibody
	Not obtained
	Not detected
	Not obtained
	Not obtained
	Negative

	 Echovirus Titer
	Not obtained
	 	Not obtained
	Not obtained
	Negative

	 Rhinovirus
	Not detected
	Not detected
	Not detected
	Not obtained
	Not detected

	 Influenza/ Parainfluenza
	Not detected
	Not detected
	Not detected
	Not detected
	Not detected

	 Parvovirus B19
	Not obtained
	Not detected
	Not obtained
	Not obtained
	Not detected

	 Respiratory Syncytial Virus
	Not detected
	Not detected
	Not detected
	Not detected
	Not detected

	 Epstein-Barr Virus
	Not obtained
	Not detected
	Not obtained
	Not obtained
	Not obtained

	Bacterial test
	 	 	 	 	 
	 Lyme antibodies
	Negative
	Not detected
	Not obtained
	Negative
	Negative

	 Mycoplasma pneumoniae
	Not detected
	Not detected
	Not detected
	Not obtained
	Not detected

	 Chlamydia pneumoniae
	Not detected
	Not detected
	Not detected
	Not obtained
	Not detected

	TTE LVEF (%)
	55
	62
	60
	65
	51

	CMR LVEF (%)
	65
	59
	59
	61
	59

	TTE Global longitudinal strain (%)
	− 19.0
	− 12.0
	− 21.0
	− 18.0
	− 14.0

	CMR Global longitudinal strain (%)
	− 19.1
	− 12.1
	− 19.6
	− 16.0
	− 12.2

	Pericardial effusion
	No
	No
	No
	No
	No

	Anatomic coronary artery assessment
	Non-obstructive (ICA)
	Not obtained
	Not obtained
	Non-obstructive (ICA)
	Non-obstructive (CCTA)

	Oxygen support
	No
	No
	No
	No
	No

	Length of stay (days)
	2
	2
	1
	2
	2

	Death
	No
	No
	No
	No
	No

	Discharge medications
	High-dose aspirin, colchicine
	Colchicine, high-dose ibuprofen
	Colchicine
	None
	Colchicine, high-dose ibuprofen, lisinopril, metoprolol tartrate


CCTA coronary CT angiography, COVID-19 the coronavirus disease of 2019, ICA invasive coronary angiography, LVEF left ventricular ejection fraction, CMR cardiovascular magnetic resonance*Serum C-reactive protein level (normal range 0–10 mg/l); serum erythrocyte sedimentation rate (normal range 0–15 mm/h); serum troponin I level (normal range 0.006–0.060 ng/ml); normal global longitudinal strain is less than negative 18%
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Fig. 1ECG findings. A 12-lead electrocardiogram (ECG) from Case 1 showing diffuse PR segment depression and PR segment elevation in lead aVR (arrows). Similar ECG findings were present in Cases 3 and 5. B 12-Lead ECG from Case 4 showing ST segment elevation in lateral leads and ST segment depression in lead V1 (asterisks)
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Fig. 2Cardiovascular magnetic resonance (CMR) findings. Late gadolinium enhancement on T1-weighted images (single arrow) and hyperintense signal suggestive of myocardial edema on T2-weighted fat suppressed images (double arrow). In Case 4, there was no hyperintense signal on T2-weighted images but global T2 mapping showed an elevated relaxation time of 110 ms (normal range < 60 ms), consistent with myocardial edema. CMR findings met updated 2018 Lake Louise criteria for acute myocarditis [14] for all cases


Case 1
A 22-year-old male with a history of attention deficit hyperactive disorder and without any known cardiovascular conditions presented to the emergency department 2 days after receiving his first dose of the Pfizer COVID-19 vaccine with symptoms of chest pain and dyspnea. The chest pain worsened with lying flat and improved with sitting upright. Cardiac examination was unremarkable and notable for the absence of a pericardial rub. A 12-lead ECG showed diffuse PR segment depression and PR segment elevation in lead aVR, consistent with acute pericarditis. On admission, the serum troponin I was 37 pg/ml (normal range 0.006–0.060 ng/ml) and serum C-reactive protein was 50 mg/dl (normal range 0–10 mg/l). SARS COVID-19 PCR testing, other viral serologies, and bacterial testing were all negative. Transthoracic echocardiography (TTE) showed a left ventricular (LV) ejection fraction (LVEF) of 55% and no pericardial effusion. Invasive coronary angiography was negative for obstructive coronary artery disease. CMR showed both subepicardial late gadolinium enhancement (LGE) and myocardial edema in the basal inferior, basal inferolateral, and apical lateral LV segments. Global longitudinal strain (GLS) by TTE and CMR was normal at − 19.0% and − 19.1% respectively (normal is < − 18%). The patient was diagnosed with acute myopericarditis, treated with high-dose aspirin and colchicine, and was discharged home in stable clinical condition after 48 h of observation.
Case 2
A 19-year-old male with history of asthma and without any known cardiovascular conditions presented to the emergency department one day after receiving his second dose of the Pfizer COVID-19 vaccine with symptoms of chest pain. The chest pain worsened with inspiration and was associated with dyspnea, nausea, and vomiting. Cardiac examination was unremarkable and notable for the absence of a pericardial rub. A 12-lead ECG showed sinus tachycardia without any ST-T abnormalities. On admission, the serum troponin I was elevated at 49 pg/ml and the serum C-reactive protein was elevated at 109 mg/l. SARS COVID-19 PCR testing, viral serologies, and bacterial testing were all negative. TTE showed an LVEF of 62% and no pericardial effusion. CMR showed subepicardial LGE in the basal inferolateral segment. T2-weighted images to assess myocardial edema were not obtained. GLS by TTE and CMR was reduced (−12.0% and −12.1% respectively). The patient was diagnosed with myopericarditis, treated with colchicine and high-dose ibuprofen, and was discharged home in stable clinical condition.
Case 3
A 25-year-old male with no known prior health problems presented to the emergency department 3 days after receiving his second dose of the Moderna COVID-19 vaccine with chest pain and dyspnea. A 12-lead ECG showed diffuse PR segment depression and PR segment elevation in lead aVR, consistent with acute pericarditis. On admission, the serum cardiac troponin was elevated at 17 pg/ml and the serum C-reactive protein was elevated at 96 mg/dl. SARS COVID-19 PCR testing, other viral serologies, and bacterial testing were all negative. TTE showed an LVEF of 60% and no pericardial effusion. The patient was diagnosed with acute myopericarditis, treated with colchicine, and was discharged home in stable clinical condition. CMR performed 1 week after hospital discharge showed subepicardial LGE and myocardial edema in the lateral LV segments. GLS by TTE and CMR was normal (< −18%).
Case 4
A 37-year-old male with no known health problems presented to the emergency department 2 days after receiving his second dose of the Pfizer COVID-19 vaccine with chest pain radiating to the left arm. A 12-lead ECG showed ST elevations in the lateral leads and ST depression in lead V1. He was taken emergently to the cardiac catheterization laboratory where invasive coronary angiography was negative for obstructive coronary artery disease. On admission, serum troponin I was elevated at 26 pg/ml and the erythrocyte sedimentation rate was 32 mm/h (normal range 0–15 mm/h). SARS COVID-19 PCR testing, other viral serologies, and bacterial testing were all negative. TTE showed an LVEF of 65% and no pericardial effusion. CMR showed subepicardial LGE in the basal anteroseptal segment. T2-weighted images showed no hyperintensity in any of the myocardial segments but T2 mapping showed elevated relaxation time, consistent with myocardial edema. GLS by TTE and CMR was borderline reduced at −18% and −16% respectively. The patient was diagnosed with acute myocarditis and was sent home without any medications with cardiology follow up.
Case 5
A 20-year-old male with no known health problems presented to the emergency department with chest pain and dyspnea 3 days after receiving his second dose of the Pfizer COVID-19 vaccine. A 12-lead ECG showed diffuse PR segment depression and PR segment elevation in lead aVR, consistent with acute pericarditis. On admission, serum troponin I was elevated at 58 pg/ml. SARS COVID-19 PCR testing, other viral serologies, and bacterial testing were all negative. TTE showed a borderline depressed LVEF of 51% and no pericardial effusion. CT coronary angiography showed no coronary artery calcification and non-obstructive coronary artery disease. CMR showed subepicardial and mid-myocardial LGE in the basal, mid, and apical lateral segments accompanied by myocardial edema in mid and apical lateral segments on T2-weighted images. GLS by TTE and CMR was reduced (−14% and −12% respectively). The patient was diagnosed with acute myopericarditis and was treated with colchicine, ibuprofen, lisinopril, and metoprolol tartrate. He was discharged home in stable clinical condition and was asymptomatic when seen in outpatient cardiology clinic follow-up 4 weeks after discharge.
Discussion
Studies of mRNA-based COVID-19 vaccines have shown they are frequently associated with mild adverse effects in the first 24–48 h after administration, including pain and swelling at the injection site, fatigue, headache, muscle pain, chills, fever, and nausea [13]. While more severe adverse effects following COVID-19 vaccination are rare, they can occur.
In this case series, we provide detailed clinical and cardiovascular imaging findings in five young adult male patients with acute myocarditis following mRNA COVID-19 vaccination. With respect to the CMR findings in our patients, all five patients met the updated 2018 Lake Louise CMR criteria for acute myocarditis [14]. Interestingly, LGE and myocardial edema in our patients predominantly localized to the basal and mid lateral LV segments. Such distribution of myocardial edema and LGE on CMR was similarly seen in other case series of adults and pediatric population [5–10, 15, 16]. Prior studies suggest that this distribution of LGE carries a better prognosis compared to LGE localized to the septal segments [17].
Our case series adds to a growing number of recently published case series suggesting a possible association between acute myocarditis and mRNA COVID-19 vaccination, predominantly in males younger than 40 years of age. In the largest such series, by Montgomery et al., only 8 of the 23 patients (all males aged 20–51 years) underwent CMR [9]. Among these 8, all met Lake Louise CMR criteria for acute myocarditis but the specific pattern and location of LGE was not reported [9]. Similarly, Larson et al. described ‘patchy’ LGE in 8 healthy males aged 21 to 56 years diagnosed with acute myocarditis 2–4 days after receiving COVID-19 vaccination but again a more specific pattern was not described [8]. Other case series by Rosner et al., Shaw et al., Dickey et al. and Kim et al. found a pattern on CMR identical to the one we describe in our series [5–7, 10]. An additional case series by Marshall et al. found similar CMR findings in 7 adolescent male patients, suggesting that CMR findings in this clinical scenario may occur across age groups [11].
Consistent with previously published case series, all of our patients were males younger than 40 years. According to the CDC’s Advisory Committee on Immunization Practices, as of June 11, 2021, there have been 52 million doses of mRNA-based COVID-19 administered in persons aged 12–29 years and within this group there have been only 323 confirmed cases of myocarditis, pericarditis, or myopericarditis [18]. Among these 323 patients, the median age was 19 years, 291 (90%) were males, and the median interval from vaccination to symptom onset was 2 days [18]. From previous literature, it also appears that myocarditis typically occurs more commonly in males, and the incidence is highest amongst adolescent and young adults [19, 20]. The underlying pathophysiologic mechanism(s) of higher prevalence of acute myocarditis in males is poorly understood, but limited data suggest that elevated testosterone can contribute to acute myocarditis is by increasing viral binding to myocytes [21], inhibiting anti-inflammatory cell population [22], and upregulating cardiac fibrotic remodeling genes [23]. On the other hand, estrogen may play a protective role in myocarditis by stimulating inhibitory T regulator cells and inhibiting proinflammatory T-cells [23, 24].
If in fact there is a causal relationship between COVID-19 vaccination and acute myocarditis in this patient population—which this case series does not definitively establish—the underlying mechanism is unclear at this time. Rare cases of myocarditis have been reported after vaccinations for other diseases. Myocarditis and pericarditis have been reported after smallpox vaccination, and endomyocardial biopsy in such cases has suggested an immunological mediated etiology [25]. Because SARS-CoV-2 infection results a hyperinflammatory host response, it is plausible that vaccination stimulates in rare cases a similar immune response with direct cardiac effects.
Two-dimensional speckle tracking with echocardiography and feature-tracking with CMR can quantitatively measure myocardial mechanics (strain) in the longitudinal direction; and a decrease in GLS has been shown to detect LV dysfunction before a reduction in LVEF is identified [26]. Interestingly, three of our five patients had reduced or borderline reduced GLS. In acute myocarditis, reduced LV strain has shown to be predictive of adverse outcomes, even in patients with preserved LVEF [27]. Longer clinical follow-up may help understand if the CMR abnormalities observed are temporary in the setting of a high inflammatory state or longer-lasting, and whether they help predict any clinically-relevant adverse events or deterioration in cardiac function.
In the state of Rhode Island, a total of 693,578 people have received COVID-19 vaccination with at least one dose and a total of 635,432 people are fully vaccinated against COVID-19 infection [28]. This case series suggest that the estimated prevalence of acute myocarditis following COVID-19 vaccination is very low, but physicians should be vigilant in diagnosing such patients who are presenting with chest pain following COVID-19 vaccinations especially as we expand COVID-19 vaccination to more younger population. While, per CDC’s Advisory Committee on Immunization Practices, as of June 11, 2021, 96% of these patients were hospitalized, the vast majority had clinical courses similar to what we observed in all 5 of our patients—no deaths, resolution of symptoms with non-steroidal anti-inflammatory drugs, and relatively short hospital stays [18]. Nevertheless, continued clinical follow-up of these patients, perhaps with repeat CMR in 3–6 months, is needed to better understand whether there are any meaningful medium- and long-term effects of myocarditis following mRNA COVID-19 vaccination.
Limitations
Given this is a small case series from a single tertiary center in the state of Rhode Island, it is important to highlight that we cannot provide causal relationship and in fact only provides a possible association of acute myocarditis with mRNA COVID-19 vaccination. We do not have a long term follow up data on these patients and unable to ascertain the relevance of acute myocarditis on potentially receiving a future booster dose of COVID-19 vaccination. Despite these limitations, it is notable that the clinical presentation and CMR findings in these patients appear consistent with previously published case series of acute myocarditis after receiving mRNA COVID-19 vaccination.
Conclusion
In conjunction with other recently published case series and national vaccine safety surveillance data, this case series suggests an association between acute myocarditis and COVID-19 vaccination in young males and highlights a potential pattern in accompanying CMR abnormalities.
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