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Abstract

Background: Right ventricular (RV) dysfunction is common and associated with worse outcomes in patients with coronavirus
disease 2019 (COVID-19). In non-COVID-19 acute respiratory distress syndrome, RV dysfunction develops due to pulmonary
hypoxic vasoconstriction, inflammation, and alveolar overdistension or atelectasis. Although similar pathogenic mechanisms may
induce RV dysfunction in COVID-19, other COVID-19-specific pathology, such as pulmonary endothelialitis, thrombosis, or
myocarditis, may also affect RV function. We quantified RV dysfunction by echocardiographic strain analysis and investigated its
correlation with disease severity, ventilatory parameters, biomarkers, and imaging findings in critically ill COVID-19 patients.
Methods: We determined RV free wall longitudinal strain (FWLS) in 32 patients receiving mechanical ventilation for
COVID-19-associated respiratory failure. Demographics, comorbid conditions, ventilatory parameters, medications, and
laboratory findings were extracted from the medical record. Chest imaging was assessed to determine the severity of lung disease
and the presence of pulmonary embolism. Results: Abnormal FWLS was present in 66% of mechanically ventilated COVID-19
patients and was associated with higher lung compliance (39.6 vs 29.4 mL/cmH,O, P = 0.016), lower airway plateau pressures
(21 vs 24 cmH,O, P = 0.043), lower tidal volume ventilation (5.74 vs 6.17 cc/kg, P = 0.031), and reduced left ventricular function.
FWLS correlated negatively with age (r = —0.414, P = 0.018) and with serum troponin (r = 0.402, P = 0.034). Patients with
abnormal RV strain did not exhibit decreased oxygenation or increased disease severity based on inflammatory markers,
vasopressor requirements, or chest imaging findings. Conclusions: RV dysfunction is common among critically ill COVID-19
patients and is not related to abnormal lung mechanics or ventilatory pressures. Instead, patients with abnormal FWLS had
more favorable lung compliance. RV dysfunction may be secondary to diffuse intravascular micro- and macro-thrombosis or
direct myocardial damage. Trial Registration: National Institutes of Health #NCT04306393. Registered 10 March 2020,
https://clinicaltrials.gov/ct2/show/NCT04306393
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Introduction

" Department of Anesthesia, Critical Care, and Pain Medicine, Massachusetts

Among patients hospitalized with coronavirus disease 2019
(COVID-19), an estimated 20% to 25% will exhibit cardiac
involvement which has been associated with worse out-
comes.'*> Right ventricular (RV) dysfunction is the most
common cardiac abnormality and has been noted in between
30% and 40% of hospitalized patients across varying disease
severity.>

Whether intubated patients with COVID-19 are more prone
to developing RV dysfunction than non-COVID-19 popula-
tions with acute respiratory distress syndrome (ARDS) remains
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unknown. In non-COVID ARDS, RV dysfunction has been
attributed to the sustained elevation in pulmonary vascular
resistance resulting from pulmonary hypoxic vasoconstriction,
inflammatory infiltrates, and alveolar overdistension and
atelectasis during positive pressure ventilation.>® Impaired
microperfusion and direct inflammatory injury leading to
myocardial contractile dysfunction may also play a role.”®
To what extent the development of RV dysfunction in
COVID-19 infection can be attributed to these factors versus
COVID-19-specific pathology, such as endothelialitis or viral
myocarditis is unclear.”'® Recent autopsy studies and radio-
graphic findings have identified abnormalities of pulmonary
vasculature as distinguishing feature of COVID-19 illness,
including endothelial destruction, widespread thrombosis,
abnormal vessel dilation, and angiogenesis.”'?> We hypothe-
size that RV dysfunction in COVID-19 is different from that
in non-COVID ARDS due to a greater degree of pulmonary
vascular dysfunction rather than alveolar damage.

While standard echocardiography remains a valuable tool
for evaluation of RV function and estimation of pulmonary
pressures, speckle-tracking echocardiography has emerged as
a promising technique for detecting subclinical cardiac impair-
ment that may have prognostic implications.'*®**® RV free
wall longitudinal strain (FWLS) assessed by speckle-tracking
echocardiography has been shown to correlate with outcomes
in a variety of disease processes, including most recently as a
predictor of mortality in COVID-19."* In order to explore the
characteristics of RV dysfunction in severe COVID-19 infec-
tion, we quantified FWLS and investigated its correlation with
disease severity, ventilatory parameters, inflammatory mar-
kers, and chest imaging findings in a cohort of critically ill
patients receiving mechanical ventilation.

Methods

This study was approved by the Mass General Brigham Insti-
tutional Review Board (2020P000787) and informed consent
was obtained from each patient or their surrogate prior to
enrollment. Subjects in this study were enrolled as part of a
larger randomized controlled trial of nitric oxide for the treat-
ment of COVID-19 which has been described elsewhere.'” In
this ancillary study, we performed transthoracic echocardiogra-
phy in 32 patients within 72 hours of admission to an intensive
care unit with COVID-19 respiratory failure and prior to admin-
istration of inhaled nitric oxide. All patients were receiving
mechanical ventilation at the time of exam.

Demographic data, comorbid conditions, ventilatory para-
meters, medications, and inflammatory markers were extracted
from the electronic medical record. Ventilatory parameters
included airway plateau pressure, tidal volume, positive end
expiratory pressure (PEEP), fraction of inspired oxygen, pH,
and arterial partial pressures of oxygen and carbon dioxide.
Lung compliance was calculated as the tidal volume divided
by the difference between plateau pressure and PEEP. The P/F
ratio was calculated as the arterial partial pressure of oxygen
divided by the fraction of inspired oxygen. Recorded laboratory

findings included high-sensitivity troponin, platelet count,
D-dimer, ferritin, lactate dehydrogenase, creatinine kinase,
C-reactive protein, and serum creatinine. Laboratory data were
taken from the time of admission to the intensive care unit. The
acute physiologic assessment and chronic health evaluation II
(APACHE II) score'® and sequential organ failure assessment
(SOFA) score'” were calculated for each patient as indicators
of clinical disease severity. The vasoactive-inotropic score
(VIS)'® was calculated from the doses of vasopressors and/or
inotropes each patient was receiving at the time of echocardio-
graphic examination. The presence of acute kidney injury
(AKI) was determined based on an elevation in serum creati-
nine by at least 0.3 mg/dL from the patient’s prior baseline or,
if no baseline was available, from the time of hospital
presentation.

Echocardiographic Assessment

Echocardiographic images were obtained using a Philips CX50
(Andover, MA) portable ultrasound machine with a phased
array transducer. Studies were interpreted by an intensivist
certified in critical care echocardiography by the National
Board of Echocardiography. RV assessments included cham-
ber size, tricuspid annular plane systolic excursion (TAPSE),
and peak systolic tricuspid annular velocity (S”) by tissue Dop-
pler imaging. Right ventricular systolic pressure (RVSP) was
estimated as the sum of the peak gradient from the tricuspid
regurgitation jet and central venous pressure (CVP) measured
from a central venous catheter. In patients without CVP trans-
duction from a central venous catheter, CVP was approximated
based on IVC size and collapsibility. A CVP of 5 mmHg was
used if the IVC was < 2.1 cm and collapsible, and a CVP of
10 mmHg was used if the IVC was > 2.1 cm and plethoric.'® An
RVSP greater than 35 mmHg was considered elevated. RV
dilation was determined based on a basal diameter of 4.2 cm
or greater and RV systolic dysfunction was determined based
on TAPSE less than 1.8 cm, as this cutoff was previously
shown to best predict survival in patients with pulmonary
hypertension.?® LV assessments included mitral inflow signal
(E and A) by spectral Doppler, diastolic velocities of the lateral
mitral annulus (e’ and a”) by tissue Doppler, and the LV out-
flow tract velocity time integral, which was used as a correlate
for cardiac output. Left atrial pressure was estimated from the
ratio of E/e’ and values greater than 14 mmHg were considered
elevated.?!

Strain Analysis

In addition to the echocardiographic parameters described
above, we determined RV free wall longitudinal strain (FWLS)
by 2D speckle-tracking imaging. Strain was calculated for all
patients using Echolnsight (Epsilon Imaging, Ann Arbor,
Michigan) software. An automated tracing of the RV endocar-
dial border was generated from the apical 4-chamber view, and
manual corrections were performed to encompass the RV wall
thickness. End-diastole was identified as the frame occurring at
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Figure 1. Correlations between right ventricular free wall longitudinal strain (FWLS) and patient characteristics. FWLS negatively correlated
with age (A), high-sensitivity troponin level at the time of ICU admission (B) and left ventricular (LV) outflow tract velocity time integral
(C), a marker for cardiac stroke volume. In terms of respiratory parameters, FWLS negatively correlated with (D) airway plateau pressure
and (E) tidal volume, while FWLS positively correlated with (F) lung compliance.

the peak of the QRS complex, while end-systole was identified
as the frame in which the RV cavity was the smallest. The RV
endocardial border was then automatically tracked throughout
the cardiac cycle. The initial region of interest included both
the RV free wall and septum (Supplemental Figure 1) and in
accordance with recent guidelines,”> FWLS was automatically
calculated as the mean of the basal, mid, and apical strain
values of the RV free wall after excluding the septal strain
values. Longitudinal strain, representing the percent change

in length of a myocardial segment during systole, is expressed
as a negative value due to fiber shortening. FWLS greater than
—20% was considered abnormal based on published reference

ranges.”

Chest Imaging Findings
Portable chest radiographs obtained within 24 hours of endo-
tracheal intubation were assessed using a previously validated
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Table |. Demographics of Intubated COVID-19 Patients.

All (n = 32) Normal FWLS (n = I1) Abnormal FWLS (n = 21) P value
Age, mean + SD 56 + 14 62 + 15 53 + 13 0.066
Male sex, n (%) 21 (66%) 4 (36%) 17 (81%) 0.011
BMI (kg/m?), median (IQR) 30.4 (26.6—34.5) 31.5(27.4-33.6) 29.5 (25.7-34.8) 0.725
Hx of HTN, n (%) 16 (50%) 6 (55%) 10 (48%) 0.721
Hx of diabetes, n (%) 13 (41%) 3 (27%) 10 (48%) 0.280
Hx of CKD, n (%) 9 (28%) 4 (36%) 5 (24%) 0.469
Hx of tobacco use, n (%) 12 (38%) 5 (45%) 7 (33%) 0517
Hx of malignancy, n (%) 9 (28%) 5 (45%) 4 (19%) 0.122

Abbreviations: FWLS, free wall longitudinal strain; SD, standard deviation; IQR, interquartile range; BMI, body mass index, HTN, hypertension; CKD, chronic

kidney disease.

convolutional Siamese neural network-based approach for
automated assessment of COVID-19 lung disease severity,
called the pulmonary x-ray severity (PXS) score.”*** In brief,
this machine learning model takes pixel-level image data from
frontal chest radiographs as inputs and outputs a quantitative
score for consolidative lung disease severity, which has been
shown to correlate with manual assessment of COVID-19
radiographic disease severity by multiple radiologists. In
this scheme, a PXS score < 2.5 indicates normal/minimal dis-
ease, > 2.5 and < 5.0 mild disease, > 5.0 and < 9.0 moderate
disease, and > 9.0 severe disease. DICOM files for the chest
radiographs of interest were exported from our institution’s
picture archiving and communication system and processed
using the PXS score algorithm. Fifteen patients underwent
CT pulmonary angiography and were assessed by a thoracic
radiologist for presence of pulmonary emboli (PE).

Statistical Methods

Normally distributed data are presented as mean + standard
deviation and compared using the independent samples t-test.
Nonnormally distributed data are presented by the median and
first and third quartiles and compared using the Wilcoxon
rank-sum test. Normality was determined with the
Shapiro-Wilk test. Correlation between FWLS and continuous
variables was determined by Pearson (normally distributed
variables) or by Spearman (nonnormally distributed variables)
correlation. P < 0.05 was considered to indicate statistical sig-
nificance. Data were analyzed using SPSS version 24 (IBM
Corp., Armonk, NY).

Results
Demographics

Among the 32 patients studied, 66% (n = 21) were male and
the average age was 56 4 14 years. Six patients (19%) had
major pre-existing cardiac disease, including severe mitral
regurgitation (n = 1), left ventricular (LV) hypertrophy
(n = 3), and ischemic cardiomyopathy (n = 2). None of the
patients had pre-existing pulmonary hypertension or RV dys-
function prior to admission for COVID-19 infection. Abnormal

FWLS was present in 21 of 32 patients (66%). Abnormal strain
was associated with male gender (P = 0.011) and FWLS was
negatively correlated with age (r = —0.414, P = 0.018;
Figure 1). There was no association between abnormal strain
and BMI or medical co-morbidities (Table 1).

Clinical Risk Scores and Laboratory Findings

Patients with abnormal and normal FWLS had similar disease
severity by the APACHE and SOFA scores, similar vasopressor
and inotrope requirements by the VIS (4.7 vs 6.2, P = 0.725),
and similar rates of AKI (48% vs 64%, P = 0.405). In terms of
laboratory findings, abnormal FWLS was associated with a
lower platelet count (218 vs 317 10°/uL, P = 0.016) and a trend
toward higher ferritin levels (1697 vs 963 ug/L, P = 0.123).
FWLS was negatively correlated with high-sensitivity troponin
level (r = —0.402, P = 0.034; Figure 1). There were no other
differences in inflammatory markers between patients with
and without abnormal strain patterns (Table 2) and no
other correlations between FWLS and laboratory findings
(Supplemental Table 1).

Respiratory Parameters

Patients with abnormal FWLS were receiving lower tidal
volume ventilation (5.74 vs 6.17 cc/kg, P = 0.031), lower air-
way plateau pressures (21 vs 24 cm H,0, P = 0.043), and had
higher lung compliance (39.6 vs 29.4 mL/cm H,0, P = 0.016)
than those with normal RV function. Patients with abnormal
FWLS also trended toward lower positive end expiratory
pressures (11 vs 13 cm H,O; P = 0.153). FWLS negatively
correlated with tidal volume (r = —0.516, P = 0.003) and
airway plateau pressure (r = —0.490, P = 0.004), and posi-
tively correlated with lung compliance (r = 0.602, P = 0.006;
Figure 1). There were no differences in pH, carbon dioxide
levels, or oxygenation between patients with normal and
abnormal FWLS (Table 3).

Echocardiographic Data

Five patients (16%), all with abnormal FWLS, had evidence
of RV systolic dysfunction by TAPSE. Thirteen of our
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Table 2. Clinical Risk Scores and Laboratory Findings Among COVID-19 Patients.

All (n = 32) Normal FWLS (n = 1) Abnormal FWLS (n = 21) P value
APACHE score, median (IQR) 23 (19-26) 26 (21-26) 23 (18-25) 0.180
SOFA score, mean + SD 84 + 24 8.1 + 22 85 4+ 25 0.627
VIS, median (IQR) 4.9 (0-12.2) 6.2 (1.39-13.8) 4.7 (0-10.5) 0.725
HS troponin (ng/L), median (IQR) 22 (11-52) 31 (16-54) 19 (11-35) 0.656
Elevated HS troponin*, n (%) 19 (59%) 8 (73%) 11 (52%) 0.108
Platelet count (k/uL), mean + SD 252 + 113 317 + 103 218 + 105 0.016
D-dimer (ng/mL), median (IQR) 2118 (1324-3732) 2032 (1110-3016) 2203 (1351-4184) 0.457
Ferritin (ug/L), median (IQR) 1439 (843-2811) 963 (386-1262) 1697 (981-3013) 0.123
LDH (U/L), median (IQR) 441 (337-647) 524 (439-667) 398 (319-625) 0.144
CK (U/L), median (IQR) 198 (78-937) 11 (59-383) 454 (81-1022) 0.261
CRP (mg/L), median (IQR) 146 (118-229) 143 (103-225) 146 (134-210) 0.855
AKI, n (%) 18 (56%) 7 (64%) Il (48%) 0.405

Abbreviations: FWLS, free wall longitudinal strain; SD, standard deviation; IQR, interquartile range; APACHE, acute physiologic assessment and chronic health
evaluation Il; SOFA, sequential organ failure assessment; VIS, vasoactive inotropic score; HS, high-sensitivity; LDH, lactate dehydrogenase; CK, creatinine kinase;

CRP, C-reactive protein; AKI, acute kidney injury.
*HS troponin was considered elevated if >15 ng/L (men) or >10 ng/L (women).

Table 3. Respiratory Parameters Among Intubated COVID-19 Patients.

All (n = 32) Normal FWLS (n = 11) Abnormal FWLS (n = 21) P value
PEEP (cm H,O), mean + SD I+ 34 13 + 3.1 I+ 35 0.153
Plateau P (cm H,O), mean + SD 22 + 4.2 24 + 3.0 21 + 44 0.043
TV (cc/kg), mean + SD 5.89 + 0.54 6.17 + 0.60 574 + 046 0.031
Lung compliance (mL/cm H,0O), median (IQR) 33.2 (29.9-36.9) 27.5 (24.4-33.2) 33.3 (32.3-45.7) 0.004
FiO,, median (IQR) 50% (40%-60%) 50% (40%-70%) 50% (40%-60%) 0.457
pH, mean + SD 7.36 + 0.08 7.38 + 0.09 7.35 + 0.07 0.256
PaO, (mm Hg), median (IQR) 87 (79-119) 90 (82-121) 87 (79-118) 0.938
PaCO, (mm Hg), mean + SD 46 + 9.0 44 + 63 46 + 10 0.463
P/F ratio, median (IQR) 179 (147-224) 180 (171-201) 178 (137-258) 0.785

Abbreviations: FWLS, free wall longitudinal strain; SD, standard deviation; IQR, interquartile range; PEEP, positive end expiratory pressure; P, pressure; TV, tidal

volume; FiO,, fraction of inspired oxygen; P/F ratio, PaO,/FiO,.

patients (42%) met criteria for pulmonary hypertension
(RVSP > 35 mmHg) and 14 patients (44%) had evidence
of RV dilation. Neither pulmonary hypertension nor RV
dilation were associated with abnormal strain (Table 4), nor
did FWLS correlate with RVSP or RV basal diameter (Sup-
plemental Table 1). LV dysfunction was overall uncommon
in our population. Four patients (13%) had elevated left
atrial pressures and 2 patients (7.1%) had a reduced LV
outflow tract velocity time integral (< 18 cm). Abnormal
RV FWLS was associated with reduced LV stroke volume
based the LV outflow tract velocity time integral (21.7 vs
28.1 cm, P = 0.001) as well as reduced late diastolic mitral
annular velocity (a’) by tissue Doppler (11.6 vs 14.6 cm/s,
P = 0.026). There was also a trend of lower late diastolic
filling velocity (A) by spectral Doppler in patients with
abnormal FWLS (71.4 vs 87.1 cm/s, P = 0.053). FWLS
also correlated with both LV outflow tract velocity time
integral (r = —0.511, P = 0.005; Figure 1) and late diastolic
mitral annular velocity (a’) (r = —0.383, P = 0.037;
Supplemental Table 1).

Imaging Findings

Post-intubation chest radiographs were available for 31 out of
32 patients. Images were not available for 1 patient who was
transferred from an outside facility. There was no difference in
severity of pulmonary disease between patients with and with-
out abnormal FWLS as assessed by the PXS score, a deep
learning-based automated radiographic score for COVID-19
lung disease severity (8.24 + 2.70 vs 9.33 + 1.56,
P = 0.205) (Figure 2A), nor was there a correlation between
FWLS and PXS score (Supplemental Table 1). These scores
fall within the range of moderate-to-severe lung pathology.
Fifteen patients had CT pulmonary angiograms performed due
to clinical suspicion for PE, of which 5 had evidence of seg-
mental or subsegmental PEs. Of the patients with confirmed
PEs, 1 of 5 patients had normal FWLS and underwent CT
pulmonary angiography (20%) compared to 4 of 10 patients
who had abnormal FWLS and underwent CT pulmonary angio-
graphy (40%) (Figure 2B). The 4 patients with abnormal FWLS
who underwent CT pulmonary angiography had strain values



Gibson et al 905
Table 4. Echocardiographic Findings Among Intubated COVID-19 Patients.

All (n = 32) Normal FWLS (n = 1) Abnormal FWLS (n = 21) P value
RV FWLS (%), mean + SD —17% + 6% —24% + 2% —14% + 4% -
RV basal diameter (cm), mean + SD 422 4+ 094 411 + 0.83 427 + 1.00 0.670
RV basal diameter > 4.2 cm, n (%) 14 (44%) 5 (45%) 9 (43%) 0.893
TAPSE (cm), mean + SD 2.25 + 0.50 235 + 049 220 + 051 0.426
TAPSE < 1.8 cm, n (%) 5 (15.6%) 0 (%) 5 (24%) 0.083
S’ (cm/s), mean + SD 14.6 + 3.66 144 + 3.77 14.6 + 3.70 0.869
RVSP* (mmHg), mean + SD 300 + I1.5 319 + 132 289 + 10.7 0.496
RVSP > 35 mmHg, n (%) 13 (42%) 6 (55%) 7 (33%) 0.260
LA pressure (mmHg)**, mean + SD 11.6 + 3.0 1.7 + 24 11.6 + 3.3 0.893
LA pressure > 14 mmHg, n (%) 4 (13%) I (10%) 3 (14%) 0.749
E (cm/s), mean + SD 76.6 + 19.9 743 + 214 776 + 19.6 0.675
A (cm/s), mean + SD 76.7 + 21.1 87.1 £+ lé.1 714 + 217 0.053
e’ (cm/s), mean + SD 10.7 + 2.80 10.1 + 2.39 11.0 + 2.98 0.379
a’ (cm/s), mean + SD 12.6 + 3.64 146 + 3.73 1.5 + 3.21 0.026
LVOT VTI¥* (cm), mean + SD 237 + 53 28.1 + 43 21.7 + 4.3 0.001
LVOT VTI < I8 cm, n (%) 2 (7.1%) 0 (0%) 2 (11%) 0.331

Abbreviations: FWLS, free wall longitudinal strain; RV, right ventricular; SD, standard deviation; TAPSE, tricuspid annular plane systolic excursion; S’, peak systolic
tricuspid annular velocity; RVSP, right ventricular systolic pressure; LV, left ventricular; LA, left atrium; E, early mitral diastolic filling velocity; A, late mitral diastolic
filling velocity; €', early diastolic mitral annular velocity; a’, late diastolic mitral annular velocity; LVOT VTI, left ventricular outflow tract velocity time integral.

*Tricuspid regurgitation jet was not visualized in | patient. **LA pressure could not be estimated in | patient. *LVOT VTI could not be determined in 4 patients.

that were below the lower (25%) quartile. Examples of scored
chest radiographs from patients with normal and abnormal
FWLS are shown in Figure 2C.

Discussion

In our cohort of critically ill COVID-19 patients, we found the
incidence of pulmonary hypertension (42%) and RV dilation
(44%) to be similar to other populations with ARDS’ and
slightly higher than previous reports of RV dysfunction in
COVID-19 ranging from 30%-39%.%*'* This is not surprising
given that our study included only those with severe illness
requiring mechanical ventilation. Abnormal FWLS was present
in the majority (66%) of our patients and, unexpectedly, was
associated with favorable lung mechanics (i.e. compliance) and
lower airway pressures, suggesting that FWLS in this popula-
tion may not be attributable to alveolar collapse or distension
during positive pressure ventilation. Patients with abnormal
FWLS did not exhibit worse oxygenation, hypercarbia, or
acidosis and, consistent with these findings, did not have radi-
ologic evidence of more severe lung disease to account for the
RV impairment. It is possible that prior hypoxemic episodes or
sudden changes in transpulmonary pressures, such as during
endotracheal intubation, may have contributed to the RV strain
patterns detected on echocardiography. Whether strain
abnormalities persist after acute changes in RV afterload is
an area that warrants further investigation.

Severe COVID-19 illness is not limited to pulmonary man-
ifestations and often involves other organ systems including the
brain, liver, and kidneys.%"27 A possible explanation for our
findings, therefore, may be that patients with abnormal FWLS,
while not experiencing more severe respiratory illness, may

have had more severe multi-organ involvement. However, in
the current study, FWLS did not correlate with severity of
systemic illness based on clinical risk scores, inflammatory
markers, or vasopressor requirements. We consider 2 alterna-
tive mechanisms that may explain impaired RV function in our
study: 1) pulmonary vascular abnormalities, such as micro or
macro thromboembolic phenomena that can increase RV after-
load, and 2) direct myocardial injury causing impaired
contractility.

Intravascular micro and macro thrombosis has been reported
in both non-COVID-19 and COVID-19 ARDS.***’ Micro-
thrombosis is much more frequent in COVID-19 ARDS and
may contribute to increased total pulmonary vasculature resis-
tance.'! Enlarged vessels and shunting of blood toward areas of
diseased lungs are additional features of COVID-19 infection
that may affect RV afterload.® A key role of diffuse intravas-
cular thrombosis in RV dysfunction in COVID-19 is supported
by the lower platelet counts we observed among patients with
abnormal FWLS. A decrease in platelets, while common occur-
rence in a hyperinflammatory state, is also observed during
acute PE due to platelet activation in the pulmonary vascula-
ture.’*>! Indeed, 4 of the 5 patients diagnosed with PE in our
cohort had abnormal strain patterns, although the process by
which pulmonary angiography was performed in our patients
introduces selection bias. We also expect that pulmonary
thrombosis, if leading to abnormal FWLS, would also cause
a concomitant rise in pulmonary artery pressures. Pulmonary
hypertension was not associated with FWLS in our study, how-
ever the accuracy of echocardiography in estimating pulmon-
ary artery pressures is limited at best with a tendency to
underestimate.*>** A more complete understanding of the role
for pulmonary thrombosis in the pathogenesis of RV
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Figure 2. Patients with normal and abnormal right ventricular free wall longitudinal strain (FWLS) had similar COVID-19 lung disease severity
scores on chest radiographs (PXS score) and different rates of pulmonary embolism on CT imaging. A) Histogram comparing mean PXS scores
+ standard deviation between patients with normal and abnormal FWLS. B) Patients with abnormal FWLS had a higher rate of pulmonary
embolism detected on CT imaging. C) lllustrative examples above from a patient with normal FWLS (left panel) and abnormal FWLS (right panel)
show patchy bilateral airspace opacities. The PXS scores of 8.0 and 8.4 reflect moderate radiographic disease severity.

impairment in COVID-19 infection may be gained by direct
measurement of pulmonary pressures by catheterization.
Direct myocardial damage may occur in severe COVID-19
either from inflammation or viral entry into cardiomyocytes.
Autopsy studies have identified endothelialitis of the pulmon-
ary vasculature as a prominent feature of severe COVID-19
infection.!"!2 Due to its limited contractile reserve, the RV
may be particularly susceptible to inflammatory insult. Indeed,
macrophage infiltration and interstitial fibrosis have been
identified within the myocardium of COVID-19 patients.>*>
While the virus has proven capable of entry and replication
within cardiomyocytes grown in vitro, it is unclear whether
this occurs in patients.>® We also considered myocardial

ischemia as a possible etiology for RV injury given that many
patients in our cohort had elevated high-sensitivity troponin
levels. However, we found FWLS to be negatively correlated
with troponin levels, i.e. patients with less negative (abnormal)
strain values had lower troponin levels, while patients with
more negative (normal) strain values had higher troponin lev-
els. This finding argues against direct myocardial injury, either
from ischemic insult or myocarditis, as the primary cause of
RV dysfunction in our population.

Lastly, we found that abnormal RV FWLS was associated
with markers of reduced LV systolic and diastolic function. LV
dysfunction in previously normal hearts may be seen during
acute pulmonary hypertension as a consequence of ventricular
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interdependence.®” Alternatively, FWLS may provide an early
indication of global cardiac impairment in COVID-19 patients,
as factors causing direct injury to the RV would also damage
the LV. Evaluation of LV strain, while beyond the scope of the
current study, may provide better understanding of this
relationship.

Limitations

This study has several limitations. First, we report clinical
findings on a small, relatively homogenous cohort of mechani-
cally ventilated patients and may be underpowered to detect
important differences. The dichotomization of normal and
abnormal RV strain could further decrease our ability to detect
differences. Second, 15 of our patients were in the prone posi-
tion at the time of echocardiographic examination. This
includes 5 of 11 patients (45%) with normal FWLS and 10 of
21 patients (48%) with abnormal FWLS. While technically
feasible,”® echocardiographic measures have not been vali-
dated in this position. Third, we report differences in RV
FWLS, which has been shown to provide a more accurate
representation of RV function compared to global RV strain,
which incorporates septal strain and is likely impacted by LV
function.’® However, the differences between free wall and
global strain have not been well characterized among patients
with ARDS. Fourth, CT findings were not available for all
patients. CT data is reported from a subset of patients for whom
the treating clinicians had suspicion for PE and should be inter-
preted with caution given selection bias. Lastly, the lack of a
comparator group of non-COVID-19 patients with ARDS on
which to compare our findings is an important limitation that
should be addressed in a future study.

Conclusion

Our findings suggest the need for alternative explanations for
RV dysfunction in severe COVID-19 illness beyond positive
pressure ventilation, poor lung compliance, and alveolar dam-
age. FWLS may be associated with intravascular micro and
macro thrombosis in COVID-19 infection that does not appear
to be related to abnormal lung mechanics or ventilatory pres-
sures. Further work is required for a more thorough understand-
ing of the mechanism for the development of RV dysfunction
and its prognostic implications in this population.
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