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Abstract

Purpose of review: The coronavirus disease 2019 (COVID-19) pandemic has led to almost
3,000,000 deaths across 139 million people infected worldwide. Involvement of the pulmonary
vasculature is considered a major driving force for morbidity and mortality. We set out to
summarize current knowledge on acute manifestations of pulmonary vascular disease (PVD)
resulting from COVID-19 and prioritize long-term complications that may impact pulmonary
hypertension (PH).

Recent findings: Acute COVID-19 infection can result in widespread involvement of the
pulmonary vasculature, myocardial injury, evidence of persistent lung disease, and venous
thromboembolism. Post COVID-19 survivors frequently report ongoing symptoms and may be
at risk for the spectrum of PH, including group 1 pulmonary arterial hypertension, group 2 PH
due to left heart disease, group 3 PH due to lung disease and/or hypoxia, and group 4 chronic
thromboembolic PH.

Summary: The impact of COVID-19 on the pulmonary vasculature is central to determining
disease severity. While the long-term PVVD manifestations of COVID-19 are currently uncertain,
optimizing the care of risk factors for PH and monitoring for the development of PVD will be
critical to reducing long-term morbidity and improving the health of survivors.
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Introduction

Coronavirus disease 2019 (COVID-19) pandemic has led to almost 3,000,000 deaths
across 139 million people infected worldwide (1). COVID-19 manifests with a range
of presentations from mild fevers and shortness of breath to severe respiratory failure
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with multisystem complications, including thrombosis (2). Among those with symptoms,
approximately 5% require hospitalization in the intensive care unit (ICU) (2) with survivors
at risk for significant long-term morbidity (3). The novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) causes COVID-19 and has a predilection for involvement of
the pulmonary vasculature, considered a major driving force for morbidity and mortality in
CoVID-19.

In the first year of the pandemic, clinical trials grew exponentially for drug therapy (4**)
with the eventual development of multiple vaccines to prevent severe infection (5). While the
future impact remains uncertain with the distinct possibility of the virus becoming endemic
(6), emerging research is focused on the after-effects of COVID-19, including defining
optimal care parameters for long-term sequelae. We now summarize current knowledge on
acute manifestations of pulmonary vascular disease (PVD) resulting from COVID-19 and
prioritize related long-term complications that may impact the field.

Acute COVID-19 and the pulmonary vasculature

Binding of the viral spike protein to the angiotensin-converting enzyme 2 (ACE2) receptor
allows entry of SARS-CoV-2 into bronchial epithelial cells, type I and Il alveolar cells, and
possibly, capillary endothelial cells (ECs) (2, 7, 8). Virus replication results in additional
virions with rapid increases in viral load (7). COVID-19 activates both the innate and
adaptive immune system with subsequent inflammatory response (9, 10, 11).

Within the vasculature, evidence for direct infection of ECs remains unclear (12, 13). Severe
infection leads to EC dysfunction with resulting inflammation, immune cell and platelet
recruitment, altered vascular integrity, and activation of the coagulation cascade (2, 12,

14, 15, 16, 17, 18, 19). Progressive microvascular dysfunction is likely related to both

direct infection and from a resulting cytokine storm, characterized by elevated inflammatory
markers (20). These cytokines induce lung vascular leak, deranged coagulation, and
vasoconstriction in a destructive cycle that results in hypoxia (21, 22). The pulmonary
vasculopathy that follows is defined by perfusion impairments and increased physiological
dead space (23).

Disruption of EC homeostasis and activation of neutrophils and platelets tips the
blood:vessel interface toward thrombosis. Laboratory findings of altered coagulation

are common and associated with outcomes including prolonged prothrombin

time, thrombocytopenia, elevated D-dimer, changes in fibrinogen, and presence of
antiphospholipid antibodies (2, 20, 24, 25, 26, 27). Activation results in neutrophil cell death
in the form of extracellular trap formation (NETS) resulting in further coagulation and fibrin
deposition that traps platelets and other leukocytes resulting in occlusive thrombi (28, 29,
30, 31). “Rogue” prothrombotic autoantibodies triggered by COVID-19 may also contribute
to a self-amplifying loop of endothelial injury, inflammation, and thrombosis (11, 19, 32).

Pathology involving EC dysfunction, hypoxemic vasoconstriction, and coagulation
abnormalities suggest increased vulnerability to the development of PVD including
pulmonary hypertension (PH) and pulmonary embolism (PE). Evidence of right ventricular
(RV) enlargement and dysfunction is well-documented with COVID-19 (33, 34, 35). Among
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200 non-ICU patients hospitalized for COVID-19, echocardiographic evidence of PH and
RV dysfunction was present in 12% and 15% of patients, respectively. Patients with PH,
defined as a systolic PA pressure (PAP) >35 mmHg, had a higher rate of ICU admission
and death (36). An additional association between RV dysfunction and mortality has been
observed (37, 38). Findings in the acute setting suggest the involvement of both the right
and left ventricles (LV). In a multicenter cohort of 305 patients, echocardiographic changes
included regional LV wall motion abnormalities in 24%, global LV dysfunction in 18%,
and grade Il or 111 diastolic dysfunction in 13% (35). Beyond echo, an enlarged main

PA diameter on chest computerized tomography (CT), suggestive of PH, was associated
with a 50% increased adjusted mortality among almost 1500 patients with COVID-19 (39).
Understanding of invasive hemodynamic profiles of patients with PH and COVID remains
limited. Among 21 patients requiring mechanical ventilation for COVID-19, PH, defined as
a mean PAP =25 mmHg, was present in 76% without an increase in pulmonary vascular
resistance (40). Cumulatively, these data suggest that the presence of PH is associated with
worse short-term outcomes.

The incidence of venous thromboembolism (VTE) and PE varies with the severity of illness.
In a large multicenter study (n=1,114), symptomatic VTE occurred in 2% of patients
admitted not requiring ICU level care and in 27% of patients admitted to the ICU (41).

A meta-analysis of 18,093 patients from 49 studies reported VTE and PE had a pooled VTE
incidence of 17.0% (95% ClI, 13.4-20.9). The incidence of PE alone was 7.1% (95% Cl,
5.3-9.1) with risk for both small artery occlusive thrombosis and large-vessel PE (42*). An
autopsy study of 38 patients found evidence of platelet-fibrin thrombi in small PAs in 87%
of patients (43).

Given the high incidence for thrombosis, appropriate prophylaxis is critical.
Recommendations for the optimal dosing and duration of prophylaxis to prevent VTE differ
between societies, are evolving, and will likely change as additional studies are reported
(44, 45, 46, 47, 48, 49). Initial concerns prompted VTE prophylaxis with dosing stratified
by VTE risk for patients admitted to the hospital. Societies differ on their recommendations
for using (49) or not using (50) intermediate or therapeutic anticoagulation in patients
without documented or suspected VTE. This area is actively being shaped by clinical trials
including the REMAP-CAP, ACTIV-4a, ATTACC trial. Interim analyses of the moderate
state patients (e.g., hospitalized but not requiring critical care) suggests benefit from
therapeutic anticoagulation (51) while there was no benefit of higher dosing in critically

ill patients (52). It will be critical to stay up-to-date on evolving best practices through
living documents such as the recommendation from the American Society of Hematology
(50). Post-hospitalization prophylaxis should be considered on an individual basis if patients
continue to exhibit risk factors for VTE (48). Patients diagnosed with VTE/PE associated
with hospitalization for COVID-19 should be treated for a minimum of 3 months with
therapeutic anticoagulation (48).

Post-COVID-19 and the pulmonary vasculature

The long-term impact of COVID-19 on the pulmonary vasculature remains uncertain. Early
reports of survivors suggest that COVID-19 impacts long-term cardiopulmonary health. In
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similar disease processes like ARDS, failure to repair the pulmonary vascular and alveolar
injury that occurs has been hypothesized to be a driver of long-term disabilities (53). As
such, providing optimal care for survivors requires an understanding of current reports of the
emerging symptoms, the therapeutic approaches, and the best practices for monitoring.

With intermediate-term follow-up of COVID-19 survivors now reported, patterns in
symptoms, functional capacity, and lung function are emerging. Despite general
improvement, the incidence of on-going symptoms varies with the population studied and
the severity of the initial presentation (54, 55). In a combined cohort of 112 hospitalized

and 2001 non-hospitalized patients, dyspnea was present among 71% of patients at a mean
follow-up of 79 days compared to 90% at the onset of symptoms. Fatigue remained among
87% of patients, slightly decreased from 95% at presentation (56). Among a cohort of 145
patients of whom 75% were hospitalized, symptoms continued to improve over time from 60
to 100 days; however, 36% continued to experience dyspnea (57**).

The presence of dyspnea post-COVID appears to be cardiopulmonary in origin, likely

also correlated with disease severity. Reports of pulmonary function tests (PFTs) suggest
common patterns. A meta-analysis with 380 patients reporting PFTs post-COVID found a
reduced DLCO among 39% (95% CI 24%-56%), restrictive pattern PFTS among 15% (9%
—-22%), and an obstructive pattern among 7% (4%-11%) of survivors when PFTs performed
between a month after symptoms to 3 months post discharge (58). The pattern of PFT
abnormalities continues to persist though improve with longer follow up. In a multicenter
observational study of 145 patients, impaired lung function was found among 42% and

36% of participants at ~60 and 100 days after diagnosis, respectively, with a reduction in
FVC and/or FEV1 among 22% and impaired DLCO among 21% of patients at 100 days
with improvements between visits. Abnormal CT findings most commonly including ground
class opacities, consolidation, and reticulation were present in 77% of patients at 60 days
and in 63% at 100 days, again with improvement between visits (57**). Similar patterns
continue out to six months (59).

Follow-up evidence of echocardiographic changes are less well-described. There was no
echocardiographic evidence of PH or LV dysfunction among 33 survivors not requiring
mechanical ventilation followed up 6 weeks after discharge (60). Evidence of PH by
echocardiogram has been estimated out to 100 days among 145 COVID-19 patients. While
signs of PH only occurred in 10% of patients, they persisted between visits at 60 and 100
days (57**). A single health system study of 91 patients without a history of cardiovascular
disease with an echo performed 60 days after discharge similarly found evidence of PH in
one-in-thirteen patients with RV dysfunction occurring in one-in-ten (61). LV dysfunction
at 100 days was rare (<3%) though over half of patients exhibited evidence of diastolic
dysfunction (57**).

of COVID-19 and risk of PH

Widespread involvement of the pulmonary vasculature, myocardial injury, evidence of
persistent lung disease, and incidence of PE suggests COVID survivors are at risk for a
spectrum of PH, including group 1 PAH, group 2 PH due to left heart disease, group 3
PH due to lung disease and/or hypoxia, and group 4 PH due to PA obstructions (chronic
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thromboembolic PH or CTEPH) (Figure 1) (62). With a greater understanding of the
clinical trajectory of COVID survivors, guidelines for monitoring for the development of
chronic post-COVID conditions have been considered (63). Given the cardiopulmonary
manifestations of COVID, surveillance for the development of PH should be considered in
post-COVID patients as enough time may not yet have passed to observe the spectrum of
PVD complications.

Group 1 PAH.—Several findings suggest an increased risk for developing PAH including:
1) the risk associated with other viral infections, 2) the presence of thickened pulmonary
vasculature on autopsy (64), 3) low ACE2 activity (65), 4) upregulation of angiotensin 11
(66), and 5) EC dysfunction that shares common mechanistic manifestations with PAH.
Moreover, overlap of the previously reported roles of auto-immunity in PAH and during
COVID-19 have not been studied. Despite these observations, there is a paucity of rigorous
evidence for increased risk of developing new group 1 PAH post-COVID. Currently, there

is no consensus on the use of echo for the screening of any cardiopulmonary disease,
including PAH (67). The early post-COVID follow-up supports that primary respiratory
processes appear to be more common, and the utility of routine echo screening is likely low.
As such, regular follow-up with targeted screening with an echocardiogram for patients

with signs and symptoms of PAH will be critical. This is in agreement with current
consensus PH recommendations (68)(69). Notably, throughout the pandemic, there has been
an interest in the use of PAH-specific therapies for the treatment of COVID-19 infection

(70, 71). For example, prior work suggests that phosphodiesterase-5 inhibitors such as
sildenafil can lower PAPs, despite a mixed impact on outcomes, depending on the etiology
of respiratory failure (70). Given the limited evidence for use among patients without
pre-existing precapillary PH, these therapies should generally be avoided outside the setting
of clinical trials. Studies utilizing PAH-specific therapies to treat severe COVID-19 infection
including, inhaled nitric oxide and inhaled epoprostenol, are on-going (72). Patients who
were started on off-label PAH therapies during acute COVID-19 infection should be referred
for evaluation at a center with expertise in PH if the medications were continued at discharge
to ensure appropriateness of use.

Group 2 PH due to left heart disease.—Given a high prevalence of myocardial injury
in acute COVID-19 (35), there is the potential for long-term LV dysfunction that could
predispose to the development of post-capillary PH. Echocardiographic follow-up out to
100 days suggests high rates of diastolic dysfunction on echo (55% of patients) with rare
LV dysfunction (57**). To date, much of the focus on myocardial recovery has focused

on athletes involved in competitive athletics (73). While prior HF is associated with poor
outcomes in the acute setting (74, 75), early reports of longer-term follow-up do not suggest
high rates of new HF following infection that would predispose to group 2 PH with a
significant pulmonary vasculopathy. Similar to group 1, regular follow-up with monitoring
of signs and symptoms and enrollment in registries will be critical to understanding the
long-term impact on the LV.

Group 3 PH due to lung disease and/or hypoxia.—The long-term respiratory
sequelae seen among post-COVID patients suggests that routine monitoring of pulmonary
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status with imaging and lung function tests could play a role. Routine pulse oximetry should
be performed at all follow-up encounters to monitor for hypoxia. An American Thoracic
Society and European Respiratory Society task force was split on whether or not routine
testing including chest CT and PFTs to establish a new baseline should be performed at 30—
60 days among all patients absent symptoms (67). Informed by symptoms, routine imaging
including a CT scan and PFTs are being adopted in some post-COVID-19 recovery clinics
(63). Recognizing that early diagnosis will facilitate identification of severe lung disease at
the earliest stage to allow engagement with specialty care as soon as possible, a chest x-ray
performed 12 weeks after discharge for patients who had abnormal imaging at presentation
should be considered to determine the need for follow up CT imaging (76). PFTs should also
be considered for patients with symptoms. This will facilitate the involvement of specialists
who can monitor for and treat chronic lung disease that could predispose to PVD.

With the widespread involvement of the lung parenchyma and the high incidence of
persistent decrements in lung function after infection, treatment options to prevent long-term
sequela are being evaluated (Table 1). Treatment of hypoxia with supplemental oxygen

per established guidelines is critical to reducing further vasoconstriction that could lead to
the development of Group 3 PH. The role of anti-fibrotic and anti-inflammatory therapies

to prevent long-term complications is uncertain (77). A single-center observational study
suggests potential benefits for treating patients with steroids if interstitial lung disease

is present on imaging at follow-up. In this small study, treatment resulted in significant
symptomatic and radiological improvement (78*). The potential to develop chronic lung
disease appears to present the greatest risk of long-term complications to the pulmonary
vasculature from COVID-19 infection. As such, there is a critical need for prospective
observational registries and enrollment of patients in clinical trials whenever possible to
determine best practices and develop evidence-based treatments, including the potential role
of PAH-specific therapies should ILD result in PH (79).

Group 4 CTEPH.—Patients diagnosed with PE in the setting of COVID-19 require
treatment and follow-up per established consensus recommendations (80). The purpose of
the follow-up includes monitoring of symptoms, determination of appropriate duration of
anticoagulation, need for additional testing, and diagnosis of sequelae of PE including group
4 PH (80, 81). The long-term sequela of PE in the setting COVID-19 is currently uncertain.
Perfusion imaging with a ventilation-perfusion scan to evaluate for chronic thromboembolic
disease should be considered at 3 months in survivors who had PE, if initial evaluation
including history, chest x-ray, and symptom-guided echocardiogram is suggestive and may
be considered in patients without a known PE history after initial evaluation for symptoms
(82). Close follow-up and enrollment in registries such as the PERT Consortium recently
created a COVID-19/PE registry will be critical in understanding the long-term impact on
the pulmonary vasculature (81). For patients without a PE diagnosed during acute COVID,
prior COVID-19 should be considered a risk factor for VTE. Many patients ultimately
diagnosed with CTEPH don’t have a history of an acute PE (83). As such, CTEPH should
be considered in the evaluation of long-term symptoms post COVID while awaiting longer
follow-up to better understand risk.
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Post-COVID-19: Long term monitoring and treatment

In particular, multidisciplinary post-COVID-19 survivor clinics with regular follow-up are
being developed to care for both the persistent symptoms and long-term complications,

and are a critical step in the response to COVID-19 (3, 63). One such proposed clinic
recommends an initial follow up visit with additional visits at 3, 6, and 12 months or more
frequently as needed to optimize recovery (63). Although there is a paucity of evidence-
based therapies to facilitate recovery, several trials are underway to study the efficacy of
therapies (Table 1). There is likely benefit from rehabilitation in the form of either cardiac
or pulmonary or exercise (clinical trials on-going) rehabilitation post COVID-19 for patients
who experience cardiopulmonary manifestations of COVID. Initiation and treatment plans,
including exercise rehabilitation, should be individualized based on the severity of infection
with the goals of improving symptoms, physical function and quality of life (84, 85).
Adopting current algorithms used to identify participants based on accepted indications for
either chronic lung diseases or cardiac conditions will facilitate enrollment while trials are
underway (86).

Conclusion

The impact of COVID-19 on the pulmonary vasculature is central to determining the disease
severity of acute COVID-19 and will likely play a role in the recovery from COVID-19 or
the development of new chronic illnesses. As more people become infected and survive,

an understanding of the potential long-term impacts and monitoring for the development of
PVD will be critical to reduce the complications and improve the health of survivors.
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Key points:

Acute COVID-19 infection can result in widespread involvement of the
pulmonary vasculature, myocardial injury, evidence of persistent lung disease,
and venous thromboembolism.

Post-COVID-19 patients frequently have persistent symptoms and
abnormalities on cardiopulmonary testing that have the potential to predispose
to the development of group 1 pulmonary arterial hypertension, group 2 PH
due to left heart disease, group 3 PH due to lung disease and/or hypoxia, and
group 4 chronic thromboembolic PH.

Optimizing the care of risk factors for PH and monitoring for the development
of pulmonary vascular disease will be critical to reducing the long-term
impact of COVID-19 infection and improving the health of survivors.
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Post-COVID-19 sequalae and pulmonary hypertension

Normal blood vessel anatomy

Adventitia
Media
Intima

Passive
congestion

Group 2 - PH due to left heart disease

Group 3 - PH due to chronic
lung disease

Group 1-Pulmonary arterial
hypertension

« Evidence for risk: Pulmonary
vascular injury

* Monitoring: TTE for symptoms

« Treatment: Per current consensus

« Special considerations: Refer to PH
expert

Hypoxic
Vasoconstriction

« Evidence for risk: LV dysfunction
during acute COVID-19

« Monitoring: BNP and targeted TTE for
symptoms

* Treatment: Per HF guidelienes

« Special considerations: Optimize
comorbidities of group 2 PH that impact
COVID-19 outcomes

« Evidence for risk: Hypoxia, abnormal
PFTs, CT findings

* Monitoring: Consider chest x-ray,
PFTs, and CT scan

« Treatment: Supplemental oxygen,
potential role for steroids if ILD

* Special considerations: Enroll in
registries

Group 4 - Chronic thromboembolic PH

« Evidence for risk: COVID-19 risk
factor for VTE

* Monitoring: Consider V/Q if hx of PE
or hx / imaging suggest PE

« Treatment: Per guidelines

« Special considerations: Enroll in PE
registries

General treatment: Follow up in multidisciplinary clinics, exercise rehabilitation

Figure 1. Post-COVID-19 sequalae and pulmonary hypertension.
COVID-19 survivors may be at risk for the long-term development of PH. Evidence for risk,

recommendations for monitoring, treatment options, and special considerations for Groups

1-4 are described.
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Table 1.

Potential therapies for treatment of post-COVID-19 cardiopulmonary manifestations

Therapy WHO PH group(s) Mechanism ClinicalTrials.gov Identifier
Rehabilitation/resistance training Groups 2 & 3 Exercise NCT04595773,
NCT04836351,
NCT04841759,
NCTO04718506,
NCT04841759,
NCT04634318,
NCTO04797871
Inspiratory Muscle Training Group 3 Exercise NCT04811859
Hyperbaric Oxygen Group 3 Hyperoxia and hyperbaric pressure NCT04842448,
NCT04647656
LYT-100 (deupirfenidone) Group 3 Anti-inflammatory and anti-fibrotic NCT04652518
Leronlimab Group 3 *CCR5 monoclonal antibody NCT04678830
Prednisone Group 3 Anti-inflammatory NCT04551781,
NCT04534478
Prednisolone Group 3 Anti-inflammatory NCT04657484
Pirfenidone Group 3 Anti-inflammatory and anti-fibrotic NCT04607928
Nintedanib Group 3 Anti-inflammatory and anti-fibrotic NCT04541680
Omni-Biotic Pro Vi 5 Group 3 Gut microbiome impacts gut-lung axis  NCT04813718
Nebulized Platelet Lysate Group 3 Immune regulation NCT04487691
Colchicine Group 3 Anti-fibrotic NCT04818489
AffloVest Group 3 Frequency chest wall oscillation NCT04654481
Autologous monocytes (MONO002) Group 3 Anti-fibrotic NCT04805086

*
CCR5- C chemokine receptor type 5
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Summary of trials aimed at the treatment of post-COVID syndrome from ClinicalTrials.gov that have the potential to impact the development of

pulmonary hypertension.
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