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Abstract

Background: Right ventricular (RV) dilation has been used to predict adverse outcomes in acute pulmonary condi-
tions. It has been used to categorize the severity of novel coronavirus infection (COVID-19) infection. Our study aimed
to use chest CT-angiogram (CTA) to assess if increased RV dilation, quantified as an increased RV:LV (left ventricle) ratio,
is associated with adverse outcomes in the COVID-19 infection, and if it occurs out of proportion to lung parenchymal

disease.

the lungs.

Results: We reviewed clinical, laboratory, and chest CTA findings in COVID-19 patients (n=100), and two control
groups: normal subjects (n=10) and subjects with organizing pneumonia (n=10). On a chest CTA, we measured
basal dimensions of the RV and LV in a focused 4-chamber view, and dimensions of pulmonary artery (PA) and

aorta (AO) at the PA bifurcation level. Among the COVID-19 cohort, a higher RV:LV ratio was correlated with adverse
outcomes, defined as ICU admission, intubation, or death. In patients with adverse outcomes, the RV:LV ratio was
1.06£0.10, versus 0.95£0.15 in patients without adverse outcomes. Among the adverse outcomes group, com-
pared to the control subjects with organizing pneumonia, the lung parenchymal damage was lower (22.6£9.0 vs.
32.71+6.6), yet the RV.LV ratio was higher (1.06 £0.14 vs. 0.89 £ 0.07). In ROC analysis, RV:LV ratio had an AUC=0.707
with an optimal cutoff of RV:LV > 1.1 as a predictor of adverse outcomes. In a validation cohort (n=25), an RV:LV > 1.1
as a cutoff predicted adverse outcomes with an odds ratio of 76:1.

Conclusions: In COVID-19 patients, RV:LV ratio> 1.1 on CTA chest is correlated with adverse outcomes. RV dilation in
COVID-19 is out of proportion to parenchymal lung damage, pointing toward a vascular and/or thrombotic injury in
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Background

Most Coronavirus Disease 2019 (COVID-19) infec-
tions are asymptomatic or mild, yet severe infections can
occur and lead to multiorgan failure and death [1-6].
Patients who are older or have pre-existing conditions are
at a higher risk of developing severe symptoms [2, 4, 5,
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7, 8]. Predictors of severe disease include lymphopenia,
elevated levels of d-dimer, lactate dehydrogenase, ferri-
tin, troponin, and brain natriuretic peptide (BNP) (3, 4,
9]. Studies using computerized tomography (CT) of the
chest found an association of the severity of COVID-19
with extensive consolidation and multiple lung segment
involvement [10—13]. However, the use of CT in routine
diagnosis has been discouraged due to a lack of specific-
ity and the potential of exposing the imaging suite and
personnel to the disease [14, 15].

Multiple groups have proposed the pathogenesis
of circulatory dysfunction in COVID-19. COVID-19
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infection may induce direct myocardial injury (myo-
carditis), vascular injury in the pulmonary circulation,
hypercoagulable state, and stress-induced cardiomyo-
pathy, resulting in right-sided heart failure [7, 16-18].
While most studies of right heart failure are echocar-
diogram-based [6, 19, 20], prior chest CT studies had
reported that an increased right ventricle (RV) to left
ventricle (LV) ratio predicts adverse outcomes in acute
pulmonary conditions, such as acute respiratory dis-
tress syndrome (ARDS) and acute pulmonary embo-
lism (PE) [21-25]. The aim of the current study is to
determine if an increased RV:LV ratio on a chest CT-
angiogram (CTA) in COVID-19 patients is associated
with adverse clinical outcomes, and if an increased
RV:LV ratio occurs out of proportion to lung parenchy-
mal disease.

Methods

Study population

Between March 1 and September 30, 2020, 4543 patients
were tested positive for COVID-19 infection in the Uni-
versity of Wisconsin health system. Among the posi-
tive cases, 100 consecutive patients were included in
this study, who underwent chest CTA chest due to an
elevated d-dimer level and suspected acute PE within
35 days of both tests. Subjects who had a COVID+ test
and CTA chest more than 35 days apart were excluded
from the study. We quantified the baseline characteris-
tics, clinical course, and CTA chest findings of COVID-
19 patients and the control groups. We classified the
COVID-19 cohort based on adverse outcomes (defined
as ICU admission, intubation, or death), whereby
COVID-AO+ signifies the subgroup adverse outcomes
and COVID-AO- signifies the subgroup with no adverse
outcomes.

As a control group, we identified two cohorts of
patients who underwent CTA chest for suspected acute
PE or hypoxemia; but did not have a PE and did not have
COVID-19 infection. The first control group included
ten patients with suspected acute PE from January to
April 2020, but had neither PE nor COVID-19 (Normal
control). The second control group included ten patients
with organizing pneumonia (Org-PNA control) between
2012-2019. Both control groups were selected to match
with the COVID-19 group for age and pre-existing con-
ditions. The organizing pneumonia group was chosen to
differentiate the impact of chronic lung parenchymal dis-
ease from the COVID-19 infection.

Moreover, we selected a separate validation cohort of
25 consecutive patients with COVID-19, who underwent
CTA chest between October 1 and October 30, 2020, for
suspected PE (but did not have a PE).
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CTA chest acquisition

According to clinical standard protocols for pulmonary
embolism, all patients were scanned without ECG gat-
ing on 64-slice and 256-slice scanners. Imaging was per-
formed after intravenous contrast administration, and
contrast enhancement was present in the pulmonary and
systemic circulation.

Chamber quantification on CT images

The CT scans were independently and retrospectively
reviewed by an experienced cardiothoracic radiologist
(CF, 13 years’ experience) and a cardiac imaging special-
ist (FR). All chamber quantification measurements were
performed as represented in Fig. 1. The basal diameters
of the RV and LV (maximum distance between the ven-
tricular endocardium and the interventricular septum)
were measured in 4-chamber, axial, and short-axis views.
The 4-chamber views were used for analysis. At the level
of the pulmonary artery (PA) bifurcation, the inner wall-
to-inner wall diameters of the aorta (AO) and the PA
were obtained in the axial plane (PA measured just proxi-
mal to the bifurcation).

Chest CT COVID-19 severity score

To report the severity of parenchymal lung involvement
in COVID-19, we utilized the scoring system proposed
by Yang et al. (CT-SS: CT scoring system) [26]. As rec-
ommended by Yang et al., we reported the lung opaci-
ties in all twenty lung regions on chest CT based on the
degree of parenchymal opacification percentage (Fig. 2).
For each lung region, 0% opacification =score 0, 0-50%
opacification=score 1, and>50% opacification=score
2. The CT-SS was defined as the sum of the individual
scored in the 20 lung segment regions, i.e., ranging from
0 to 40 points. All CT images were reviewed by Drs.
Francois and Raza, blinded to the clinical data and labo-
ratory indicators.

Statistical analyses

Continuous variables were presented as mean =+ standard
deviation (SD), or range when appropriate, and their dif-
ference between groups was assessed using analysis of
variance (ANOVA), where data were normally distrib-
uted. Categorical variables were analyzed using Fisher’s
exact test. For RVILV analysis, we assessed the inter-
and intra-observer bias in CT measurements using the
Bland—Altman (or Tukey’s Mean Difference) plot, as rec-
ommended by Gow et al. 2008 [27]. To test the difference
in RV:LV and PA:AO ratio between groups, we carried
out a post-hoc pairwise comparison, adjusted for multi-
ple testing with Bonferroni correction. Receiver operat-
ing curve (ROC) analysis was performed to detect area
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Fig. 1 Representative images of quantitative measurements and lung parenchyma in COVID-19, Org-PNA, and normal control cohort. A-C
COVID-19 (RV 52 mm, LV 45 mm, RV:LV 1.15, PA 29 mm, AO 36 mm, PA:AO 0.8). D-F Org-PNA (RV 39 mm, LV 45 mm, RV:LV 0.86, PA 26 mm, AO
27 mm, PA:AO 0.96). G-I Normal (RV 27 mm, LV 33 mm, RV:LV 0.81, PA 28 mm, AO 33 mm, PA:AO 0.84). COVID-19 novel coronavirus, RV right
ventricle, LV left ventricle, AO aorta, PA pulmonary artery, Org-PNA organizing pneumonia

—

under the curve (AUC) to determine the discriminatory
ability of the RV:LV ratio to predict adverse outcomes
in COVID-19 patients. To test for potential confound-
ing factors, we fit a simple linear regression to the RV:LV
ratio and BMI and age, as well as PA:AO ratio and BMI
and age. We also tested for a correlation between the
RV:LV ratio and the CT-SS. All analyses were performed
in SPSS v22.0 (IBM Corp. Armonk, NY, USA) and R (ver-
sion 4.0.0) [28].

Results

The COVID-19 cohort

The baseline clinical features and significant laboratory
findings at the time of admission of the 100 patients

with COVID-19 infection are included in Table 1. The
mean age was 55.1+14.9 years, and 55 were female.
The presenting symptoms included: dyspnea (81%),
cough (80%), and fever (61%). Fifty-eight patients had
at least one pre-existing condition or were active smok-
ers. Among the 100 patients, 57 were hospitalized for
management. Six patients received chloroquine, five
patients received convalescent plasma, eight patients
received Remdesivir, and 21 patients received both
Remdesivir and convalescent plasma. Twenty-three
patients received therapeutic anticoagulation, whereas
the rest received prophylactic anticoagulation. The
timeline between positive COVID test and CTA chest
acquisition was 10.3 £+ 12.5 days (with a range from 0 to
34 days).
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scoring system [26]

Fig. 2 Representative images demonstrating the difference between a CT-SS scoring system. A Severity score =1, B severity score = 2. CT-5S CT

The RV:LV ratio is elevated in patients with COVID-19
Across all COVID-19 positive patients, the average
LV and RV basal diameters were 39.7+7.0 mm and
38.5+6.4 mm, respectively. The average RV:LV ratio
was 0.98+0.15. Compared with the two control groups,
the average RV:LV ratio was higher in COVID-positive
patients than in the normal control (p<0.001) and than
in the patients with organizing pneumonia (p <0.01).

On inter- and intra-observer variability analysis, we
found an acceptable level of variation in terms of the RV
and LV measurements on CTA chest (r=0.922 for inter-
observer variability 0.915 for intra-observer variability).
Neither inter- nor intra-observer variability changed with
the variable mean. Moreover, among the 100 patients,
only 11 patients underwent transthoracic echocardio-
gram (TTE). The timeline between the CTA chest and
TTE was 1.4=+1.1 days. The RV:LV ratio was similar
between CTA-based vs. TTE-based methods (1.06 +0.15
vs. 1.06+0.15, p=0.43).

COVID-AO+ versus COVID-AO—

Among the overall COVID cohort (n=100), 25 patients
had an adverse outcome (COVID-AO+), defined as
ICU admission (24 events), endotracheal intubation (19
events), or death (10 events). The remaining 75 patients
had no adverse outcomes (COVID-AO-). The base-
line characteristics of the two groups are compared in
Table 2. The COVID-AO+ had a longer hospital stay
(17£11 vs. 743 days in COVID-AO—) and a higher
rate of supplemental oxygen requirement. COVID-AO+
group also had more abnormal laboratory markers at the
time of COVID-19 diagnosis (Table 2).

The COVID-AO+ subgroup had a higher RV:LV
ratio (1.0640.14) than the COVID-AO-— subgroup
(0.95+0.15, p<0.01). When compared with the two con-
trol groups, the RV:LV ratio increased incrementally in
the order of "normal cohort < Org-PNA cohort < COVID-
AO—<COVID-AO+" (Fig. 3, Table 2). The PA:AO ratio
was similar between groups (Fig. 3, Table 2).

The RV:LV ratio as a marker of adverse outcomes

in COVID-19

The probability of an adverse outcome increased with
an increasing RV:LV ratio (Fig. 4A). We did not find evi-
dence that this difference was explained by the potential
confounding variables—neither BMI nor age were cor-
related with the RV:LV ratio. Receiver operating curve
analysis of the RV:LV ratio predicting adverse outcomes
revealed AUC=0.707 (CI: 0.592-0.823, p=0.002) with
an optimal cutoff of 1.1. Among subgroups of COVID-19
patients with RV:LV ratio > 1.1, 9/20 (45%) had adverse
outcomes; and among COVID-19 patients with RV:LV
ratio< 1.1, 16/80 (20%) had adverse outcomes.

RV:LV ratio is higher and out of proportion to lung
parenchymal damage in COVID-19

The parenchymal lung involvement was assessed using
CT scoring system (CT-SS, Fig. 2). When comparing
the two subgroups of COVID-positive patients, patients
with adverse outcomes had a significantly higher CT-SS
score (22.6£9.0 vs. 13.8+10.0, p<0.001, Fig. 3). How-
ever, when directly comparing the COVID-AO+ sub-
group with the Org-PNA control cohort, the CT-SS was
significantly lower in COVID-AO+ subgroup (p<0.01),
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Table 1 Clinical features of COVID-19 patients in the study and validation cohorts

Parameters COVID-19 study cohort (n=100) COVID-19 validation cohort (n=25) pvalue
Age (years) 55.14+149 634+129 <0.01
Female, n (%) 55 (55%) 8 (32%) 0.039
Symptoms, n (%)
- Shortness of breath 81 (81%) 18 (72%) 0.32
- Cough 80 (80%) 17 (68%) 0.20
- Fever 61 (61%) 14 (56%) 0.60
— Sore-throat 16 (16%) 3(12%) 0.62
Past medical history, n (%)
- Asthma 21 (21%) 5 (20%) 091
- 0OSA 16 (16%) 8 (32%) 0.07
- HTN 46 (46%) 13 (52%) 0.59
- DM 30 (30%) 9 (36%) 0.56
- CAD 4 (14%) 5 (20%) 045
Symptom-onset — COVID-19+ (days) 53+63 32+21 <0.01
COVID-194 — chest CTA time (days) 1034125 33+37 <0.01
Outcomes, n (%)
- Inpatient 58 (58%) 14 (56%) 0.85
- Length of hospital stay (days) 111491 10.1£127 0.78
- Supplemental oxygen 46 (46%) 11 (44%) 0.86
- ICU admission 24 (24%) 3(12%) 0.19
— Intubation 9 (19%) 3(12%) 041
- Death 0 (10%) 2 (7%) 0.76
COVID medication, n (%)
- Chloroquine 6 (6%) 0 (0%) 0.21
- Convalescent plasma 5 (5%) 2 (8%) 0.13
— Remdesivir 8 (8%) 0 (0%) 0.14
— Remdesivir 4 convalescent plasma 21 (21%) 9 (36%) 0.11
Laboratory data
D-dimer (mcg/mL) 1.7£29 1.14+06 0.05
CRP (mg/dL) 9.1+86 1454+96 0.08
Lactate (mmol/L) 20£12 19413 0.84
Absolute lymphocytes (/mcl) 1470£1100 1090 £ 650 0.03
Platelets (K/micro-L) 221+77 201+70 0.22
Creatinine (mg/dL) 1.14+18 1.1+£03 0.83

Values are mean+SD

COVID-19 novel coronavirus, OSA obstructive sleep apnea, HTN hypertension, DM diabetes, CAD coronary artery disease, ICU intensive care unit, CRP C-reactive protein

despite a higher RV:LV ratio (Fig. 3, Table 2). This high-
lights the observation that an increased RV:LV ratio in
COVID-AO+ subgroup is out of proportion to the lung
parenchymal damage.

Validation of RV:LV ratio > 1.1 to predict adverse outcomes
in COVID-19

To validate the findings of using CTA-based RV:LV
ratio>1.1 to predict adverse outcomes, we reviewed
the clinical course of 25 consecutive COVID-19 positive
patients who underwent CTA chest between October 1
and October 30, 2020. The baseline characteristics of

the patients are summarized in Table 1. In the validation
cohort, five patients had an RV:LV ratio>1.1 (1.2+0.1),
and 4 of these had an adverse outcome. The rest of the 20
patients had an RV:LV ratio< 1.1 (0.9+0.1), and of these,
only one patient had an adverse outcome. In this valida-
tion cohort, the odds of having an adverse outcome were
76:1 with an RV:LV ratio>1.1.

Discussion

We report that a dilated RV in the presence of a nor-
mal-sized pulmonary artery, quantified on CTA chest
imaging in COVID-19 patients, is correlated with
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Table 2 Comparison of COVID-19 cohorts (COVID-AO+ and COVID-AO—) and the control cohorts (normal and Org-PNA)

COVID-AO— (n=75) COVID-AO+ (n=25) Normal control Org-PNA control  p value
(n=10) (n=10)
Age 5314 60+ 16 64+6.2 7016 0.001
Female, n (%) 43 (57%) 12 (48%) 3 (30%) 6 (60%) ns.
PMH, n (%)
> 2 pre-existing conditions® 39 (52%) 15 (60%) 8 (80%) 9 (90%) n.s.
Qutcomes, n (%)
- Inpatient 32 (43%) 25 (100%) <0.001
- LOS (days) 6.5+35 169+10.6 <0.001
- Supplemental O, 21 (28%) 25 (100%) <0.001
Laboratory data
D-dimer (mcg/mL) 15+£27 24434 0.26
CRP (mg/dL) 64+59 1464107 0.003
Lactate (mmol/L) 184+06 22419 036
Absolute lymphocytes (/mcl) 1680£1120 1110£990 0.07
Platelets (K/micro-L) 225475 210+ 84 043
Creatinine (mg/dL) 12421 1.0£05 042
Chest CT findings
RV basal diameter (mm) 383465 392459 337444 359428 ns.
LV basal diameter (mm) 405469 373467 397425 404450 ns.
RV:LV ratio 095+0.15 1.06+£0.14 0.85+0.08 0.89+0.07 <0.001
PA diameter (mm) 279447 268442 271434 305428 ns.
AO diameter (mm) 306442 305438 325424 331437 n.s.
PA:AO 091+£0.13 0.88+£0.09 0.85+0.10 0.93+0.08 ns.
CT severity score 13.8£10.0 226+90 0.0 327166 <0001"

Values are mean+SD

COVID-19 novel coronavirus, COVID-AO+ COVID-19 subgroup with adverse effects (defined as ICU admission, endotracheal intubation, or death), COVID-AO— COVID-
19 subgroup without adverse effects, Org-PNA organizing pneumonia, LOS length of hospital stay, CRP C-reactive protein, RV right ventricle, LV left ventricle, PA

pulmonary artery, AO aorta

*Pre-existing conditions included were lung disease (asthma/chronic obstructive lung disease/interstitial lung disease), obstructive sleep apnea, hypertension,

diabetes, coronary artery disease, heart failure

* p value: excluding the normal control group

adverse outcomes. We identified that RV:LV ratio> 1.1
is a potential marker of adverse outcomes. Moreover,
the increased RV:LV ratio in COVID-19 patients was
out of proportion to the lung parenchymal changes,
quantified with CT-SS. Although this is a retrospective
study, our findings speak to the unique pathophysiology
of COVID-19 infection.

In the pathophysiology of COVID-19 infection,
lung parenchymal damage, hypercoagulable state,
direct myocardial damage, and cytokine storm have
been implicated [7, 17]. Ciceri et al. have described an

endothelial thrombo-inflammatory syndrome in severe
COVID-19 infections [29]. This is a result of alveolar
viral damage followed by an inflammatory reaction and
microvascular thrombosis. Our findings of a dilated
RV, out of proportion to the lung parenchymal damage
(CT-SS), point to a similar pulmonary vascular injury
in severe COVID-19 infections. In comparison with
other infections, the COVID-19 has some unique fea-
tures [30]. However, there is a growing consensus that
the pulmonary vascular injury in severe COVID-19
infection is similar to ARDS and should be managed
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as ARDS [30]. Our findings of the prognostic ability of
RV dysfunction and dilation in severe COVID-19 are
similar to prior reports of RV dysfunction in ARDS and
acute PE [21, 31]. Hence, in addition to biomarkers, the
early recognition of RV dysfunction in COVID-19 with
imaging could help identify patients who are at risk of
adverse outcomes.

Argulian et al. reported an echocardiogram-based
study on 105 patients with COVID-19 infection that RV
dilation is a marker of poor outcomes [32]. Our findings
provide a similar observation that non-invasive imag-
ing methods can provide early recognition of RV strain
and may be utilized for appropriate triage and resource
utilization. Although an echocardiogram is more readily
available, a CTA chest can provide more comprehensive
information about clot burden and different lung com-
plications from COVID-19. Overall, our findings suggest
that the RV:LV ratio can be consistently quantified on
CTA chest, and an RV:LV ratio>1.1 might predict dis-
ease severity in COVID-19 infection.

There are several limitations to our study. A causal rela-
tionship between COVID-19 and RV dilation cannot be
established due to our study’s retrospective nature. Given
the variable timeline between CTA chest and COVID
testing, we did not report a time-to-event or Kaplan—
Meier survival analysis. We suggest that future studies
with simultaneous CTA chest and COVID-19 infection
test the ability to predict the adverse outcome with a 1.1
cutoff of RV:LV ratio in a larger patient population. The
echocardiogram data were limited in our study (n=11).

Conclusions

In our retrospective study, increased RV:LV ratio>1.1
on CTA chest in COVID-19 patients is associated with
adverse clinical outcomes (ICU admission, endotracheal
intubation, or death). RV dilation in severe COVID-19
infections is out of proportion to parenchymal lung dam-
age, which may identify a significant vascular injury pat-
tern similar to ARDS.
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