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Abstract

Sections

Long COVID is an often debilitating illness that occursin at least 10%

of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infections. More than 200 symptoms have been identified with impacts
onmultiple organ systems. At least 65 million individuals worldwide are
estimated to have long COVID, with cases increasing daily. Biomedical
research has made substantial progress inidentifying various
pathophysiological changes and risk factors and in characterizing
theillness; further, similarities with other viral-onset illnesses such as
myalgic encephalomyelitis/chronic fatigue syndrome and postural
orthostatic tachycardia syndrome have laid the groundwork for
researchinthe field. In this Review, we explore the current literature
and highlight key findings, the overlap with other conditions, the
variable onset of symptoms, long COVID in children and the impact of
vaccinations. Although these key findings are critical to understanding
long COVID, current diagnostic and treatment options are insufficient,
and clinical trials must be prioritized that address leading hypotheses.
Additionally, to strengthen long COVID research, future studies must
account for biases and SARS-CoV-2 testing issues, build on viral-onset
research, be inclusive of marginalized populations and meaningfully
engage patients throughout the research process.
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Introduction

Long COVID (sometimesreferredtoas ‘post-acute sequelae of COVID-19)
is a multisystemic condition comprising often severe symptoms that
follow asevere acuterespiratory syndrome coronavirus 2 (SARS-CoV-2)
infection. At least 65 million individuals around the world have long
COVID, based ona conservative estimated incidence 0of10% of infected
people and more than 651 million documented COVID-19 cases world-
wide'; the number is likely much higher due to many undocumented
cases. Theincidenceis estimated at10-30% of non-hospitalized cases,
50-70% of hospitalized cases** and 10-12% of vaccinated cases*’. Long
COVID is associated with all ages and acute phase disease severities,
with the highest percentage of diagnoses between the ages of 36 and
50 years, and most long COVID cases are in non-hospitalized patients
with a mild acute illness®, as this population represents the majority
of overall COVID-19 cases. There are many research challenges, as out-
linedinthis Review, and many open questions, particularly relating to
pathophysiology, effective treatments and risk factors.

Hundreds of biomedical findings have been documented, with
many patients experiencing dozens of symptoms across multiple organ
systems’ (Fig.1). Long COVID encompasses multiple adverse outcomes,
with common new-onset conditions including cardiovascular, throm-
boticand cerebrovascular disease®, type 2 diabetes’, myalgic encepha-
lomyelitis/chronic fatigue syndrome (ME/CFS)'*" and dysautonomia,
especially postural orthostatic tachycardia syndrome (POTS)" (Fig. 2).
Symptoms can last for years”, and particularly in cases of new-onset
ME/CFS and dysautonomia are expected to be lifelong*. With signifi-
cant proportions of individuals with long COVID unable to return to
work’, the scale of newly disabled individuals is contributing to labour
shortages®. There are currently no validated effective treatments.

There are likely multiple, potentially overlapping, causes of long
COVID.Several hypotheses for its pathogenesis have been suggested,
including persisting reservoirs of SARS-CoV-2 in tissues'®”; immune
dysregulation?° with or without reactivation of underlying patho-
gens, including herpesviruses such as Epstein—-Barr virus (EBV) and
human herpesvirus 6 (HHV-6) among others'”'**?2; impacts of SARS-
CoV-2 on the microbiota, including the virome”**; autoimmun-
ity"”?*2® and priming of theimmune system from molecular mimicry";
microvascular blood clotting with endothelial dysfunction*°~*; and
dysfunctional signalling in the brainstem and/or vagus nerve* (Fig. 3).
Mechanisticstudies are generally at an early stage, and although work
thatbuilds on existing research from postviralillnesses such as ME/CFS
hasadvanced some theories, many questions remainand are a priority
toaddress. Risk factors potentially include female sex, type 2 diabetes,
EBVreactivation, the presence of specific autoantibodies”, connective
tissue disorders®, attention deficit hyperactivity disorder, chronic
urticaria and allergic rhinitis*, although a third of people with long
COVID have noidentified pre-existing conditions®. A higher prevalence
oflong Covid has been reported in certain ethnicities, including people
with Hispanic or Latino heritage®. Socio-economicrisk factors include
lowerincome and aninability to adequately restin the early weeks after
developing COVID-19 (refs. ***’). Before the emergence of SARS-CoV-2,
multiple viral and bacterial infections were known to cause postinfec-
tiousillnesses such as ME/CFS">*%, and there are indications that long
COVID shares their mechanistic and phenotypic characteristics'™.
Further, dysautonomia has been observed in other postviral ilinesses
and is frequently observed in long COVID’.

In this Review, we explore the current knowledge base of long
COVID as well as misconceptions surrounding long COVID and areas
where additional researchis needed. Because most patients with long

COVID were not hospitalized for their initial SARS-CoV-2 infection®,
we focus onresearch thatincludes patients with mild acute COVID-19
(meaningnot hospitalized and without evidence of respiratory disease).
Most of the studies we discuss refer to adults, except for thosein Box 1.

Major findings

Immunology and virology

Studies looking at immune dysregulation in individuals with long
COVID who had mild acute COVID-19 have found T cell alterations,
including exhausted T cells'®, reduced CD4"and CD8" effector memory
cellnumbers'®" and elevated PD1 expression on central memory cells,
persisting for at least 13 months'. Studies have also reported highly
activated innateimmune cells, alack of naive T and B cellsand elevated
expression of type I and type lll interferons (interferon-f (IFN) and
IFNA1), persisting for at least 8 months®. A comprehensive study
comparing patients with long COVID with uninfected individuals and
infected individuals without long COVID found increases in the num-
bers of non-classical monocytes, activated B cells, double-negative
B cells, and IL-4- and IL-6-secreting CD4" T cells and decreases in the
numbers of conventional dendritic cells and exhausted T cells and
low cortisol levels in individuals with long COVID at a median of
14 months afterinfection'®. The expansion of cytotoxic T cells has been
found to be associated with the gastrointestinal presentation of long
COVID?. Additional studies have found elevated levels of cytokines,
particularly IL-1B, IL-6, TNF and IP10 (refs. *>*'),and arecent preprint has
reported persistent elevation of the level of CCL11, whichis associated
with cognitive dysfunction®. It remains to be seen whether the pat-
tern of cytokines in ME/CFS, where the levels of certain cytokines are
elevatedinthe first 2-3 years of iliness but decrease over time without
acorresponding decrease in symptoms®, is similar in long COVID.

Multiple studies have found elevated levels of autoantibodies in
long COVIDZ, including autoantibodies to ACE2 (ref. *®) (the receptor
for SARS-CoV-2 entry), B,-adrenoceptor, muscarinic M2 receptor,
angiotensin Il AT, receptor and the angiotensin 1-7 MAS receptor?®.
Highlevels of other autoantibodies have been found in some patients
with COVID-19 more generally, including autoantibodies that target the
tissue (such as connective tissue, extracellular matrix components, vas-
cularendothelium, coagulation factors and platelets), organ systems
(including the lung, central nervous system, skin and gastrointestinal
tract),immunomodaulatory proteins (cytokines, chemokines, comple-
ment componentsand cell-surface proteins)**. A major comprehensive
study, however, did not find autoantibodies to be amajor component
of long COVID*,

Reactivated viruses, including EBVand HHV-6, have beenfoundin
patients withlong COVID'*>”’ (and have beenidentified in ME/CFS®),
and lead to mitochondrial fragmentation and severely affect energy
metabolism*. A recent preprint has reported that EBV reactivation
is associated with fatigue and neurocognitive dysfunctionin patients
with long COVID*,

Several studies have shown low or no SARS-CoV-2 antibody
production and other insufficient immune responses in the acute
stage of COVID-19 to be predictive of long COVID at 6-7 months, in
both hospitalized patients and non-hospitalized patients**%, These
insufficient immune responses include a low baseline level of IgG*®,
low levels of receptor-binding domain and spike-specific memory
Bcells, low levels of nucleocapsid IgG*’ and low peaks of spike-specific
IgG"¥. In a recent preprint, low or absent CD4" T cell and CD8" T cell
responses were noted in patients with severe long COVID*, and
aseparate study found lower levels of CD8" T cells expressing CD107a
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and a decline in nucleocapsid-specific interferon-y-producing CD8"
T cells in patients with long COVID compared with infected controls
without long COVID*. High levels of autoantibodies in long COVID
have been found to be inversely correlated with protective COVID-19
antibodies, suggesting that patients with high autoantibody levels
may be morelikely to have breakthroughinfections?”. SARS-CoV-2 viral
reboundinthe gut, possibly resulting from viral persistence, has also
been associated with lower levels and slower production of receptor-
binding domain IgA and IgG antibodies®’. There are major differences
inantibody creation, seroreversion and antibody titre levels across the
sexes, with women beingless likely to seroconvert, being more likely to
serorevertand having lower antibody levels overall*>**, even affecting
antibody waning after vaccination®.

Several reports have pointed towards possible viral persistence as
adriver of long COVID symptoms; viral proteins and/or RNA has been
foundinthe reproductive system, cardiovascular system, brain, mus-
cles, eyes, lymph nodes, appendix, breast tissue, hepatic tissue, lung
tissue, plasma, stool and urine®°. In one study, circulating SARS-CoV-2
spike antigen was found in 60% of a cohort of 37 patients with long
COVID up to 12 months after diagnosis compared with 0% of 26 SARS-
CoV-2-infected individuals, likely implying a reservoir of active virus
or components of the virus™. Indeed, multiple reports following gas-
trointestinal biopsies have indicated the presence of virus, suggestive
of a persistent reservoir in some patients®*®'.

Vascular issues and organ damage

Although COVID-19 was initially recognized as a respiratory illness,
SARS-CoV-2 has capability to damage many organ systems. The damage
that has been demonstrated across diverse tissues has predominantly
been attributed to immune-mediated response and inflammation,
rather than direct infection of cells by the virus. Circulatory system
disruptionincludes endothelial dysfunction and subsequent down-
stream effects, and increased risks of deep vein thrombosis, pulmo-
nary embolismand bleeding events®**>®*, Microclots detected in both
acute COVID-19 and long COVID contribute to thrombosis®*and are an
attractive diagnostic and therapeutictarget. Long-term changesto the
size and stiffness of blood cells have also been found in long COVID,
with the potential to affect oxygen delivery®*. Along-lasting reduction
invascular density, specifically affecting small capillaries, was found in
patients with long COVID compared with controls, 18 months after
infection®. A study finding elevated levels of vascular transforma-
tionblood biomarkersinlong COVID also found that the angiogenesis
markers ANG1 and P-selectin both had high sensitivity and specificity
for predicting long COVID status®.

An analysis of the US Department of Veterans Affairs databases
(VA data) including more than 150,000 individuals 1 year after SARS-
CoV-2infection indicated a significantly increased risk of a variety of
cardiovascular diseases, including heart failure, dysrhythmias and
stroke, independent of the severity of initial COVID-19 presentation®
(Fig. 2). Cardiac MRl studies revealed cardiac impairment in 78% of
100 individuals who had a prior COVID-19 episode (investigated an
average of 71days after infection®”) and in 58% of participants with long
COVID (studied 12 months after infection®®), reinforcing the durability
of cardiac abnormalities.

Multiple studies have revealed multi-organ damage associated
with COVID-19. One prospective study of low-risk individuals, looking
attheheart, lungs, liver, kidneys, pancreas and spleen, noted that 70%
of 201 patients had damage to at least one organ and 29% had multi-
organ damage®. In a 1-year follow-up study, conducted by the same
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Fig.1|Long COVID symptoms and the impacts on numerous organs with
differing pathology. The impacts of long COVID on numerous organs witha
wide variety of pathology are shown. The presentation of pathologies is often
overlapping, which can exacerbate management challenges. MCAS, mast cell
activation syndrome; ME/CFS, myalgic encephalomyelitis/chronic fatigue
syndrome; POTS, postural orthostatic tachycardia syndrome.

research group with 536 participants, the study authors found that 59%
had single-organ damage and 27% multi-organ damage’®. A dedicated
kidney study of VA data including more than 89,000 individuals who
had COVID-19 noted an increased risk of numerous adverse kidney
outcomes”’. Another VA data analysis, including more than 181,000
individuals who had COVID-19, found that infection also increases
the risk of type 2 diabetes’ (Fig. 2). The organ damage experienced
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Fig.2|SARS-CoV-2infection, COVID-19 and long COVID increases the risk

of several medical conditions. Because diagnosis-specific dataon large
populations with long COVID are sparse, outcomes from general infections are
included and alarge proportion of medical conditions are expected to result
fromlong COVID, although the precise proportion cannot be determined. One
year after the initial infection, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infections increased the risk of cardiac arrest, death, diabetes, heart
failure, pulmonary embolism and stroke, as studied with use of US Department
of Veterans Affairs databases. Additionally, there is clear increased risk of
developing myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS)

and dysautonomia. Six months after breakthrough infection, increased risks
were observed for cardiovascular conditions, coagulation and haematological
conditions, death, fatigue, neurological conditions and pulmonary conditions in
the same cohort. The hazard ratio is the ratio of how often an event occursin one
group relative to another; in this case people who have had COVID-19 compared
with those who have not. Data sources are as follows: diabetes’, cardiovascular
outcomes®, dysautonomia®*®!, ME/CFS'**? and breakthrough infections*.

by patients with long COVID appears durable, and long-term effects
remain unknown.

Neurological and cognitive systems
Neurological and cognitive symptoms are a major feature of long
COVID, including sensorimotor symptoms, memory loss, cognitive
impairment, paresthesia, dizziness and balance issues, sensitivity to
light and noise, loss of (or phantom) smell or taste, and autonomic
dysfunction, often impacting activities of daily living”*’. Audioves-
tibular manifestations of long COVID include tinnitus, hearing loss
and vertigo™”.

Inameta-analysis, fatigue was found in 32% and cognitive impair-
ment was found in 22% of patients with COVID-19 at 12 weeks after

infection®. Cognitive impairments inlong COVID are debilitating, at the
same magnitude asintoxicationat the UK drink driving limit or 10 years
of cognitive ageing’®, and may increase over time, with one study find-
ing occurrence in 16% of patients at 2 months after infection and 26%
of patients at 12 months after infection’. Activation of the kynure-
nine pathway, particularly the presence of the metabolites quinolinic
acid, 3-hydroxyanthranilicacid and kynurenine, has beenidentified in
long COVID, and is associated with cognitive impairment™. Cognitive
impairment has also been found in individuals who recovered from
COVID-19 (ref.”), and at higher rates when objective versus subjective
measures were used’, suggesting that a subset of those with cognitive
impairment may not recognize and/or report theirimpairment. Cogni-
tiveimpairmentis afeature that manifestsitselfindependently of men-
tal health conditions such as anxiety and depression’”®, and occurs at
similar ratesin hospitalized and non-hospitalized patients’’®. A report
of more than 1.3 million people who had COVID-19 showed mental
health conditions such as anxiety and depression returned to normal
over time, but increased risks of cognitive impairment (brain fog),
seizures, dementia, psychosis and other neurocognitive conditions
persisted for at least 2 years””.

Possible mechanisms for these neuropathologies include neuro-
inflammation, damage to blood vessels by coagulopathy and endothe-
lial dysfunction, andinjury to neurons®. Studies have found Alzheimer
disease-like signalling in patients with long COVID’®, peptides that
self-assemble into amyloid clumps which are toxic to neurons’, wide-
spread neuroinflammation®’, brain and brainstem hypometabolism
correlated with specific symptoms®**and abnormal cerebrospinal fluid
findings in non-hospitalized individuals with long COVID along with an
association between younger age and a delayed onset of neurological
symptoms®, Multilineage cellular dysregulation and myelinloss were
reportedinarecent preprintin patients with long COVID who had mild
infections, with microglial reactivity similar to that seenin chemother-
apy, known as ‘chemo-brain™. A study from the UK Biobank, including
brain imaging in the same patients before and after COVID-19 as well
as controlindividuals, showed areductionin grey matter thicknessin
the orbitofrontal cortex and parahippocampal gyrus (markers of tissue
damageinareas connected to the primary olfactory cortex), an overall
reduction in brain size and greater cognitive decline in patients after
COVID-19 compared with controls, even in non-hospitalized patients.
Althoughthatstudy looked atindividuals with COVID-19 compared with
controls, not specifically long COVID, it may have animplication for the
cognitive component of long COVID**. Abnormal levels of mitochon-
drial proteins as well as SARS-CoV-2 spike and nucleocapsid proteins
have been found in the central nervous system®. Tetrahydrobiopterin
deficiencies and oxidative stress are found in long COVID as well®°,

In the eyes, corneal small nerve fibre loss and increased den-
dritic cell density have been found in long COVID®*"%%, as well as
significantly altered pupillary light responses®” and impaired retinal
microcirculation®. SARS-CoV-2 caninfect and replicate inretinal® and
brain® organoids. Other manifestations of long COVID include retinal
haemorrhages, cotton wool spots and retinal vein occlusion®.

Mouse models of mild SARS-CoV-2 infection demonstrated micro-
glial reactivity and elevated levels of CCL11, which is associated with
cognitive dysfunctionand impaired neurogenesis*>. Hamster models
exhibited an ongoinginflammatory state, involving T cell and myeloid
activation, production of pro-inflammatory cytokines and an inter-
feron response that was correlated with anxiety and depression-like
behaviours in the hamsters, with similar transcriptional signatures
found inthetissue of humans who had recovered from COVID-19 (ref.*).
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Infected non-human primates with mild illness showed neuroinflam-
mation, neuronalinjury and apoptosis, brain microhaemorrhages, and
chronic hypoxaemia and brain hypoxia®.

Recentreportsindicate low blood cortisol levels in patients with
long COVID as compared with control individuals, more than 1 year
into symptom duration'®%. Low cortisol production by the adrenal
gland should be compensated by an increase in adrenocorticotropic
hormone (ACTH) production by the pituitary gland, but this was not
the case, supporting hypothalamus-pituitary-adrenal axis dysfunc-
tion'®. This may also reflect an underlying neuroinflammatory process.
Low cortisol levels have previously been documented in individuals
with ME/CFS.

ME/CFS, dysautonomia and related conditions
ME/CFS is a multisystem neuroimmune illness with onset often fol-
lowing a viral or bacterial infection. Criteria include a “substantial
reduction orimpairment in the ability to engage in pre-illness levels
of occupational, educational, social, or personal activities” for at least
6 months, accompanied by a profound fatigue thatis not alleviated by
rest, along with postexertional malaise, unrefreshing sleep and cogni-
tive impairment or orthostatic intolerance (or both)®. Up to 75% of
people with ME/CFS cannot work full-time and 25% have severe ME/CFS,
which often means they are bed-bound, have extreme sensitivity to
sensory input and are dependent on others for care’. There is a vast
collection of biomedical findings in ME/CFS®"*%, although these are not
well known to researchers and clinicians in other fields.
ManyresearchershavecommentedonthesimilaritybetweenME/CFS
and long COVID®’; around half of individuals with long COVID are
estimated to meet the criteria for ME/CFS'*"**1%, and in studies where
the cardinal ME/CFS symptom of postexertional malaise is measured,
amajority ofindividuals with long COVID report experiencing postex-
ertional malaise”. A study of orthostatic stress in individuals with
long COVID and individuals with ME/CFS found similar haemodynamic,

symptomatic and cognitive abnormalities in both groups compared
with healthy individuals'®. Importantly, it is not surprising that
ME/CFS should stem from SARS-CoV-2 infection as 27.1% of SARS-CoV
infectionsurvivorsin one study met the criteria for ME/CFS diagnosis
4 years after onset'”. Awide range of pathogens cause ME/CFS onset,
including EBV, Coxiella burnetii (which causes Q fever), Ross River virus
and West Nile virus™.

Consistentabnormal findingsin ME/CFSinclude diminished natu-
ralkiller cell function, T cell exhaustionand other T cell abnormalities,
mitochondrial dysfunction, and vascular and endothelial abnormali-
ties, including deformed red blood cells and reduced blood volume.
Otherabnormalitiesinclude exerciseintolerance,impaired oxygencon-
sumptionandareduced anaerobic threshold, and abnormal metabolic
profiles, including altered usage of fatty acids and amino acids. Altered
neurological functions have also been observed, including neuro-
inflammation, reduced cerebral blood flow, brainstem abnormalities
andelevated ventricular lactate level, as well as abnormal eye and vision
findings. Reactivated herpesviruses (including EBV, HHV-6, HHV-7 and
human cytomegalovirus) are also associated with ME/CFS?79510310¢,

Many of these findings have been observed inlong COVID studies
in both adults and children (Box 1). Long COVID research has found
mitochondrial dysfunctionincludingloss of mitochondrialmembrane
potential® and possible dysfunctional mitochondrial metabolism',
altered fatty acid metabolism and dysfunctional mitochondrion-
dependent lipid catabolism consistent with mitochondrial dysfunction
in exercise intolerance'”’, redox imbalance'®®, and exercise intoler-
ance and impaired oxygen extraction'*®'°*""°, Studies have also found
endothelial dysfunction®, cerebral blood flow abnormalities and meta-
bolic changes® " (even in individuals with long COVID whose POTS
symptoms abate'*), extensive neuroinflammation*>®°, reactivated her-
pesviruses'®?¥, deformedred blood cells®* and many findings discussed
elsewhere. Microclots and hyperactivated platelets are found not only
inindividuals with long COVID but also in individuals with ME/CFS™.

Immune dysregulation Microbiota dysbiosis

Persistent

;@: infection

|

P

Autoimmunity and
immune priming

y\\r -/ \ K" :
i ,,'-7{4: ] s ‘ Q
R ®
LA ;.16

Blood clotting and
endothelial abnormalities

Dysfunctional
neurological signalling

L

7

il

<O
LI

>
=X

8%

PO

AN
<S

Hol
Z_

=7

Z

S

Immune dysregulation, with
or without reactivation of
underlying pathogens,
including herpesviruses such
as EBV and HHV-6

Impacts of SARS-CoV-2 on
the microbiota and virome
(including SARS-CoV-2
persistence)

Autoimmunity and primed
immune cells from molecular
mimicry

Microvascular blood clotting
with endothelial dysfunction

Dysfunctional signalling in the
brainstem and/or vagus nerve

Fig.3 |Hypothesized mechanisms oflong COVID pathogenesis. There are
several hypothesized mechanisms for long COVID pathogenesis, including
immune dysregulation, microbiota disruption, autoimmunity, clotting

and endothelial abnormality, and dysfunctional neurological signalling.
EBV, Epstein-Barr virus; HHV-6, human herpesvirus 6; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2.
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Box 1

Long COVID in children

Long COVID impacts children of all ages. One study found that
fatigue, headache, dizziness, dyspnoea, chest pain, dysosmia,
dysgeusia, reduced appetite, concentration difficulties, memory
issues, mental exhaustion, physical exhaustion and sleep issues
were between 2 and 36 times more likely in individuals with long
COVID aged 15-19 years compared with controls of the same age”°.
A nationwide study in Denmark comparing children with a positive
PCR test result with control individuals found that the former had

a higher chance of reporting at least one symptom lasting more
than 2 months®®. Similarly to adults with long COVID, children with
long COVID experience fatigue, postexertional malaise, cognitive
dysfunction, memory loss, headaches, orthostatic intolerance,
sleep difficulty and shortness of breath?®**%°, Liver injury has been
recorded in children who were not hospitalized during acute severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections?,
and although rare, children who had COVID-19 have increased risks
of acute pulmonary embolism, myocarditis and cardiomyopathy,
venous thromboembolic events, acute and unspecified renal failure,
and type 1diabetes®”’. Infants born to women who had COVID-19

Dysautonomia, particularly POTS, is commonly comorbid
with ME/CFS"®and also often has a viral onset'”. POTS is associated with
G protein-coupled adrenergic receptor and muscarinic acetylcholine
receptor autoantibodies, platelet storage pool deficiency, small fibre
neuropathy and other neuropathologies™®. Both POTS and small
fibre neuropathy are commonly found in long COVID"", with one
study finding POTS in 67% of a cohort with long COVID'®°.

Mast cell activation syndrome is also commonly comorbid with
ME/CFS. The number and severity of mast cell activation syndrome
symptoms substantially increased in patients with long COVID com-
pared with pre-COVID and controlindividuals', with histamine receptor
antagonists resulting inimprovements in the majority of patients®.

Other conditions that are commonly comorbid with ME/CFS
include connectivetissue disordersincluding Ehlers-Danlos syndrome
and hypermobility, neuro-orthopaedic spinal and skull conditions, and
endometriosis®'?*'*, Evidence is indicating these conditions may be
comorbid with long COVID as well. The overlap of postviral conditions
with these conditions should be explored further.

Reproductive system

Impactsonthereproductive systemare often reportedinlong COVID,
although little research has been done to document the extent of
the impact and sex-specific pathophysiology. Menstrual alterations
are more likely to occur in women and people who menstruate with
long COVID thaninwomen and people who menstruate with no history of
COVID and those who had COVID-19 but not long COVID'**. Menstruation
and the week before menstruation have beenidentified by patients as
triggers for relapses oflong COVID symptoms’. Declined ovarian reserve
andreproductive endocrine disorder have been observedin people with
COVID-19 (ref.’), and initial theories suggest that SARS-CoV-2 infection
affects ovary hormone production and/or the endometrial response

during pregnancy were more likely to receive a neurodevelopmental
diagnosis in the first year after delivery?®. A paediatric long COVID
centre’s experience treating patients suggests that adolescents with a
moderate to severe form of long COVID have features consistent with
myalgic encephalomyelitis/chronic fatigue syndrome?®. Children
experiencing long COVID have hypometabolism in the brain similar to
the patterns found in adults with long COVID?®®. Long-term pulmonary
dysfunction is found in children with long COVID and those who
have recovered from COVID-19 (ref. '°). Children with long COVID
were more likely to have had attention deficit hyperactivity disorder,
chronic urticaria and allergic rhinitis before being infected®*.

More research on long COVID in children is needed, although there
are difficulties in ensuring a proper control group due to testing issues.
Several studies have found that children infected with SARS-CoV-2 are
considerably less likely to have a positive PCR test result than adults
despite seroconverting weeks later, with up to 90% of cases being
missed'®¥*°, Additionally, children are much less likely to seroconvert
and, if they develop antibodies, are more likely to have a waning
response months after infection compared with adults'”.

due to the abundance of ACE2 receptors on ovarian and endometrial
tissue'?®. Individuals with both COVID-19 and menstrual changes were
more likely to experience fatigue, headache, body ache and pain, and
shortness of breath than those who did not have menstrual changes,
and the most common menstrual changes were irregular menstruation,
increased premenstrual symptoms and infrequent menstruation'”.

Research on ME/CFS shows associations between ME/CFS and
premenstrual dysphoric disorder, polycystic ovarian syndrome, men-
strual cycle abnormalities, ovarian cysts, early menopause and endo-
metriosis’?**°, Pregnancy, postpartum changes, perimenopause and
menstrual cycle fluctuations affect ME/CFS and influence metabolic
and immune system changes'”’. Long COVID research should focus on
theserelationships to better understand the pathophysiology.

Viral persistence in the penile tissue has been documented, as
has an increased risk of erectile dysfunction, likely resulting from
endothelial dysfunction™. In one study, impairments to sperm count,
semen volume, motility, sperm morphology and sperm concentration
were reported in individuals with long COVID compared with control
individuals, and were correlated with elevated levels of cytokines and
the presence of caspase 8, caspase 9 and caspase 3 in seminal fluid™?.

Respiratory system

Respiratory conditions areacommon phenotypeinlong COVID, and in
one study occurred twice as oftenin COVID-19 survivors as in the gen-
eral population?. Shortness of breath and cough are the most common
respiratory symptoms, and persisted for at least 7 months in 40% and
20% of patients with long COVID, respectively’. Several imaging studies
that included non-hospitalized individuals with long COVID demon-
strated pulmonary abnormalities including in air trapping and lung
perfusion™"*, Animmunological and proteomic study of patients
3-6 months after infectionindicated apoptosis and epithelial damagein
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the airway but notinblood samples™. Furtherimmunological charac-

terization comparingindividuals withlong COVID withindividuals who
had recovered from COVID-19 noted a correlation between decreased

lung function, systemicinflammation and SARS-CoV-2-specific T cells™®.

Gastrointestinal system

Long COVID gastrointestinal symptoms include nausea, abdominal
pain, loss of appetite, heartburn and constipation'”. The gut microbiota
composition is significantly altered in patients with COVID-19 (ref.?),
and gut microbiota dysbiosis is also a key component of ME/CFS",
Higher levels of Ruminococcus gnavus and Bacteroides vulgatus and
lower levels of Faecalibacterium prausnitziihave beenfoundin people
with long COVID compared with non-COVID-19 controls (from before
the pandemic), with gut dysbiosis lasting atleast 14 months; low levels
of butyrate-producing bacteria are strongly correlated with long COVID
at 6 months?. Persisting respiratory and neurological symptoms are
eachassociated with specific gut pathogens®. Additionally, SARS-CoV-2
RNA s present in stool samples of patients with COVID-19 (ref."*’), with
onestudy indicating persistence in the faeces 0f12.7% of participants
4 months after diagnosis of COVID-19 and in 3.8% of participants at
7 months after diagnosis®. Most patients with long COVID symptoms
andinflammatory bowel disease 7 months after infection had antigen
persistence in the gut mucosa'’. Higher levels of fungal translocation,
from the gut and/or lung epithelium, have been found in the plasma
of patients with long COVID compared with those withoutlong COVID
or SARS-CoV-2-negative controls, possibly inducing cytokine produc-
tion'!. Transferring gut bacteria from patients with long COVID to
healthy miceresultedinlost cognitive functioning and impaired lung
defences in the mice, who were partially treated with the commensal
probiotic bacterium Bifidobacterium longum®.

Timelines

The onset and time course of symptoms differ across individuals and
by symptom type. Neurological symptoms often have adelayed onset
of weeks to months: among participants with cognitive symptoms,
43% reported a delayed onset of cognitive symptoms at least 1 month
after COVID-19, with the delay associated with younger age®*. Several
neurocognitive symptoms worsen over time and tend to persist longer,
whereas gastrointestinal and respiratory symptoms are more likely to
resolve”*'*2, Additionally, paininjoints, bones, ears, neck and back are
more common at 1 year than at 2 months, as is paresthesia, hair loss,
blurry vision and swelling of the legs, hands and feet'*. Parosmia has
anaverage onset of 3 months after the initial infection'**; unlike other
neurocognitive symptoms, it often decreases over time'*,

Few people withlong COVID demonstrate full recovery, with one
study finding that 85% of patients who had symptoms 2 months after
theinitialinfection reported symptoms 1year after symptom onset'.
Future prognosis is uncertain, although diagnoses of ME/CFS and
dysautonomia are generally lifelong.

Diagnostic tools and treatments

Although diagnostic tools exist for some components of long COVID
(for example, tilt table tests for POTS™ and MRI scans to detect car-
diovascularimpairment®®), diagnostic tools for long COVID are mostly
in development, including imaging to detect microclots®, corneal
microscopy to identify small fibre neuropathy®, new fragmentation of
QRS complex on electrocardiograms as indicative of cardiac injury™
and use of hyperpolarized MRI to detect pulmonary gas exchange
abnormalities'”. On the basis of the tests that are offered as standard

care, the results for patients with long COVID are often normal; many
providers are unaware of the symptom-specific testing and diagnos-
tic recommendations from the ME/CFS community'*%. Early research
into biomarkers suggests that levels of extracellular vesicles® and/or
immune markers indicating high cytotoxicity'’ could be indicative
of long COVID. Intriguingly, dogs can identify individuals with long
COVID on the basis of sweat samples*’. Biomarker researchin ME/CFS
may also be applicable tolong COVID, including electricalimpedance
blood tests, saliva tests, erythrocyte deformation, sex-specific plasma
lipid profiles and variables related to isocapnic buffering"**. The
importance of developing and validating biomarkers that canbe used
for the diagnosis of long COVID cannot be adequately emphasized —
they will not only be helpful in establishing the diagnosis but will also
be helpful for objectively defining treatment responses.

Although there are currently no broadly effective treatments for
long COVID, treatments for certain components have been effective
for subsets of populations (Table 1). Many strategies for ME/CFS are
effective for individuals with long COVID, including pacing”” and symp-
tom-specific pharmacological options (for example, 3-blockers for
POTS, low-dose naltrexone for neuroinflammation’*and intravenous
immunoglobulin forimmune dysfunction) and non-pharmacological
options (includingincreasingsaltintake for POTS, cognitive pacing for
cognitive dysfunction and elimination diets for gastrointestinal symp-
toms)’. Low-dose naltrexone has been used in many diseases, including
ME/CFS™, and has also shown promise in treating long COVID"**. H, and
H, antihistamines, often following protocols for mast cell activation
syndrome and particularly involving famotidine, are used to alleviate a
wide range of symptoms™*¥, although they are nota cure. Another drug,
BCO007, potentially addresses autoimmunity by neutralizing G protein-
coupled receptor autoantibody levels™®. Anticoagulant regimens are a
promising way to address abnormal clotting™’; in one study, resolution
of symptoms was seeninall 24 patients receiving triple anticoagulant
therapy®. Apheresis has also shown promise to alleviate long COVID
symptoms; it has been theorized to help remove microclots'*® and
has been shown to reduce autoantibodies in ME/CFS''. However, it
is quite expensive, and its benefits are uncertain. Some supplements
have shown promisein treating both long COVID and ME/CFS, including
coenzyme Q,,and D-ribose'®?, and may deserve further study.

Of note, exercise is harmful for patients with long COVID who
have ME/CFS or postexertional malaise'*'** and should not be used
as a treatment'®*'%%; one study of people with long COVID noted that
physical activity worsened the condition of 75% of patients, and less
than1% saw improvement'®.

Pilot studies and case reports have revealed additional treat-
ment options worth exploring. A case report noted resolution of long
COVID following treatment with the antiviral Paxlovid'¥, and a study
investigating the treatment of acute COVID-19 with Paxlovid showed
a25%reduction in the incidence of long COVID'*%; Paxlovid should be
investigated further for prevention and treatment of long COVID. A
small trial of sulodexide in individuals with endothelial dysfunction
saw areductioninsymptomseverity'®. Pilot studies of probiotics indi-
cated potentialin alleviating gastrointestinal and non-gastrointestinal
symptoms”®"!, Two patients with long COVID experienced substantial
alleviation of dysautonomia symptoms following stellate ganglion
block'. An early study noted that Pycnogenol statistically significantly
improved physiological measurements (for example, reduction in
oxidative stress) and quality of life (indicated by higher Karnofsky
Performance Scale Index scores)”>'*, as hypothesized on the basis of
success in other clinical studies.

Nature Reviews Microbiology | Volume 21| March 2023 | 133-146

139


http://www.nature.com/nrneph

Review article

Table 1| Summary of candidate treatments and supporting evidence

Symptoms and/or biological mechanism

Treatments

Supporting evidence

Comments

Postexertional malaise

Pacing

ME/CFS literature

Exercise, cognitive behavioural
therapy and graded exercise therapy
are contraindicated

POTS

Pharmacological: B-blockers,
pyridostigmine, fludrocortisone,
midodrine

POTS and ME/CFS literature

Options can be prioritized on the
basis of a specific constellation
of symptoms

Non-pharmacological: increase salt and
fluid intake, intravenously administered
salt, compression stockings

POTS and ME/CFS literature

Immune dysfunction Intravenous immunoglobulin ME/CFS literature Consider consulting an immunologist
on implementation
Cognitive dysfunction Cognitive pacing ME/CFS literature Consider implementation alongside

pacing physical exertion

Cognitive dysfunction

Postconcussion syndrome protocols

ME/CFS and postconcussion

syndrome literature

Fatigue

Coenzyme Qy, D-ribose

ME/CFS literature

Pain, fatigue, neurological symptoms

Low-dose naltrexone

ME/CFS and other literature

Substantial anecdotal reports
of success within the patient
community

Fatigue, unrefreshing sleep, brain fog

Low-dose aripiprazole

ME/CFS literature

Autoimmunity

BCOO7

Long COVID case report

Neutralizes G protein-coupled
receptor autoantibodies

Abnormal clotting

Anticoagulants

Long COVID pilot study

Additional trials in progress

Abnormal clotting Apheresis ME/CFS literature, long -
COVID pilot study
Viral persistence and antivirals (COVID-19) Paxlovid Long COVID case reports No active trials, despite strong

evidence for viral persistence

Viral persistence and antivirals (reactivations
such as of EBV, HCMV and VZV)

Valaciclovir, famciclovir, valganciclovir
and other antivirals

ME/CFS literature

Endothelial dysfunction

Sulodexide

Long COVID pilot study

Gastrointestinal symptoms

Probiotics

Long COVID pilot study

Resolved gastrointestinal and other
symptoms

Dysautonomia

Stellate ganglion block

Long COVID case report

Effects may wane over time and
require repeated procedures

Endothelial function, microcirculation,
inflammatory markers and oxidative stress

Pycnogenol

COVID-19 pilot study

MCAS

H, and H, antihistamines, particularly
famotidine

Long COVID case reports,
MCAS literature

Expected to treat symptoms,
not underlying mechanism

Autonomic dysfunction

Transcutaneous vagal stimulation

Long COVID pilot study

EBV, Epstein-Barr virus; HCMV, human cytomegalovirus; MCAS, mast cell activation syndrome; ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; POTS, postural orthostatic

tachycardia syndrome; VZV, varicella zoster virus.

Taken together, the current treatment options are based on
small-scale pilot studies in long COVID or what has been effective
in other diseases; several additional trials are in progress'”. There is
a wide range of possible treatment options from ME/CFS covering
various mechanisms, including improving natural killer cell func-
tion, removing autoantibodies, immunosuppressants, antivirals for
reactivated herpesviruses, antioxidants, mitochondrial supportand
mitochondrial energy generation'*"’; most need to be clinically tri-
alled, which should happen urgently. Many newer treatment options
remain underexplored, including anticoagulants and SARS-CoV-
2-specific antivirals, and a lack of funding is a significant limitation
torobust trials.

Impact of vaccines, variants and reinfections
Theimpact of vaccinationon theincidence of long COVID differs across
studies, in part because of differing study methods, time since vaccina-
tion and definitions of long COVID. One study indicated no significant
differencein the development of long COVID between vaccinated indi-
viduals and unvaccinated individuals”®; other studies indicate that
vaccines provide partial protection, with areduced risk of long COVID
between 15% and 41%*, with long COVID continuing to impact 9% of
people with COVID-19.

The different SARS-CoV-2 variants and level of (and time since) vac-
cination may impact the development of long COVID. The UK’s Office
for National Statistics found that long COVID was 50% less commonin
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double-vaccinated participants with Omicron BA.1thanin double-vac-
cinated participants Delta, but that there was no significant difference
between triple-vaccinated participants; it also found long COVID was
more common after Omicron BA.2 infection than after BA.linfection
in triple-vaccinated participants, with 9.3% developing long COVID
frominfection with the BA.2 variant"”’.

Theimpact of vaccination onlong COVID symptoms in people who
had already developed long COVID differs among patients, with 16.7%
of patients experiencing a relief of symptoms, 21.4% experiencing a
worsening of symptoms and the remainder experiencing unchanged
symptoms’°,

Reinfections are increasingly common''. Theimpact of multiple
instances of COVID-19, including the rate of long COVID in those who
recovered from afirstinfection but developed long COVID following
reinfection, and the impact of reinfection on those with pre-existing
long COVID is crucial to understand to inform future policy deci-
sions. Early research shows anincreasing risk of long COVID sequelae
after the second and third infection, even in double-vaccinated and
triple-vaccinated people'®. Existing literature suggests multiple infec-
tions may cause additional harm or susceptibility to the ME/CFS-type
presentation®%3,

There is also early evidence that certain immune responses in
people with long COVID, including low levels of protective antibod-
ies and elevated levels of autoantibodies, may suggest an increased
susceptibility to reinfection”.

181

Challenges and recommendations

Issues with PCR and antibody testing throughout the pandemic, inac-
curate pandemic narratives and widespread lack of postviral knowledge
have caused downstream issues and biases in long COVID research
and care.

Testingissues

Most patients with COVID-19 from the first waves did not have labora-
tory-confirmed infection, with PCR tests being difficult to access unless
individuals were hospitalized. Only 1-3% of cases to March 2020 were
likely detected™*, and the CDC estimates that only 25% of cases in the
USA were reported from February 2020 to September 2021 (ref. '®);
that percentage has likely decreased with the rise in use of at-home
rapid tests.

Although PCR tests are our best tool for detecting SARS-CoV-2
infections, their false negative rates are still high'®. Further bias is
caused by false negative rates being higher in women and adults
younger than 40 years'”, those with a low viral load'® and children
(Box 1), with several studies showing 52-90% of cases in children missed
by PCR tests'**'°°, The high false negative PCR rate results in sympto-
matic patients with COVID-19, who seek a COVID-19 test but receive
afalse negative result, being included as a control in many studies.
Those who have a positive PCR test result (who are more likely to be
included in research) are more likely to be male or have a higher viral
load. Additionally, the lack of test accessibility as well as the false nega-
tiverates has created a significant barrier to care, as many long COVID
clinics require PCR tests for admission.

Similarly, thereisabroad misconceptionthat everyone makes and
retains SARS-CoV-2 antibodies, and many clinicians and researchers
are unaware of the limited utility of antibody tests to determine prior
infection. Between 22% and 36% of people infected with SARS-CoV-2do
notseroconvert,and many otherslose their antibodies over the first few
months, with both non-seroconversionand seroreversion being more

likelyinwomen, children and individuals with mild infections®**"**1%,
At4and 8 months after infection,19% and 61% of patients, respectively,
who had mild infections and developed antibodies were found to have
seroreverted, compared with 2% and 29% of patients, respectively
who had severe infections™". Still, many clinicians and researchers
use antibody tests to include or exclude patients with COVID-19 from
control groups.

Furthermore, during periods of test inaccessibility, tests were
givenon the basis of patients having COVID-19-specific symptoms such
as loss of smell and taste, fever, and respiratory symptoms, resulting
inabias towards people with those symptoms.

Misinformation on PCR and antibody tests has resulted in the
categorization of patients with long COVID into non-COVID-19 control
groups, biasing the research output. Because low or no antibody levels
and viralload may be related to long COVID pathophysiology, including
aclinically diagnosed cohort will strengthen the research.

Important miscues

The narrative that COVID-19 had only respiratory sequelae led to a
delayed realization of the neurological, cardiovascular and other multi-
system impacts of COVID-19. Many long COVID clinics and providers still
disproportionately focus on respiratory rehabilitation, which results
in skewed electronic health record data. Electronic healthrecord data
are also more comprehensive for those who were hospitalized with
COVID-19 than for those who were in community care, leading to a
biastowards the more traditional severe respiratory presentation and
less focus on non-hospitalized patients, who tend to have neurological
and/or ME/CFS-type presentations.

The narrative that initially mild COVID-19 cases, generally defined
asnotrequiring hospitalizationin the acute phase, would not have long-
term consequences has also had downstream effectsonresearch. These
so-called mild cases that resultinlong COVID often have an underlying
biology different from acute severe cases, but the same types of tests
are being used to evaluate patients. This is despite basic tests such as
D-dimer, C-reactive protein (CRP) and antinuclear antibody tests and
complete blood count being known to often return normal results in
patients withlong COVID. Tests that return abnormal results in patients
with ME/CFS and dysautonomia, such as totalimmunoglobulin tests,
naturalkiller cell function tests, the tilt table or NASA lean test, the four-
pointsalivary cortisol test, reactivated herpesvirus panels, small fibre
neuropathy biopsy, and tests looking for abnormal brain perfusion®,
should instead be prioritized. Other recurring issues include studies
failing toinclude the full range of symptoms, particularly neurological
and reproductive system symptoms, and not asking patients about
symptom frequency, severity and disability. Cardinal symptoms such
as postexertional malaise are not widely known, and therefore arerarely
includedinstudy designs.

Widespread lack of postviral knowledge and misinformation

The widespread lack of knowledge of viral-onset illnesses, especially
ME/CFS and dysautonomia, as well as often imperfect coding, prevents
these conditions from being identified and documented by clinicians;
thismeansthat they are frequently absent from electronic health record
data. Further, because ME/CFS and dysautonomiaresearch is not widely
known or comprehensively taught in medical schools'*, long COVID
research is often not built on past findings, and tends to repeat old
hypotheses. Additionally, long COVID research studies and medical his-
tories tend to document only therisk factors for severe acute COVID-19,
which are different fromtherisk factors for conditions that overlap with
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long COVID such as ME/CFS and dysautonomia (for example, connec-
tive tissue disorders such as Ehlers-Danlos syndrome, prior illnesses
such as infectious mononucleosis and mast cell involvement)®>%%¢,

Clinicians who are not familiar with ME/CFS and dysautonomia
often misdiagnose mental health disorders in patients; four in five
patients with POTS receive adiagnosis with a psychiatric or psychologi-
cal condition beforereceivingaPOTS diagnosis, with only 37% continu-
ing to have the psychiatric or psychological diagnosis once they have
received their POTS diagnosis'”. Researchers who are unfamiliar with
ME/CFS and dysautonomia often do not know to use specific validated
tools when conducting mental health testing, as anxiety scales often
include autonomicsymptomssuchastachycardia, and depressionscales
often include symptoms such as fatigue, both of which overestimate
mental health disorder prevalence in these conditions'”'%,

Recommendations

Althoughresearchintolong COVID has been expansive and has accel-
erated, the existing research is not enough to improve outcomes for
people with long COVID. To ensure an adequate response to the long
COVID crisis, we need research that builds on existing knowledge and
isinclusive of the patient experience, training and education for the
health-care and research workforce, a public communication cam-
paign, and robust policies and funding to support research and care
inlong COVID.

Research. We need a comprehensive long COVID research agenda
that builds on the existing knowledge from ME/CFS, dysautonomia
and other viral-onset conditions, including but not limited tobrain and
brainstem inflammation, appropriate neuroimaging techniques,
neuroimmunology, metabolic profiling, impaired endothelial func-
tion, mitochondrial fragmentation, antiviral and metabolic pheno-
types, hypoperfusion/cerebral blood flow, nanoneedle diagnostic
testing, overlaps with connective tissue disorders, autoimmunity
and autoantibodies, viral/microbial persistence, intracranial hyper-
tension, hypermobility, craniocervical obstructions, altered T and
B cells, metabolomics and proteomics, elevated blood lactate level,
herpesvirus reactivations, immune changes in the early versus late
postviral years, and changes to the gut microbiota. The mechanisms
of and overlaps between long COVID and connective tissue involve-
ment, mast cells and inflammatory conditions such as endometriosis
are particularly understudied and should be focused on. Because
of the high prevalence of ME/CFS, POTS and other postinfectious
illnesses in patients with long COVID, long COVID research should
include people who developed ME/CFS and other postinfectious
ilinesses from a trigger other than SARS-CoV-2 in comparator groups
toimprove understanding of the onset and pathophysiology of these
illnesses'. Additionally, there is aknown immune exhaustion process
that occurs between the second and third year of illness in ME/CFS, with
test results for cytokines being different between patients who have
been sick for shorter durations (less than 2 years) than for those who
have been sick for longer durations*’. Because of this, studies should
implementsubanalyses based on the length of time participants have
been ill. Because ME/CFS and dysautonomia research is not widely
known across the biomedicalfield, long COVID research should be led
by experts from these areas to build on existing research and create
new diagnostic and imaging tools.

Robust clinical trials must be a priority moving forward as patients
currently have few treatment options. In the absence of validated treat-
mentoptions, patients and physicians conduct individual experiments,

whichresultinthe duplication of efforts without generalizable knowl-
edge and pose undue risks to patients. Robust study design and
knowledge sharing must be prioritized by both funding institutions
and clinician-researchers.

Itis critical that research on long COVID be representative of (or
oversample) the populations who had COVID-19 and are developing
long COVID at high rates, whichis disproportionately people of colour™.
Medical research has historically under-represented these populations,
and over-representation of white and socio-economically privileged
patients hasbeen commoninlong COVID research. Researchers must
work within communities of colour, LGBTQ+ communities and low-
income communities to build trust and conduct culturally competent
studies that will provide insights and treatments for long COVID for
marginalized populations.

Asasubset of patients willimprove over time, and others will have
episodic symptoms, care should be taken to incorporate the possibil-
ity of alleviation of symptoms into the study design, and care should
be taken not to ascribe improvement to a particular cause without
proper modelling.

Finally, itis critical that communities of patients with long COVID
and associated conditions are meaningfully engaged in long
COVID research and clinical trials. The knowledge of those who expe-
rience an illness is crucial in identifying proper study design and key
research questions and solutions, improving the speed and direction
of research.

Training and education of the health-care and research workforce.
To prepare the next generation of health-care providers and research-
ers, medical schools must improve their education on pandemics,
viruses and infection-initiated illnesses such as long COVID and
ME/CFS, and competency evaluations should include these illnesses.
As of 2013, only 6% of medical schools fully cover ME/CFS across the
domains of treatment, research and curricula, which has created
obstacles to care, accurate diagnosis, research and treatment'*. To
ensure people with long COVID and associated conditions canreceive
adequate care now, professional societies and government agencies
must educate the health-care and research workforce on theseillnesses,
including the history of and current best practices for ME/CFS to not
repeat mistakes of the past, which have worsened patients’ prognoses.
Theresearch community has made amisstepinits efforts to treat ME/
CFS"?, and some physicians, poorly educated in the aetiology and
pathophysiology of the disorder, still advise patients to pursue harmful
interventions such as graded exercise therapy and cognitive behav-
ioural therapy, despite the injury that these interventions cause®’
and the fact that they are explicitly not advised as treatments'¢>1¢416°,

Public communications campaign. In addition to providing educa-
tion on long COVID to the biomedical community, we need a public
communications campaign that informs the public about the risks
and outcomes of long COVID.

Policies and funding. Finally, we need policies and funding that will
sustain long COVID research and enable people with long COVID to
receive adequate care and support. For instance, in the USA, the crea-
tion of a national institute for complex chronic conditions within the
NIHwould go alongwayin providing adurable funding mechanismand
arobustresearch agenda. Further, we need to create and fund centres
of excellence, which would provide inclusive, historically informed
and culturally competent care, as well as conduct research and provide
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medical education to primary care providers. Additionally, research
and clinical care do not exist in silos. It is critical to push forward poli-
ciesthataddress both the social determinants of health and the social
support thatis needed for disabled people.

Conclusions

Long COVID isamultisystemicillness encompassing ME/CFS, dysauto-
nomia, impacts on multiple organ systems, and vascular and clotting
abnormalities. It has already debilitated millions of individuals world-
wide, and that number is continuing to grow. On the basis of more than
2 years of research onlong COVID and decades of research on condi-
tions such as ME/CFS, asignificant proportion of individuals with long
COVID may have lifelong disabilitiesif noactionis taken. Diagnostic and
treatment options are currently insufficient, and many clinical trials
areurgently needed torigorously test treatments that address hypoth-
esized underlying biological mechanisms, including viral persistence,
neuroinflammation, excessive blood clotting and autoimmunity.

Published online: 13 January 2023
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