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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the pathogen responsible for
the coronavirus disease 2019 (COVID-19) pandemic, which has resulted in global healthcare
crises and strained health resources. As the population of patients recovering from COVID-19
grows, it is paramount to establish an understanding of the healthcare issues surrounding them.
COVID-19 is now recognized as a multi-organ disease with a broad spectrum of manifestations.
Similarly to post-acute viral syndromes described in survivors of other virulent coronavirus
epidemics, there are increasing reports of persistent and prolonged effects after acute COVID-19.
Patient advocacy groups, many members of which identify themselves as long haulers, have
helped contribute to the recognition of post-acute COVID-19, a syndrome characterized by
persistent symptoms and/or delayed or long-term complications beyond 4 weeks from the onset
of symptoms. Here, we provide a comprehensive review of the current literature on post-acute
COVID-19, its pathophysiology and its organ-specific sequelae. Finally, we discuss relevant
considerations for the multidisciplinary care of COVID-19 survivors and propose a framework for
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the identification of those at high risk for post-acute COVID-19 and their coordinated management
through dedicated COVID-19 clinics.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the pathogen responsible
for coronavirus disease 2019 (COVID-19), has caused morbidity and mortality at an
unprecedented scale globallyl. Scientific and clinical evidence is evolving on the subacute
and long-term effects of COVID-19, which can affect multiple organ systems?. Early reports
suggest residual effects of SARS-CoV-2 infection, such as fatigue, dyspnea, chest pain,
cognitive disturbances, arthralgia and decline in quality of life3=5. Cellular damage, a

robust innate immune response with inflammatory cytokine production, and a pro-coagulant
state induced by SARS-CoV-2 infection may contribute to these sequelae®-8. Survivors of
previous coronavirus infections, including the SARS epidemic of 2003 and the Middle East
respiratory syndrome (MERS) outbreak of 2012, have demonstrated a similar constellation
of persistent symptoms, reinforcing concern for clinically significant sequelae of COVID-19
(refs.9-19),

Systematic study of sequelae after recovery from acute COVID-19 is needed to develop
an evidence-based multidisciplinary team approach for caring for these patients, and to
inform research priorities. A comprehensive understanding of patient care needs beyond
the acute phase will help in the development of infrastructure for COVID-19 clinics that
will be equipped to provide integrated multispecialty care in the outpatient setting. While
the definition of the post-acute COVID-19 timeline is evolving, it has been suggested

to include persistence of symptoms or development of sequelae beyond 3 or 4 weeks
from the onset of acute symptoms of COVID-19 (refs.16:17), as replication-competent
SARS-CoV-2 has not been isolated after 3 weeks!8. For the purpose of this review,

we defined post-acute COVID-19 as persistent symptoms and/or delayed or long-term
complications of SARS-CoV-2 infection beyond 4 weeks from the onset of symptoms
(Fig. 1). Based on recent literature, it is further divided into two categories: (1) subacute
or ongoing symptomatic COVID-19, which includes symptoms and abnormalities present
from 4-12 weeks beyond acute COVID-19; and (2) chronic or post-COVID-19 syndrome,
which includes symptoms and abnormalities persisting or present beyond 12 weeks of

the onset of acute COVID-19 and not attributable to alternative diagnoses’:19, Herein,
we summarize the epidemiology and organ-specific sequelae of post-acute COVID-19 and
address management considerations for the interdisciplinary comprehensive care of these
patients in COVID-19 clinics (Box 1 and Fig. 2).

Epidemiology

Early reports have now emerged on post-acute infectious consequences of COVID-19,

with studies from the United States, Europe and China reporting outcomes for those who
survived hospitalization for acute COVID-19. The findings from studies reporting outcomes
in subacute/ongoing symptomatic COVID-19 and chronic/post-COVID-19 syndrome are
summarized in Table 1.

An observational cohort study from 38 hospitals in Michigan, United States evaluated the
outcomes of 1,250 patients discharged alive at 60 d by utilizing medical record abstraction
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and telephone surveys (hereby referred to as the post-acute COVID-19 US study)2C. During
the study period, 6.7% of patients died, while 15.1% of patients required re-admission. Of
488 patients who completed the telephone survey in this study, 32.6% of patients reported
persistent symptoms, including 18.9% with new or worsened symptoms. Dyspnea while
walking up the stairs (22.9%) was most commonly reported, while other symptoms included
cough (15.4%) and persistent loss of taste and/or smell (13.1%).

Similar findings were reported from studies in Europe. A post-acute outpatient service
established in Italy (hereby referred to as the post-acute COVID-19 Italian study)? reported
persistence of symptoms in 87.4% of 143 patients discharged from hospital who recovered
from acute COVID-19 at a mean follow-up of 60 d from the onset of the first symptom.
Fatigue (53.1%), dyspnea (43.4%), joint pain (27.3%) and chest pain (21.7%) were the

most commonly reported symptoms, with 55% of patients continuing to experience three

or more symptoms. A decline in quality of life, as measured by the EuroQol visual analog
scale, was noted in 44.1% of patients in this study. A study focused on 150 survivors of non-
critical COVID-19 from France similarly reported persistence of symptoms in two-thirds of
individuals at 60 d follow-up, with one-third reporting feeling worse than at the onset of
acute COVID-19 (ref. 21). Other studies, including in-person prospective follow-up studies
of 110 survivors in the United Kingdom at 8-12 weeks after hospital admission?2 and 277
survivors in Spain at 10-14 weeks after disease onset23, as well as survey studies of 100
COVID-19 survivors in the United Kingdom at 4-8 weeks post-discharge24, 183 individuals
in the United States at 35 d post-discharge2® and 120 patients discharged from hospital

in France, at 100 d following admission®, reported similar findings. Fatigue, dyspnea and
psychological distress, such as post-traumatic stress disorder (PTSD), anxiety, depression
and concentration and sleep abnormalities, were noted in approximately 30% or more study
participants at the time of follow-up.

In a prospective cohort study from Wuhan, China, long-term consequences of acute
COVID-19 were evaluated by comprehensive in-person evaluation of 1,733 patients at 6
months from symptom onset (hereby referred to as the post-acute COVID-19 Chinese
study)®. The study utilized survey questionnaires, physical examination, 6-min walk tests
(6MWT) and blood tests and, in selected cases, pulmonary function tests (PFTs), high-
resolution computed tomography of the chest and ultrasonography to evaluate post-acute
COVID-19 end organ injury. A majority of the patients (76%) reported at least one
symptom. Similar to other studies, fatigue/muscular weakness was the most commonly
reported symptom (63%), followed by sleep difficulties (26%) and anxiety/depression
(23%).

These studies provide early evidence to aid the identification of people at high risk

for post-acute COVID-19. The severity of illness during acute COVID-19 (measured,

for example, by admission to an intensive care unit (ICU) and/or requirement for non-
invasive and/or invasive mechanical ventilation) has been significantly associated with the
presence or persistence of symptoms (such as dyspnea, fatigue/muscular weakness and
PTSD), reduction in health-related quality of life scores, pulmonary function abnormalities
and radiographic abnormalities in the post-acute COVID-19 setting®22:24, Furthermore,
Halpin et al.24 reported additional associations between pre-existing respiratory disease,
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higher body mass index, older age and Black, Asian and minority ethnic (BAME) and
dyspnea at 4-8 weeks follow-up. The post-acute COVID-19 Chinese study also suggested
sex differences, with women more likely to experience fatigue and anxiety/depression at

6 months follow-up®, similar to SARS survivors!®. While other comorbidities, such as
diabetes, obesity, chronic cardiovascular or kidney disease, cancer and organ transplantation,
are well-recognized determinants of increased severity and mortality related to acute
COVID-19 (refs.2:27), their association with post-acute COVID-19 outcomes in those who
have recovered remains to be determined.

Pathophysiology

The predominant pathophysiologic mechanisms of acute COVID-19 include the following:
direct viral toxicity; endothelial damage and microvascular injury; immune system
dysregulation and stimulation of a hyperinflammatory state; hypercoagulability with
resultant in situ thrombosis and macrothrombosis; and maladaptation of the angiotensin-
converting enzyme 2 (ACE2) pathway?. The overlap of sequelae of post-acute COVID-19
with those of SARS and MERS may be explained by phylogenetic similarities between

the responsible pathogenic coronaviruses. The overlap of genomic sequence identity of
SARS-CoV-2 is 79% with SARS-CoV-1 and 50% with MERS-CoV28:2%, Moreover, SARS-
CoV-1 and SARS-CoV-2 share the same host cell receptor: ACE2. However, there are
notable differences, such as the higher affinity of SARS-CoV-2 for ACE2 compared with
SARS-CoV-1, which is probably due to differences in the receptor-binding domain of the
spike protein that mediates contact with ACE2. In contrast with the other structural genes,
the spike gene has diverged in SARS-CoV-2, with only 73% amino acid similarity with
SARS-CoV-1 in the receptor-binding domain of the spike protein30. Moreover, an additional
S1-S2 cleavage site in SARS-CoV-2 enables more effective cleavage by host proteases and
facilitates more effective binding3%:31. These mechanisms have probably contributed to the
more effective and widespread transmission of SARS-CoV-2.

Potential mechanisms contributing to the pathophysiology of post-acute COVID-19 include:
(1) virus-specific pathophysiologic changes; (2) immunologic aberrations and inflammatory
damage in response to the acute infection; and (3) expected sequelae of post-critical

illness. While the first two are discussed in more detail in the organ-specific sections

below, post-intensive care syndrome is now well recognized and includes new or worsening
abnormalities in physical, cognitive and psychiatric domains after critical illness32-36, The
pathophysiology of post-intensive care syndrome is multifactorial and has been proposed

to involve microvascular ischemia and injury, immobility and metabolic alterations during
critical illness34. Additionally, similar to previous studies of SARS survivors, 25-30%

of whom experienced secondary infections3”-38, survivors of acute COVID-19 may be

at increased risk of infections with bacterial, fungal (pulmonary aspergillosis) or other
pathogens39-41, However, these secondary infections do not explain the persistent and
prolonged sequelae of post-acute COVID-19.
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A spectrum of pulmonary manifestations, ranging from dyspnea (with or without chronic
oxygen dependence) to difficult ventilator weaning and fibrotic lung damage, has been
reported among COVID-19 survivors. Similar to survivors of acute respiratory distress
syndrome (ARDS) from other etiologies, dyspnea is the most common persistent symptom
beyond acute COVID-19, ranging from 42—66% prevalence at 60—100 d follow-up3:20:24.26,
In the post-acute COVID-19 Chinese study, the median 6-min walking distance was lower
than normal reference values in approximately one-quarter of patients at 6 months®—a
prevalence similar to that in SARS and MERS survivors®. The need for supplemental
oxygen due to persistent hypoxemia, or new requirement for continuous positive airway
pressure or other breathing support while sleeping, was reported in 6.6 and 6.9% of patients,
respectively, at 60 d follow-up in the post-acute COVID-19 US study2°. Among 1,800
patients requiring tracheostomies during acute COVID-19, only 52% were successfully
weaned from mechanical ventilation 1 month later in a national cohort study from Spain®2.
A reduction in diffusion capacity is the most commonly reported physiologic impairment

in post-acute COVID-19, with significant decrement directly related to the severity of acute
illness®43-46 which is consistent with studies of SARS and MERS survivors®, mild HIN1
influenza survivors4” and historical ARDS survivors*8. Although less common, hospitalized
COVID-19 survivors have been found to have restrictive pulmonary physiology at 3 and 6
months®49, which has also been observed in historical ARDS survivor populations#8:50,

Approximately 50% of 349 patients who underwent high-resolution computed tomography
of the chest at 6 months had at least one abnormal pattern in the post-acute COVID-19
Chinese study®. The majority of abnormalities observed by computed tomography were
ground-glass opacities. This study did not investigate chronic pulmonary embolism as
computed tomography pulmonary angiograms were not obtained. The long-term risks of
chronic pulmonary embolism and consequent pulmonary hypertension are unknown at this
time. Fibrotic changes on computed tomography scans of the chest, consisting primarily

of reticulations or traction bronchiectasis, were observed 3 months after hospital discharge
in approximately 25 and 65% of survivors in cohort studies of mild-to-moderate cases*®
and mostly severe cases??, respectively, as distinguished by a requirement for supplemental
oxygen. However, these prevalence estimates should be considered preliminary given the
sample size of each of these cohorts. The prevalence estimates of post-acute COVID-19
sequelae from these studies suggest that patients with greater severity of acute COVID-19
(especially those requiring a high-flow nasal cannula and non-invasive or invasive
mechanical ventilation) are at the highest risk for long-term pulmonary complications,
including persistent diffusion impairment and radiographic pulmonary abnormalities (such
as pulmonary fibrosis)®-22.

Pathology and pathophysiology.

Viral-dependent mechanisms (including invasion of alveolar epithelial and endothelial cells
by SARS-CoV-2) and viral-independent mechanisms (such as immunological damage,
including perivascular inflammation) contribute to the breakdown of the endothelial-
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epithelial barrier with invasion of monocytes and neutrophils and extravasation of a protein-
rich exudate into the alveolar space, consistent with other forms of ARDS>L. All phases of
diffuse alveolar damage have been reported in COVID-19 autopsy series, with organizing
and focal fibroproliferative diffuse alveolar damage seen later in the disease course®2:53,
consistent with other etiologies of ARDS%#%, Rare areas of myofibroblast proliferation,
mural fibrosis and microcystic honeycombing have also been noted. This fibrotic state

may be provoked by cytokines such as interleukin-6 (IL-6) and transforming growth
factor-B, which have been implicated in the development of pulmonary fibrosis®-56-58

and may predispose to bacterial colonization and subsequent infection®-61, Analysis

of lung tissue from five cases with severe COVID-19-associated pneumonia, including

two autopsy specimens and three specimens from explanted lungs of recipients of lung
transplantation, showed histopathologic and single-cell RNA expression patterns similar

to end-stage pulmonary fibrosis without persistent SARS-CoV-2 infection, suggesting that
some individuals develop accelerated lung fibrosis after resolution of the active infection®2.

Pulmonary vascular microthrombosis and macrothrombosis have been observed in 20-30%
of patients with COVID-19 (refs.3-67), which is higher than in other critically ill patient
populations (1-10%)%8.:69, In addition, the severity of endothelial injury and widespread
thrombosis with microangiopathy seen on lung autopsy is greater than that seen in ARDS
from influenza’®."1,

Management considerations.

Post-hospital discharge care of COVID-19 survivors has been recognized as a major
research priority by professional organizations’2, and guidance for the management of

these patients is still evolving®. Home pulse oximetry using Food and Drug Administration-
approved devices has been suggested as a useful tool for monitoring patients with persistent
symptoms; however, supporting evidence is currently lacking”374. Some experts have also
proposed evaluation with serial PFTs and 6MWTs for those with persistent dyspnea, as well
as high-resolution computed tomography of the chest at 6 and 12 months’®.

In a guidance document adopted by the British Thoracic Society, algorithms for evaluating
COVID-19 survivors in the first 3 months after hospital discharge are based on the

severity of acute COVID-19 and whether or not the patient received ICU-level care’S.
Algorithms for both severe and mild-to-moderate COVID-19 groups recommend clinical
assessment and chest X-ray in all patients at 12 weeks, along with consideration of PFTs,
6MWTs, sputum sampling and echocardiogram according to clinical judgment. Based

on this 12-week assessment, patients are further recommended to be evaluated with high-
resolution computed tomography of the chest, computed tomography pulmonary angiogram
or echocardiogram, or discharged from follow-up. In addition to this 12-week assessment, an
earlier clinical assessment for respiratory, psychiatric and thromboembolic sequelae, as well
as rehabilitation needs, is also recommended at 4-6 weeks after discharge for those with
severe acute COVID-19, defined as those who had severe pneumonia, required ICU care, are
elderly or have multiple comorbidities.

Treatment with corticosteroids may be beneficial in a subset of patients with post-COVID
inflammatory lung disease, as suggested by a preliminary observation of significant
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symptomatic and radiological improvement in a small UK cohort of COVID-19 survivors
with organizing pneumonia at 6 weeks after hospital discharge’’. Steroid use during acute
COVID-19 was not associated with diffusion impairment and radiographic abnormalities at
6 months follow-up in the post-acute COVID-19 Chinese study®. Lung transplantation has
previously been performed for fibroproliferative lung disease after ARDS”® due to influenza
A (H1N1) infection”® and COVID-19 (refs.52:80), Clinical trials of antifibrotic therapies to
prevent pulmonary fibrosis after COVID-19 are underway (Table 2)81,

Hematologic sequelae

Epidemiology and clinical manifestations.

Retrospective data on post-acute thromboembolic events, although limited by small sample
size, variability in outcome ascertainment and inadequate systematic follow-up, suggest

the rate of venous thromboembolism (VTE) in the post-acute COVID-19 setting to be

<5%. A single-center report of 163 patients from the United States without post-discharge
thromboprophylaxis suggested a 2.5% cumulative incidence of thrombosis at 30 d following
discharge, including segmental pulmonary embolism, intracardiac thrombus, thrombosed
arteriovenous fistula and ischemic stroke®2. The median duration to these events was 23

d post-discharge. In this same study, there was a 3.7% cumulative incidence of bleeding

at 30 d post-discharge, mostly related to mechanical falls. Similar VTE rates have been
reported in retrospective studies from the United Kingdom®83:84, A prospective study from
Belgium at 6 weeks post-discharge follow-up assessed p-dimer levels and venous ultrasound
in 102 patients; 8% received post-discharge thromboprophylaxis8®. Only one asymptomatic
VTE event was reported. Similarly, no DVT was seen in 390 participants (selected using a
stratified sampling procedure to include those with a higher severity of acute COVID-19)
who had ultrasonography of lower extremities in the post-acute COVID-19 Chinese study?®.
Larger ongoing studies, such as CORONA-VTE, CISCO-19 and CORE-19, will help to
establish more definitive rates of such complications6:87,

Pathology and pathophysiology.

Unlike the consumptive coagulopathy characteristic of disseminated intravascular
coagulation, COVID-19-associated coagulopathy is consistent with a hyperinflammatory
and hypercoagulable state88:89, This may explain the disproportionately high rates
(20-30%) of thrombotic rather than bleeding complications in acute COVID-19 (ref.

90). Mechanisms of thromboinflammation include endothelial injury”%-91-93 complement
activation®4-96, platelet activation and platelet-leukocyte interactions®’-99, neutrophil
extracellular traps®>-100.101 release of pro-inflammatory cytokines!%2, disruption of normal
coagulant pathways193 and hypoxial®, similar to the pathophysiology of thrombotic
microangiopathy syndromes10°, The risk of thrombotic complications in the post-acute
COVID-19 phase is probably linked to the duration and severity of a hyperinflammatory
state, although how long this persists is unknown.

Management considerations.

Although conclusive evidence is not yet available, extended post-hospital discharge (up
to 6 weeks) and prolonged primary thromboprophylaxis (up to 45 d) in those managed
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as outpatients may have a more favorable risk—benefit ratio in COVID-19 given the

noted increase in thrombotic complications during the acute phase, and this is an area

of active investigation (NCT04508439, COVID-PREVENT (NCT04416048), ACTIV4
(NCT04498273) and PREVENT-HD (NCT04508023))106.107 Elevated p-dimer levels
(greater than twice the upper limit of normal), in addition to comorbidities such as

cancer and immobility, may help to risk stratify patients at the highest risk of post-acute
thrombosis; however, individual patient-level considerations for risk versus benefit should
dictate recommendations at this time86.108-110,

Direct oral anticoagulants and low-molecular-weight heparin are preferred anticoagulation
agents over vitamin K antagonists due to the lack of need to frequently monitor therapeutic
levels, as well as the lower risk of drug—drug interactions98.109, Therapeutic anticoagulation
for those with imaging-confirmed VTE is recommended for =3 months, similar to provoked
VTE’2111 The role of antiplatelet agents such as aspirin as an alternative (or in conjunction
with anticoagulation agents) for thromboprophylaxis in COVID-19 has not yet been defined
and is currently being investigated as a prolonged primary thromboprophylaxis strategy in
those managed as outpatients (ACTIV4 (NCT04498273)). Physical activity and ambulation
should be recommended to all patients when appropriatel02,

Cardiovascular sequelae

Epidemiology and clinical manifestations.

Chest pain was reported in up to ~20% of COVID-19 survivors at 60 d follow-up321,

while ongoing palpitations and chest pain were reported in 9 and 5%, respectively, at 6
months follow-up in the post-acute COVID-19 Chinese study®. An increased incidence

of stress cardiomyopathy has been noted during the COVID-19 pandemic compared

with pre-pandemic periods (7.8 versus 1.5-1.8%, respectively), although mortality and re-
hospitalization rates in these patients are similiar}12, Preliminary data with cardiac magnetic
resonance imaging (MRI) suggest that ongoing myocardial inflammation may be present at
rates as high as 60% more than 2 months after a diagnosis of COVID-19 at a COVID-testing
center, although the reproducibility and consistency of these data have been debated13. In a
study of 26 competitive college athletes with mild or asymptomatic SARS-CoV-2 infection,
cardiac MRI revealed features diagnostic of myocarditis in 15% of participants, and previous
myocardial injury in 30.8% of participants14,

Pathology and pathophysiology.

Mechanisms perpetuating cardiovascular sequelae in post-acute COVID-19 include direct
viral invasion, downregulation of ACE2, inflammation and the immunologic response
affecting the structural integrity of the myocardium, pericardium and conduction system.
Autopsy studies in 39 cases of COVID-19 detected virus in the heart tissue of 62.5% of
patients115, The subsequent inflammatory response may lead to cardiomyocyte death and
fibro-fatty displacement of desmosomal proteins important for cell-to-cell adherencel16:117,

Recovered patients may have persistently increased cardiometabolic demand, as observed in
long-term evaluation of SARS survivors'18, This may be associated with reduced cardiac
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reserve, corticosteroid use and dysregulation of the renin—angiotensin—aldosterone system
(RAAS). Myocardial fibrosis or scarring, and resultant cardiomyopathy from viral infection,
can lead to re-entrant arrhythmias!19. COVID-19 may also perpetuate arrhythmias due to a
heightened catecholaminergic state due to cytokines such as IL-6, IL-1 and tumor necrosis
factor-a., which can prolong ventricular action potentials by modulating cardiomyocyte

ion channel expression120, Autonomic dysfunction after viral illness, resulting in postural
orthostatic tachycardia syndrome and inappropriate sinus tachycardia, has previously been
reported as a result of adrenergic modulation121.122,

Management considerations.

Serial clinical and imaging evaluation with electrocardiogram and echocardiogram at 4—

12 weeks may be considered in those with cardiovascular complications during acute
infection, or persistent cardiac symptoms’®.123, Current evidence does not support the
routine utilization of advanced cardiac imaging, and this should be considered on a case-
by-case basis. Recommendations for competitive athletes with cardiovascular complications
related to COVID-19 include abstinence from competitive sports or aerobic activity for

3-6 months until resolution of myocardial inflammation by cardiac MRI or troponin
normalization124.125,

Despite initial theoretical concerns regarding increased levels of ACE2 and the risk of acute
COVID-19 with the use of RAAS inhibitors, they have been shown to be safe and should
be continued in those with stable cardiovascular diseasel26:127, Instead, abrupt cessation of
RAAS inhibitors may be potentially harmful28, In patients with ventricular dysfunction,
guideline-directed medical therapy should be initiated and optimized as tolerated2°.
Withdrawal of guideline-directed medical therapy was associated with higher mortality in
the acute to post-acute phase in a retrospective study of 3,080 patients with COVID-19
(ref. 130). Patients with postural orthostatic tachycardia syndrome and inappropriate sinus
tachycardia may benefit from a low-dose beta blocker for heart rate management and
reducing adrenergic activity131. Attention is warranted to the use of drugs such as anti-
arrhythmic agents (for example, amiodarone) in patients with fibrotic pulmonary changes
after COVID-19 (ref. 132),

Neuropsychiatric sequelae

Epidemiology and clinical manifestations.

Similar to chronic post-SARS syndrome, COVID-19 survivors have reported a post-

viral syndrome of chronic malaise, diffuse myalgia, depressive symptoms and non-
restorative sleepl33.134 Other post-acute manifestations of COVID-19 include migraine-like
headaches!35136 (often refractory to traditional analgesics'37) and late-onset headaches
ascribed to high cytokine levels. In a follow-up study of 100 patients, approximately 38%
had ongoing headaches after 6 weeks!38. Loss of taste and smell may also persist after
resolution of other symptoms in approximately one-tenth of patients at up to 6 months
follow-up®20:22.26_Cognitive impairment has been noted with or without fluctuations,
including brain fog, which may manifest as difficulties with concentration, memory,
receptive language and/or executive function139-141,
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Individuals with COVID-19 experience a range of psychiatric symptoms persisting or
presenting months after initial infectionl42. In a cohort of 402 COVID-19 survivors in

Italy 1 month after hospitalization, approximately 56% screened positive in at least one

of the domains evaluated for psychiatric sequelae (PTSD, depression, anxiety, insomnia

and obsessive compulsive symptomatology)43. Clinically significant depression and anxiety
were reported in approximately 30-40% of patients following COVID-19, similar to patients
with previous severe coronavirus infections11:12:15.143.144  Anxiety, depression and sleep
difficulties were present in approximately one-quarter of patients at 6 months follow-up in
the post-acute COVID-19 Chinese study®. Notably, clinically significant PTSD symptoms
were reported in approximately 30% of patients with COVID-19 requiring hospitalization,
and may present early during acute infection or months later43144. A real-world, large-scale
dataset analysis of 62,354 COVID-19 survivors from 54 healthcare organizations in the
United States estimated the incidence of first and recurrent psychiatric illness between 14
and 90 d of diagnosis to be 18.1%4°. More importantly, it reported the estimated overall
probability of diagnosis of a new psychiatric illness within 90 d after COVID-19 diagnosis
to be 5.8% (anxiety disorder = 4.7%; mood disorder = 2%; insomnia = 1.9%; dementia
(among those =65 years old) = 1.6%) among a subset of 44,759 patients with no known
previous psychiatric illness. These values were all significantly higher than in matched
control cohorts of patients diagnosed with influenza and other respiratory tract infections.

Similar to other critical illnesses, the complications of acute COVID-19, such as ischemic
or hemorrhagic strokel46, hypoxic—anoxic damage, posterior reversible encephalopathy
syndromel4” and acute disseminated myelitis1#8:149 may lead to lingering or permanent
neurological deficits requiring extensive rehabilitation. Additionally, acute critical illness
myopathy and neuropathies resulting during acute COVID-19 or from the effect of
neuromuscular blocking agents can leave residual symptoms persisting for weeks to
months36:150,

Pathology and pathophysiology.

The mechanisms contributing to neuropathology in COVID-19 can be grouped

into overlapping categories of direct viral infection, severe systemic inflammation,
neuroinflammation, microvascular thrombosis and neurodegeneration39:151-153 \while viral
particles in the brain have previously been reported with other coronavirus infections®4,
there is not yet compelling evidence of SARS-CoV-2 infecting neurons. However, autopsy
series have shown that SARS-CoV-2 may cause changes in brain parenchyma and vessels,
possibly by effects on blood—brain and blood—cerebrospinal fluid barriers, which drive
inflammation in neurons, supportive cells and brain vasculaturel55156_ Furthermore, levels
of immune activation directly correlate with cognitive-behavioral changes!®’. Inflammaging
(a chronic low-level brain inflammation), along with the reduced ability to respond to new
antigens and an accumulation of memory T cells (hallmarks of immunosenescence in aging
and tissue injury1®8), may play a role in persistent effects of COVID-19. Other proposed
mechanisms include dysfunctional lymphatic drainage from circumventricular organs®®, as
well as viral invasion in the extracellular spaces of olfactory epithelium and passive diffusion
and axonal transport through the olfactory complex160. Biomarkers of cerebral injury, such
as elevated peripheral blood levels of neurofilament light chain, have been found in patients

Nat Med. Author manuscript; available in PMC 2022 March 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nalbandian et al.

Page 12

with COVID-19 (ref. 161) with a more sustained increase in severe infections®2, suggesting
the possibility of more chronic neuronal injury.

Post-COVID brain fog in critically ill patients with COVID-19 may evolve from
mechanisms such as deconditioning or PTSD41, However, reports of COVID-19 brain fog
after mild COVID-19 suggest that dysautonomia may contribute as well163.164_Finally,
long-term cognitive impairment is well recognized in the post-critical illness setting,
occurring in 20-40% of patients discharged from an ICU165,

Management considerations.

Standard therapies should be implemented for neurologic complications such as headaches,
with imaging evaluation and referral to a specialist reserved for refractory headachel66.
Further neuropsychological evaluation should be considered in the post-acute illness setting
in patients with cognitive impairment. Standard screening tools should be used to identify
patients with anxiety, depression, sleep disturbances, PTSD, dysautonomia and fatigue?6.141,

Renal sequelae

Epidemiology and clinical manifestations.

Severe acute kidney injury (AKI) requiring renal replacement therapy (RRT) occurs in 5%
of all hospitalized patients and 20-31% of critically ill patients with acute COVID-19,
particularly among those with severe infections requiring mechanical ventilation167-170,
Early studies with short-term follow-up in patients requiring RRT showed that 27-64%
were dialysis independent by 28 d or ICU dischargel69.171, Decreased estimated glomerular
filtration rate (eGFR; defined as <90 ml min~1 per 1.73 m2) was reported in 35% of patients
at 6 months in the post-acute COVID-19 Chinese study, and 13% developed new-onset
reduction of eGFR after documented normal renal function during acute COVID-19 (ref.

5). With adequate longer-term follow-up data, those patients who require RRT for severe
AKI experience high mortality, with a survival probability of 0.46 at 60 d and rates of renal
recovery reportedly at 84% among survivors’0,

Pathology and pathophysiology.

SARS-CoV-2 has been isolated from renal tissuel’2, and acute tubular necrosis is the
primary finding noted from renal biopsies!’3-174 and autopsies'’>176 in COVID-19.
COVID-19-associated nephropathy (COVAN) is characterized by the collapsing variant of
focal segmental glomerulosclerosis, with involution of the glomerular tuft in addition to
acute tubular injury, and is thought to develop in response to interferon and chemokine
activation1?7.178  Association with APOL I risk alleles suggests that SARS-CoV-2 acts as a
second hit in susceptible patients, in a manner similar to human immunodeficiency virus and
other viruses'’’. Thrombi in the renal microcirculation may also potentially contribute to the
development of renal injuryl79,

Management considerations.

While the burden of dialysis-dependent AKI at the time of discharge is low, the extent of
the recovery of renal function remains to be seen. As a result, COVID-19 survivors with
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persistent impaired renal function in the post-acute infectious phase may benefit from early
and close follow-up with a nephrologist in AKI survivor clinics, supported by its previous
association with improved outcomes180.181,

Endocrine sequelae

Epidemiology and clinical manifestations.

Diabetic ketoacidosis (DKA) has been observed in patients without known diabetes mellitus
weeks to months after resolution of COVID-19 symptoms!82, It is not yet known how

long the increased severity of pre-existing diabetes or predisposition to DKA persists after
infection, and this will be addressed by the international CoviDiab registry183. Similarly,
subacute thyroiditis with clinical thyrotoxicosis has been reported weeks after the resolution
of respiratory symptoms184.185. COVID-19 may also potentiate latent thyroid autoimmunity
manifesting as new-onset Hashimoto’s thyroiditis'86 or Graves’ diseasel®’.

Pathology and pathophysiology.

Endocrine manifestations in the post-acute COVID-19 setting may be consequences of direct
viral injury, immunological and inflammatory damage, as well as iatrogenic complications.
Pre-existing diabetes may first become apparent during the acute phase of COVID-19

and can generally be treated long term with agents other than insulin, even if initially
associated with DKA. There is no concrete evidence of lasting damage to pancreatic
cells188. Although some surveys have shown ACE2 and transmembrane serine protease
(TMPRSS2; the protease involved in SARS-CoV-2 cell entry) expression in B cells!89, the
primary deficit in insulin production is probably mediated by factors such as inflammation
or the infection stress response, along with peripheral insulin resistancel88. So far, there is
no evidence that COVID-19-associated diabetes can be reversed after the acute phase, nor
that its outcomes differ in COVID-19 long haulers. COVID-19 also presents risk factors

for bone demineralization related to systemic inflammation, immobilization, exposure to
corticosteroids, vitamin D insufficiency and interruption of antiresorptive or anabolic agents
for osteoporosist®0,

Management considerations.

Serologic testing for type 1 diabetes-associated autoantibodies and repeat post-prandial
C-peptide measurements should be obtained at follow-up in patients with newly diagnosed
diabetes mellitus in the absence of traditional risk factors for type 2 diabetes, whereas it is
reasonable to treat patients with such risk factors akin to ketosis-prone type 2 diabetes91.
Incident hyperthyroidism due to SARS-CoV-2-related destructive thyroiditis can be treated
with corticosteroids but new-onset Graves’ disease should also be ruled out84,

Gastrointestinal and hepatobiliary sequelae

Significant gastrointestinal and hepatobiliary sequelae have not been reported in COVID-19
survivors?2. Prolonged viral fecal shedding occurs in COVID-19, with viral ribonucleic acid
detectable for a mean duration of 28 d after the onset of SARS-CoV-2 infection symptoms
and persisting for a mean of 11 d after negative respiratory samples192-195,
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COVID-19 has the potential to alter the gut microbiome, including enrichment of
opportunistic infectious organisms and depletion of beneficial commensals®6:197, The
ability of the gut microbiota to alter the course of respiratory infections (gut-lung axis) has
been recognized previously in influenza and other respiratory infections%. In COVID-19,
Faecalibacterium prausnitzii, a butyrate-producing anaerobe typically associated with good
health, has been inversely correlated with disease severity196:199_ Studies are currently
evaluating the long-term consequences of COVID-19 on the gastrointestinal system,
including post-infectious irritable bowel syndrome and dyspepsia (NCT04691895).

Dermatologic sequelae

Dermatologic manifestations of COVID-19 occurred after (64%) or concurrent to (15%)
other acute COVID-19 symptoms in an international study of 716 patients with COVID-19
(ref. 200) with an average latency from the time of upper respiratory symptoms to
dermatologic findings of 7.9 d in adults?1, Only 3% of patients noted a skin rash

at 6 months follow-up in the post-acute COVID-19 Chinese study®. The predominant
dermatologic complaint was hair loss, which was noted in approximately 20% of
patients®26, Hair loss can possibly be attributed to telogen effluvium resulting from viral
infection or a resultant stress response®. Ongoing investigations may provide insight into
potential immune or inflammatory mechanisms of disease202.

Multisystem inflammatory syndrome in children (MIS-C)

Epidemiology and clinical manifestations.

MIS-C, also referred to as pediatric inflammatory multisystem syndrome temporally
associated with SARS-CoV-2 (PIMS-TS), is defined by the presence of the following
symptoms in people <21 years old (or <19 years old per the World Health Organization
definition): fever; elevated inflammatory markers; multiple organ dysfunction; current or
recent SARS-CoV-2 infection; and exclusion of other plausible diagnoses293.204, Clinical
presentations of MIS-C include fever, abdominal pain, vomiting, diarrhea, skin rash,
mucocutaneous lesions, hypotension and cardiovascular and neurologic compromise205.206,
Overlapping features have been noted with Kawasaki disease, an acute pediatric medium-
vessel vasculitis?07. However, comparison of Kawasaki disease and MIS-C cohorts
demonstrates distinctive epidemiologic and clinical characteristics. While 80% of Kawasaki
disease cases occur in children <5 years of age and primarily of Asian descent207,

patients with MIS-C are typically >7 years, encompass a broader age range and are of
African, Afro-Caribbean or Hispanic origin206:208 A comparable incidence of coronary
artery aneurysm and dilation has been noted among MIS-C and Kawasaki disease (20 and
25%, respectively)208. Neurological complications of MIS-C, such as headache, altered
mental status, encephalopathy, cranial nerve palsies, stroke, seizure, reduced reflexes, and
muscle weakness, appear to be more frequent than in Kawasaki disease209210, A pooled
meta-analysis of MIS-C studies reported recovery in 91.1% and death in 3.5% of patients2%5.
Ongoing studies are evaluating long-term sequelae in these children (NCT04330261).
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Pathology and pathophysiology.

The timing of the emergence of MIS-C (which was lagging approximately 1 month behind
peak COVID-19 incidence in epicenters in Spring 2020211) and the finding that most
patients are negative for acute infection but are antibody positive suggest that MIS-C may
result from an aberrant acquired immune response rather than acute viral infection2%8,
Insights into the pathophysiology of MIS-C may be derived in part from Kawasaki

disease and toxic shock syndrome, with possible mechanisms of injury related to immune
complexes, complement activation, autoantibody formation through viral host mimicry, and
massive cytokine release related to superantigen stimulation of T cells205:211,

Management considerations.

Current recommendations include immunomodulatory therapy with intravenous
immunoglobulin, adjunctive glucocorticoids and low-dose aspirin until coronary arteries

are confirmed normal at least 4 weeks after diagnosis2%®. Therapeutic anticoagulation with
enoxaparin or warfarin and low-dose aspirin is recommended in those with a coronary artery
zscore = 10, documented thrombosis or an ejection fraction < 35%. Studies such as the
Best Available Treatment Study for Inflammatory Conditions Associated with COVID-19
(ISRCTN69546370) are evaluating the optimal choice of immunomodulatory agents for
treatment.

Serial echocardiographic assessment is recommended at intervals of 1-2 and 4-6 weeks
after presentation?12. Cardiac MRI may be indicated 2-6 months after diagnosis in those
presenting with significant transient left ventricular dysfunction (ejection fraction < 50%)

in the acute phase or persistent dysfunction to assess for fibrosis and inflammation. Serial
electrocardiograms and consideration of an ambulatory cardiac monitor are recommended at
follow-up visits in patients with conduction abnormalities at diagnosis.

Special considerations

Racial and ethnic considerations.

Acute COVID-19 has been recognized to disproportionately affect communities of
color?7:213-216 A total of 51.6% of survivors in the post-acute COVID-19 US study were
Black2%, while the BAME group comprised 19-20.9% in the UK studies?2:24, Only one
study from the United Kingdom evaluated the association of race/ethnicity and reported
that individuals belonging to the BAME group were more likely to experience dyspnea
than White individuals (42.1 versus 25%, respectively) at 4-8 weeks post-discharge??.
Rates of PTSD were similar in BAME and White participants in this study. Emerging data
also suggest that COVAN may be the predominant pattern of renal injury in individuals

of African descent!’”. MIS-C is also known to disproportionately affect children and
adolescents of African, Afro-Caribbean or Hispanic ethnicity296:208, _arger studies are
required to ascertain the association between sequelae of post-acute COVID-19 and race and
ethnicity.

These important differences noted in preliminary studies may be related to multiple factors,
including (but not limited to) socioeconomic determinants and racial/ethnic disparities,
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plausible differences in the expression of factors involved in SARS-CoV-2 pathogenesis,

and comorbidities. Higher nasal epithelial expression of 7TMPRSSZ has been reported in
Black individuals compared with other self-reported races/ethnicities?l”. However, caution is
warranted that ongoing and future studies integrate and analyze information along multiple
axes (for example, clinical and socioeconomic axes, resource deficits and external stressors)
to prevent inaccurate contextualization218, The National Institute on Minority Health and
Health Disparities at the National Institutes of Health has identified investigation of short-
and long-term effects of COVID-19 on health, and how differential outcomes can be reduced
among racial and ethnic groups, as a research priority216.

Nutrition and rehabilitation considerations.

Severe COVID-19, similar to other critical illnesses, causes catabolic muscle wasting,
feeding difficulties and frailty, each of which is associated with an increased likelihood

of poor outcome36. Malnutrition has been noted in 26-45% of patients with COVID-19, as
evaluated by the Malnutrition Universal Screening Tool in an Italian study?19. Protocols to
provide nutritional support for patients (many of whom suffered from respiratory distress,
nausea, diarrhea and anorexia, with resultant reduction in food intake) continue to be
refined?20,

All post-acute COVID-19 follow-up studies that incorporated assessments of health-related
quality of life and functional capacity measures have universally reported significant deficits
in these domains, including at 6 months in the post-acute COVID-19 Chinese study3:20,
Given the severity of the systemic inflammatory response associated with severe COVID-19
and resultant frailty, early rehabilitation programs are being evaluated in ongoing clinical
studies (Table 2). They have previously been validated to be both safe and effective in
critically ill patients with ARDS?21-223 and in preliminary studies in COVID-19 (ref. 224),
Model COVID-19 rehabilitation units such as those in Italy are already routinely assessing
acute COVID-19 survivors for swallowing function, nutritional status and measures of
functional independence?1°.

Patient advocacy groups.

Unique to this pandemic is the creation and role of patient advocacy groups in

identifying persistent symptoms and influencing research and clinical attention. Such
groups include COVID Advocacy Exchange (https://www.covidadvocacyexchange.com),
the National Patient Advocate Foundation COVID Care Resource Center (https://
www.patientadvocate.org/covidcare), long-haul COVID fighters Facebook groups, the
Body Politic COVID-19 Support Group (https://www.wearebodypolitic.com/covid19),
Survivor Corps (https://www.survivorcorps.com/) and Patient-Led Research for COVID-19
(patientresearchcovid19.com). Surveys conducted by these groups have helped to identify
persistent symptoms such as brain fog, fatigue and body aches as important components
of post-acute COVID-19. Additionally, they have been instrumental in highlighting the
persistence of symptoms in patients with mild-to-moderate disease who did not require
hospitalization?25. Active engagement with these patient advocacy groups, many of whom
identify themselves as long haulers, is crucial?28. Dissemination of contact information
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and resources of these groups can occur at pharmacies, physician offices and in discharge
summaries upon hospital discharge.

Conclusions and future directions

The multi-organ sequelae of COVID-19 beyond the acute phase of infection are increasingly
being appreciated as data and clinical experience in this timeframe accrue. Necessary

active and future research include the identification and characterization of key clinical,
serological, imaging and epidemiologic features of COVID-19 in the acute, subacute and
chronic phases of disease, which will help us to better understand the natural history

and pathophysiology of this new disease entity (Table 2). Active and future clinical

studies, including prospective cohorts and clinical trials, along with frequent review of
emerging evidence by working groups and task forces, are paramount to developing a
robust knowledge database and informing clinical practice in this area. Currently, healthcare
professionals caring for survivors of acute COVID-19 have the key role of recognizing,
carefully documenting, investigating and managing ongoing or new symptoms, as well as
following up organ-specific complications that developed during acute illness. It is also
imperative that clinicians provide information in accessible formats, including clinical
studies available for participation and additional resources such as patient advocacy and
support groups.

Moreover, it is clear that care for patients with COVID-19 does not conclude at the time

of hospital discharge, and interdisciplinary cooperation is needed for comprehensive care

of these patients in the outpatient setting. As such, it is crucial for healthcare systems and
hospitals to recognize the need to establish dedicated COVID-19 clinics’4, where specialists
from multiple disciplines are able to provide integrated care. Prioritization of follow-up
care may be considered for those at high risk for post-acute COVID-19, including those
who had severe illness during acute COVID-19 and/or required care in an ICU, those

most susceptible to complications (for example, the elderly, those with multiple organ
comorbidities, those post-transplant and those with an active cancer history) and those with
the highest burden of persistent symptoms.

Given the global scale of this pandemic, it is apparent that the healthcare needs for patients
with sequelae of COVID-19 will continue to increase for the foreseeable future. Rising to
this challenge will require harnessing of existing outpatient infrastructure, the development
of scalable healthcare models and integration across disciplines for improved mental and
physical health of survivors of COVID-19 in the long term.
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Box 1 |
Summary of post-acute COVID-19 by organ system
Pulmonary
. Dyspnea, decreased exercise capacity and hypoxia are commonly persistent
symptoms and signs
. Reduced diffusion capacity, restrictive pulmonary physiology, and ground-
glass opacities and fibrotic changes on imaging have been noted at follow-up
of COVID-19 survivors
. Assessment of progression or recovery of pulmonary disease and function
may include home pulse oximetry, BMWTs, PFTs, high-resolution computed
tomography of the chest and computed tomography pulmonary angiogram as
clinically appropriate
Hematologic
. Thromboembolic events have been noted to be <5% in post-acute COVID-19

in retrospective studies

. The duration of the hyperinflammatory state induced by infection with SARS-
CoV-2 is unknown

. Direct oral anticoagulants and low-molecular-weight heparin may be
considered for extended thromboprophylaxis after risk—benefit discussion in
patients with predisposing risk factors for immobility, persistently elevated p-
dimer levels (greater than twice the upper limit of normal) and other high-risk
comorbidities such as cancer

Cardiovascular
. Persistent symptoms may include palpitations, dyspnea and chest pain

. Long-term sequelae may include increased cardiometabolic demand,
myocardial fibrosis or scarring (detectable via cardiac MRI), arrhythmias,
tachycardia and autonomic dysfunction

. Patients with cardiovascular complications during acute infection or those
experiencing persistent cardiac symptoms may be monitored with serial
clinical, echocardiogram and electrocardiogram follow-up

Neuropsychiatric

. Persistent abnormalities may include fatigue, myalgia, headache,
dysautonomia and cognitive impairment (brain fog)

. Anxiety, depression, sleep disturbances and PTSD have been reported in
30-40% of COVID-19 survivors, similar to survivors of other pathogenic
coronaviruses
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. The pathophysiology of neuropsychiatric complications is mechanistically
diverse and entails immune dysregulation, inflammation, microvascular
thrombosis, iatrogenic effects of medications and psychosocial impacts of
infection

Renal

. Resolution of AKI during acute COVID-19 occurs in the majority of patients;
however, reduced eGFR has been reported at 6 months follow-up

. COVAN may be the predominant pattern of renal injury in individuals of
African descent

. COVID-19 survivors with persistent impaired renal function may benefit from
early and close follow-up in AKI survivor clinics

Endocrine

. Endocrine sequelae may include new or worsening control of existing
diabetes mellitus, subacute thyroiditis and bone demineralization

. Patients with newly diagnosed diabetes in the absence of traditional risk
factors for type 2 diabetes, suspected hypothalamic—pituitary—adrenal axis
suppression or hyperthyroidism should undergo the appropriate laboratory
testing and should be referred to endocrinology

Gastrointestinal and hepatobiliary

. Prolonged viral fecal shedding can occur in COVID-19 even after negative
nasopharyngeal swab testing

. COVID-19 has the potential to alter the gut microbiome, including
enrichment of opportunistic organisms and depletion of beneficial
commensals

Dermatologic

. Hair loss is the predominant symptom and has been reported in approximately
20% of COVID-19 survivors
MIS-C

. Diagnostic criteria: <21 years old with fever, elevated inflammatory markers,
multiple organ dysfunction, current or recent SARS-CoV-2 infection and
exclusion of other plausible diagnoses

. Typically affects children >7 years and disproportionately of African, Afro-
Caribbean or Hispanic origin

. Cardiovascular (coronary artery aneurysm) and neurologic (headache,
encephalopathy, stroke and seizure) complications can occur
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Thromboembolism
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Chronic kidney disease

Hair loss
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Fig. 1 |. Timeline of post-acute COVID-19.
Acute COVID-19 usually lasts until 4 weeks from the onset of symptoms, beyond which

replication-competent SARS-CoV-2 has not been isolated. Post-acute COVID-19 is defined
as persistent symptoms and/or delayed or long-term complications beyond 4 weeks from
the onset of symptoms. The common symptoms observed in post-acute COVID-19 are
summarized.
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Pulmonary/cardiovascular

Symptom assessment through
virtual/in-person follow-up at
4—6 weeks and at 12 weeks

post-discharge

Dyspnea/persistent oxygen requirement

Consider 6BMWT, PFT, chest X-ray,
PE work up, echocardiogram and

IR HRCT of the chest as indicated P
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Consider extended
thromboprophylaxis for
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- impairment

COVID-19 clinic
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Renal Primary care
Early follow-up with Consideration of early rehabilitation
nephrologists after discharge for Patient education
patients with COVID-19 and AKI Consider enroliment in clinical

research studies
Active engagment with patient
advocacy groups

Fig. 2 |. Interdisciplinary management in COVID-19 clinics.
Multidisciplinary collaboration is essential to provide integrated outpatient care to survivors

of acute COVID-19 in COVID-19 clinics. Depending on resources, prioritization may be
considered for those at high risk for post-acute COVID-19, defined as those with severe
illness during acute COVID-19 and/or requirement for care in an ICU, advanced age and
the presence of organ comorbidities (pre-existing respiratory disease, obesity, diabetes,
hypertension, chronic cardiovascular disease, chronic kidney disease, post-organ transplant
or active cancer). The pulmonary/cardiovascular management plan was adapted from a
guidance document for patients hospitalized with COVID-19 pneumonia’8. HRCT, high-
resolution computed tomography; PE, pulmonary embolism.
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