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I N F O

A B S T R A C T

Background: A high prevalence of antiphospholipid antibodies has been reported in case series of patients
with neurological manifestations and COVID-19; however, the pathogenicity of antiphospholipid antibodies
in COVID-19 neurology remains unclear.
Methods: This single-centre cross-sectional study included 106 adult patients: 30 hospitalised COVID-neurological cases, 47 non-neurological COVID-hospitalised controls, and 29 COVID-non-hospitalised controls,
recruited between March and July 2020. We evaluated nine antiphospholipid antibodies: anticardiolipin
antibodies [aCL] IgA, IgM, IgG; anti-beta-2 glycoprotein-1 [ab2GPI] IgA, IgM, IgG; anti-phosphatidylserine/
prothrombin [aPS/PT] IgM, IgG; and anti-domain I b2GPI (aD1b2GPI) IgG.
Findings: There was a high prevalence of antiphospholipid antibodies in the COVID-neurological (73.3%) and
non-neurological COVID-hospitalised controls (76.6%) in contrast to the COVID-non-hospitalised controls

The UCLH Queen Square COVID-19 Biomarker Study group information appear in supplementary ﬁle.
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(48.2%). aPS/PT IgG titres were signiﬁcantly higher in the COVID-neurological group compared to both control groups (p < 0.001). Moderate-high titre of aPS/PT IgG was found in 2 out of 3 (67%) patients with acute
disseminated encephalomyelitis [ADEM]. aPS/PT IgG titres negatively correlated with oxygen requirement
(FiO2 R=-0.15 p = 0.040) and was associated with venous thromboembolism (p = 0.043). In contrast, aCL IgA
(p < 0.001) and IgG (p < 0.001) was associated with non-neurological COVID-hospitalised controls compared
to the other groups and correlated positively with D-dimer and creatinine but negatively with FiO2.
Interpretation: Our ﬁndings show that aPS/PT IgG is associated with COVID-19-associated ADEM. In contrast,
aCL IgA and IgG are seen much more frequently in non-neurological hospitalised patients with COVID-19.
Characterisation of antiphospholipid antibody persistence and potential longitudinal clinical impact are
required to guide appropriate management.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Research in context
Evidence before this study
We searched PubMed for articles published up to April 23rd,
2021, using the keywords “coronavirus”, “COVID-19” and “antiphospholipid antibodies” “anticardiolipin”, “beta-2 glycoprotein-I “phosphatidylserine/prothrombin”, and “neurological
manifestations”, with no language restriction. The review indicated that neurological manifestations were an important complication of COVID-19. A limited number of case series showed
elevated antiphospholipid antibodies amongst patients with
neurological complications in COVID-19, but no study has
determined any pathogenic associations.
Added value of this study
Using nine antiphospholipid antibodies, we showed that antiphosphatidylserine/prothrombin (aPS/PT) IgG was associated
with COVID-associated neurological manifestations, speciﬁcally
acute disseminated encephalomyelitis (ADEM). This antiphospholipid antibody was related to venous thromboembolism,
and severity of respiratory disease in the absence of systemic
inﬂammation, suggestive of respiratory microvascular thrombosis. In contrast, anticardiolipin antibodies IgA and IgG were
associated with non-neurological COVID-hospitalised controls,
and correlated with hypercoagulability, respiratory and renal
disease. Antiphospholipid antibodies are ubiquitous in COVID19 and might have speciﬁc pathological roles in COVID-19 and
neurological manifestations of COVID-19.
Implications of all the available evidence
Our study provides the ﬁrst biochemical evidence that implicates antiphospholipid antibodies in the neurological manifestations of COVID-19. Our preliminary ﬁndings show that aPS/PT
IgG might be an important feature in COVID-19-associated
ADEM, mediated by non-thrombotic mechanisms in the brain,
but thrombotic mechanisms systemically. Characterisation of
whether these antiphospholipid antibodies are persistent and
their potential longitudinal clinical impact are required, in
order to guide appropriate management.

1. Introduction
The severe acute respiratory syndrome coronavirus 2 (SARS CoV2), causing COVID-19 is not just a viral pulmonary infection with lifethreatening respiratory complications but a multiple-organ disorder
accompanied by hypercoagulability [1]. Thromboembolic events
involving arterial, venous and micro-circulation are commonly
reported [2,3]. While sepsis-induced hypercoagulability is a

recognised complication of severe respiratory infections, most
patients with COVID-19 maintain normal concentrations of coagulation factors, with normal prothrombin time, and other coagulation
screening tests, and platelet counts, suggesting that COVID-19 induces a unique prothrombotic state [4].
Antiphospholipid syndrome (APS) is an acquired autoimmune disorder with the potential for life-threatening complications [5]. Antiphospholipid antibodies (lupus anticoagulant [LA], IgG and/or IgM anti-beta2 glycoprotein-1 [ab2GP1] and anticardiolipin antibodies [aCL]) that
persist for more than 12-weeks, are well-recognised causes of venous,
arterial, microvascular thrombosis and/or pregnancy morbidity; cardinal features of APS [5]. These antiphospholipid antibodies, including
those in criteria sets (LA, aCL and ab2GPI) as well as non-criteria sets
(antibodies to Domain 1 of b2GPI ([ab2GPI-D1] and phosphatidylserine/
prothrombin antibodies [aPS/PT]), can activate the endothelium, platelets and neutrophils, thereby shifting the blood-endothelium interface
to a prothrombotic state [6]. Initial reports have demonstrated an
increased frequency of antiphospholipid antibodies in COVID-19
patients and evidence of thrombosis in vivo [7]. However, the interpretation of these results remains unsubstantiated as transient antiphospholipid antibodies can also occur during viral infections [8].
The central nervous system is a major target of antiphospholipid
antibodies [9]. Although thrombotic damage explains many of the neurological manifestations of APS, direct immune-mediated processes
may also be involved [9]. The reason why patients develop different
antiphospholipid antibody associated neurological symptoms is currently unknown. Possible explanations may relate to autoantibody classes or epitope targets. Neurological manifestations were reported in
36.4% of hospitalised COVID-19 patients in one study [10]. A limited
number of case series have shown prevalent antiphospholipid antibodies in acute COVID-19 associated stroke [11 14]. However, these ﬁndings are only observational, and therefore, do not exclude the possibility
that these prevalent antiphospholipid antibodies are incidental.
Catastrophic APS (CAPS) is a rare and severe form of APS, and
associated with a high mortality rate [15]. The diagnostic criteria for
CAPS include multiple organ failure developing over a short period,
histopathological evidence of multiple small vessel occlusions and
high titres of antiphospholipid antibodies [15]. In a CAPS registry,
56% of the reported cases developed neurological manifestations
[16], suggesting that this may be a common complication of APS.
The extent to which antiphospholipid antibodies contribute to thrombotic or immune-mediated neurological manifestations in COVID-19 is
unclear. This study aimed to estimate the burden and determine the associations and clinical correlations of antiphospholipid antibodies in COVID19 populations, with and without neurological manifestations.

2. Methods
2.1. Study design and participants
We carried out a cross-sectional study of adult patients over
18 years of age who presented to University College London Hospital
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between March and June 2020 and met the European Centre for Disease Prevention and Control (ECDC) deﬁnition of COVID-19 [17]. Participants with new neurological signs or symptoms according to
standardised deﬁnitions within 40 days of respiratory or systemic
COVID-19 symptoms were deﬁned as having a COVID-neurological
illness [18]. Participants meeting the ECDC deﬁnition of COVID-19
but without neurological signs/symptoms or history of signiﬁcant
neurological disease were deﬁned as COVID-hospitalised controls;
they were hospitalised during the same period as the neurological
cases. Participants with positive SARS-CoV-2 PCR who did not require
hospital admission and had serology samples collected contemporaneously in a previously described study, represented COVID-nonhospitalised controls [19].
We further classiﬁed COVID-neurological cases as (1) 'central':
encephalitis; encephalopathy; acute disseminated encephalomyelitis
(ADEM) or stroke and other (including intracranial hypertension and
 syndrome
a central pain syndrome); (2) 'peripheral': Guillain-Barre
(GBS) or (3) other according to clinical consensus criteria as previously described [12].
Clinical data were extracted from electronic records (EPIC, Madison, WI, USA). Patient characteristics, including age, sex, ethnicity,
major co-morbidities, laboratory studies, and treatments were
recorded, as described previously [12]. Clinical outcomes, including
venous thromboembolism outside the central nervous system, ITU
admission and 28-day mortality, were determined based on the
review of electronic notes in January 2021. Additional blood was collected alongside samples collected as part of standard clinical care
with written informed consent. Consent was obtained according to
the Declaration of Helsinki. The Queen Square ethics committee
approved this study (12-LO-1540).
2.2. Procedure
We evaluated nine different antiphospholipid antibodies following the national and international guidelines[5,20,21] using Quanta
Lite aCL IgG, aCL IgM, aCL IgA, ab2GPI IgG, ab2GPI IgM, ab2GPI IgA,
aPS/PT IgG, and aPS/PT IgM kits (Inova Diagnostics Inc.), according to
the manufacturer's instructions [22]. Positivity for aCL was deﬁned as
greater than the 99th centile (>20 GPLU or MPLU), for ab2GPI as
greater than the 99th centile (>20 SGu or SMu) and for aPS/PT as
greater than the 99th centile (˃30 IgG or IgM units).
Antibodies against domain I B2GPI (aD1b2GPI) IgG were established as previously reported [23]. Puriﬁed aD1b2GPI isolated from a
patient's serum with APS was used as the calibrator, serially diluted
to obtain a standard curve and arbitrary activity units assigned to
each point. aD1b2GPI activity was deﬁned as DI units (GDIU) and calculated as per aCL and ab2GPI assays. aD1b2GPI positivity was
deﬁned as >99th percentile of the mean activity of 200 healthy individuals [23]. The cut-off that deﬁned a moderate or high titre for
aD1b2GPI was 10GDIU [moderate titre] and 20GDIU [high titre].
We also arbitrarily deﬁned moderate titre as 40 units/ml, high
titre as 80 units/ml for all antiphospholipid antibodies. Testing for
lupus anticoagulant was not performed due to a lack of citrated
plasma samples. The criteria set of antiphospholipid antibodies that
contribute to the deﬁnition of APS included aB2GPI [IgM and IgG] and
aCL [IgM and IgG].
2.3. Statistical analysis
Continuous variables were summarised using means and medians
and compared using Student's independent-samples t-test or MannWhitney U test as appropriate. Assumption of normality was veriﬁed
for the appropriate reporting of means. Furthermore, distributions
were veriﬁed to be similar, for the assumptions of the Mann-Whitney
U test to hold. Categorical data were presented as percentages and
compared using a chi-squared test. Pearson's product-moment

correlation analysed linear correlations between antiphospholipid
antibodies and other markers. The strength and direction of relationships were measured using simple linear regression, examining
residuals to ensure fulﬁlment of linear regression assumptions. All
statistical analyses and graphs were generated using Stata 14 (College
Station, TX, USA) and Prism 8.3.1 (GraphPad, La Jolla, California, USA);
p < 0.05 was considered signiﬁcant. We report medians and interquartile range(IQR).
2.4. Role of the funding source
The funder of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. LAB,
RP, and ME had full access to all data and the ﬁnal responsibility to
submit for publication.
3. Results
3.1. Participants
One hundred and six adult participants (30 COVID-neurological
cases, 47 non-neurological COVID-hospitalised controls, 29 COVIDnon-hospitalised controls) were included in this cross-sectional
study. The median (IQR) age was 55-years (43, 62), of whom 39 (37%)
were female. Demographic and clinical characteristics are presented
in Table 1. The COVID-non-hospitalised controls had only demographic and no detailed illness data. They were presumed to be
healthy with mild COVID-19 illness, and therefore, did not necessitate hospital admission. Amongst all clinical characteristics of hospitalised individuals, only World Health Organisation (WHO) COVID-19
severity classiﬁcation, low molecular weight heparin (LMWH) treatment status, ITU admission, and 28-day mortality differed signiﬁcantly between the COVID-hospitalised controls and COVIDneurological cases. The COVID-hospitalised controls compared with
the COVID-neurological group had a more (WHO) severe illness (87%
versus 32%; p < 0.001), were more likely to be on treatment dose
LMWH (35% versus 4%; p = 0.003), admitted to ITU (83% versus 24%;
p =< 0.001) and die by 28-days (26% versus 7%; p = 0.042). When
comparing the COVID-non-hospitalised with the hospitalised group,
the non-hospitalised controls were younger (median 43-years
[38,52]<0.001), less frequently male (<0.05) and more likely to be
white in ethnicity (<0.05) (Table 1).
3.2. High prevalence of antiphospholipid antibodies in hospitalised
COVID-19 patients
Seventy-two of the 106 patients (67.9%) tested positive for at least
one type of antiphospholipid antibodies (Table 2).
In the COVID-neurological cohort, 22 (73.3%) were positive for at
least one antiphospholipid antibody; 10 (33%) for at least two antiphospholipid antibodies and 7 (23.3%) for three or more. ACL IgM
exhibited the highest prevalence (56.7%) followed by aB2GPI IgA
(26.7%), aPS/PT IgG and IgM and then aD1b2GPI IgG (10%). One neurological patient had an unexpectedly high level of aD1b2GPI IgG
(>1000 units/ml) and this case is described in Supplement Table 1.
Notably, aPS/PT IgG antiphospholipid antibody had moderate-high
titre levels only in the COVID-neurological group (Table 3). Overall, a
total of 16 (53.3%) were positive for at least one antiphospholipid
antibody used in the APS criteria (aB2GPI and aCL IgG and IgM) and 9
(30%) for two (Table 2). Furthermore, 11 (36.6%) COVID-neurological
patients exhibited moderate (40 units) and 6 (20%) had high (80
units) titres.
Similarly, antiphospholipid antibodies were also common in the
non-neurological COVID-hospitalised controls. Thirty six (76.6%)
were positive for at least one antiphospholipid antibody, 22 (46.8%)
positive for at least two antiphospholipid antibodies and 13 (27.7%)
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Table 1
Demographic and clinical characteristics of patients with and without COVID neurological disease.

Median Age (IQR), years
Male Sex
Non-white ethnicity
ECDC COVID-19 classiﬁcation:
Laboratory
Probable
Possible
WHO COVID-19 severity classiﬁcation:
Mild/Moderate
Severe
Co-morbidities
Hypertension
Diabetes
Hypercholesterolaemia
Malignancy
Ischaemic heart disease
Median Body Mass Index
Antithrombotic treatment*
LMWH
- No treatment
- Prophylactic
- Therapeutic
NOAC
Antiplatelet
Outcome
Venous Thromboembolism
28-day mortality
ITU admission
Median length of hospital admission
Neurological Diagnoses
Encephalopathy
Encephalitis
ADEM
Stroke
GBS
Other

COVID-Neurological (n = 30)

COVID Hospitalised (n = 47)

p

COVID non-hospitalised (n = 29)

p

58 (47,65)
17 (59)
13 (46)

57 (48,65)
36 (77)
32 (68)

NS
NS
NS

43 (38,52)
13 (45)
12 (41)

<0.001
<0.05
<0.05

21 (70)
8 (26)
1 (3)

36 (77)
8 (17)
3 (6)

NS

19 (68)
9 (32)

6 (13)
41 (87)

<0.001

5 (17)
5 (17)
6 (21)
5 (18)
1 (3)
25 (23,30)

15 (32)
11 (23)
6 (13)
6 (13)
4 (9)
25 (23,30)

NS
NS
NS
NS
NS
NS

14 (52)
12 (44)
1 (4)
2 (7)
6 (21)

10 (22)
20 (43)
16 (35)
4 (9)
7 (17)

<0.01

NS
NS

NA
NA

3 (13)
2 (7)
7 (24)
19 (5,65)

9 (19)
12 (26)
38 (83)
32 (21, 57)

NS
<0.05
<0.001
NS

NA
NA
NA

9 (30)
3 (10)
3 (10)
5 (17)
8 (27)
2 (6)

NA

NA

NA
NA
NA
NA
NA
NA
NA

NA

* one hospitalised COVID patient was on warfarin (INR 1.7), NOAC Non-vitamin K oral anticoagulants (Apixaban). No patients were on prior anticoagulation;
LMWH Low molecular weight heparin. Figures in parentheses (represent percentage (%). NA: no available NS: not signiﬁcant.

Table 2
Prevalence of antiphospholipid antibodies across the COVID-neurological, hospitalised and non-hospitalised groups.
n (%) (median, range)

COVID Neurological n = 30

Hospitalised COVID n = 47

Non-hospitalised COVID n = 29

ab2GPI IgG

4 (13.3%)
(3.5, 1.9 34.2)
2 (6.7%)
(4.2, 1.8 26.1)
8 (26.7%)
(7.1, 1.7 87.3)
1 (3.3%)
(8.7, 2.7 21.1)
17 (56.7%)
(21.3, 8.7 100.4)
1 (3.3%)
(5.4, 0.6 49.8)
3 (10%)
(11.8, 5.6 123.4)
3 (10%)
(12.7, 2.5 84.1)
3 (10%)
(7.5, 5.2 1000)
22 (73.3%)
10 (33.3%)
7 (23.3%)
16 (53.3%)
9 (30%)

2 (4.3%)
(3.2, 2.2 91.2)
8 (17.0%)
(5.0, 1.3 69.0)
12 (25.5%)
(8.6, 3.2 150)
10 (21.3%)
(12.3, 4.5 79.0)
24 (51.1%)
(23.8, 8.9 184.6)
10 (21.3%)
(10.8, 2.4 79.0)
0 (0%)
(8.4, 3.8 26.7)
5 (10.6%)
(9.6, 2.2 80.1)
7(14.9%)
(6.6, 4.7 54.3)
36 (76.6%)
22 (46.8%)
13 (27.7%)
16 (34.0%)
9 (19.1%)

1 (3.5%)
(1.8, 1.1 8.3)
0 (0%)
(3.2,1.0 129.2)
1 (3.5%)
(4.1, 1.0 32.6)
3 (10.3%)
(8.5, 2.8 39.0)
7 (24.1%)
(16.0, 7.7 52.7)
1 (3.5%)
(6.6, 0.6 49.8)
0 (0%)
(6.9, 4.7 27.4)
6 (20.7%)
(21.0, 6.5 67.0)
0 (0%)
(5.2, 4.7 9.5)
14 (48.2%)
4 (13.8%)
0 (0%)
9 (31.0%)
0 (0%)

ab2GPI IgM
ab2GPI IgA
aCL IgG
aCL IgM
aCL IgA
aPS/PT IgG
aPS/PT IgM
aD1b2GPI IgG
Any positive aPL
Positive for at least 2 aPL
Positive for at least 3 aPL
Positive for one criteria aPL
Positive for two criteria aPL

aPL antiphospholipid antibodies; aCL, anticardiolipin antibodies; aB2GPI, anti B2 glycoprotein I antibodies; aPS/PT, anti-phosphatidylserine/prothrombin antibodies; aD1b2GPI IgG, anti- Domain I B2 glycoprotein I antibody. Cut off values for antiphospholipid antibodies are based on the manufactures cut-off, and for Domain I 10 units/ml. *Criteria antiphospholipid antibody
includes aCL IgM and IgG and aB2GPI IgM and IgG. Missing data Covid-Neuro n = 3, Covid-Hospitalised n = 0, Covid non-hospitalised n = 0.
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Table 3
Proportion of neurological patients with moderate-high antiphospholipid antibody titre in COVID-19.

ab2GPI IgG
ab2GPI IgA
aCL IgM
aPS/PT IgG
aD1b2GPI IgG

Encephalopathy N = 9 (%)

Encephalitis n = 3 (%)

ADEM n = 3 (%)

Stroke n = 5 (%)

GBS n = 8 (%)

Other n = 2 (%)

2 (22)
4 (44)
6 (67)
0
1 (11)

1 (33)
1 (33)
1 (33)
0
0

0
0
1 (33)
2 (67)
0

0
1 (20)
3 (80)
0
0

0
2 (25)
4 (50)
0
0

1 (50)
0
1 (50)
0
0

Anti-beta-2 glycoprotein-1 [ab2GP1], anticardiolipin antibodies [aCL]), anti-phosphatidylserine/prothrombin antibodies (aPS/PT), anti- domain 1 of
b2GPI (aDIb2GPI).Acute disseminated encephalomyelitis [ADEM], Gllian Barre Syndrome (GBS). ‘Other’ included intracranial hypertension and a
central pain syndrome. Antiphospholipid antibody overlap occurred in the following cases; Encephalopathy one case had triple antibody positivity [aCL IgM/ ab2GPI IgG/ab2GPI IgA), 2 cases had double antibody positivity; aCL IgM/ab2GPI IgA and ab2GPI IgG/ab2GPI IgA. Encephalitis - one
case had triple antibody positivity; aCL IgM/ ab2GPI IgG/ab2GPI IgA. ADEM - one case had double antibody positivity; aCL IgM/aPS/PT IgG. Stroke one case had double antibody positivity; aCL IgM/ab2GPI IgA. GBS - one case had double antibody positivity; aCL IgM/ab2GPI IgA. Other - one case
had double antibody positivity; aCL IgM/ab2GPI IgG. Missing data encephalopathy n = 1, encephalitis n = 1 and other n = 1.

for three or more. The most prevalent antiphospholipid antibodies
were aCL IgM (51.1%) and aB2GPI IgA (25.5%). These were followed by
aCL IgG and IgA (21.3%), aB2GPI IgM (17%), aD1b2GPI IgG (14.9%) and
aPS/PT IgM (10.6%). Out of the 47 COVID-hospitalised controls, 16
(34.0%) were positive for at least one antiphospholipid antibody in
the APS criteria and 9 (19.1%) for two. A total of 25 (53.2%) patients
had moderate and 9 (19.1%) had high titres.
In contrast, the prevalence of antiphospholipid antibodies in the
COVID-non-hospitalised participants was considerably lower; only
14 (24.1%) were positive for aCL IgM. aPS/PT IgM (20.7%) occurred
more frequently in this group compared to the others. Only 14
(48.2%) of the patients were positive for at least one antiphospholipid
antibody, and 4 (13.8%) were positive for two antiphospholipid antibodies and none were triple positive. Only 9 (31.0%) patients were
positive for at least one antiphospholipid antibody from the APS criteria and none for two. Out of the 29 COVID-non-hospitalised
patients only 7 (24.1%) had moderate titres and no patients had high
titres.
3.3. A distinct antiphospholipid antibody proﬁle characterises COVIDneurological patients compared to COVID-hospitalised and nonhospitalised controls
To understand the relationship between antiphospholipid antibodies, COVID-neurological patients, non-neurological COVID-hospitalised and non-hospitalised controls, we investigated whether
there were any associations between antiphospholipid antibody
titres and the different groups. We found that COVID-neurological
and COVID-hospitalised patients had signiﬁcantly higher levels of
aB2GPI IgA and IgG, aCL IgM, and aB2GPI-D1 IgG compared to the
COVID-non-hospitalised group (p < 0.01 in all cases, Fig. 1 and
Supplement Table 2). Of these antiphospholipid antibodies, we
found that the median aCL IgM met the moderate-high cut-off in
both hospitalised groups.
Despite COVID-hospitalised control patients exhibiting a more
severe COVID-19 illness (Table 1), there were no signiﬁcant differences in titres between ab2GP1 IgA (p = 0.152) and IgG (p = 0.338), aCL
IgM (p = 0.761) and aD1b2GPI IgG (p = 0.270) compared with the
COVID-neurological group (Fig. 1). However, aCL IgA (p = 0.001) and
IgG (p = 0.020) titres were associated with COVID-hospitalised control group.
In contrast, in the COVID-neurological group aPS/PT IgG was signiﬁcantly higher than both control groups (p < 0.01 in all cases, Fig. 1
and Supplement Table 2), indicating a degree of speciﬁcity for neurological disease. We explored the neurological subtype associated
with elevated aPS/PT IgG; two cases out of three were above the
moderate-high titre threshold, both with a diagnosis of acute disseminated encephalomyelitis (ADEM); case 218 is an example with
accompanying histopathology (Fig. 2).

Interestingly, aPS/PT IgM was associated with COVID-non-hospitalised controls compared to the other groups (p < 0.01), and aB2GPI
IgM was non-discriminatory across all groups.
3.4. Antiphospholipid antibodies correlate with COVID-19 disease
severity markers and outcome
To consolidate our ﬁndings and gain further insight into the relationship between antiphospholipid antibodies and the COVID-neurological group, we combined all hospitalised groups to assess the
potential correlation between antiphospholipid antibodies and clinical and laboratory markers of COVID-19 disease severity and outcome.
We found aPS/PT IgG titre correlated with FiO2 (R= 0.15
p = 0.040) but not with CRP (R= 0.02, p = 0.549) or D-dimer (R = 0.11,
0.649) (Table 4). In contrast, aCL IgG and IgA correlated with creatinine (aCL IgG, R = 0.32, p = 0.016; aCL IgA, R = 0.33, p = 0.005), FiO2
and D-dimer (aCL IgG only; R0.25, p = 0.011). Additionally, FiO2 was
negatively correlated with aCL IgM (R= 0.25, p = 0.011), ab2GP1 IgM
(R= 0.14, p = 0.040) and aD1b2GPI (R= 0.31, p = 0.041). Of these
antiphospholipid antibodies, aCL IgM and aD1b2GPI IgG titres were
signiﬁcantly increased in both the COVID-neurological and hospitalised groups than the COVID-non-hospitalised controls (Supplement
Table 2).
The association between antiphospholipid antibodies and outcome measures (28-day mortality, ITU admission, venous thromboembolism, and ischaemic arterial stroke) was also assessed. Of all the
antiphospholipid antibodies, raised aPS/PT IgG titre was associated
with venous thromboembolism (p = 0.043), and raised aCL IgA titre
was associated with ITU admission (p = 0.021) (Supplement Table 3).
Increased aCL IgA (p = 0.020) and b2GP1 IgA (p = 0.046) was associated with not having an ischaemic stroke.
4. Discussion
We report the ﬁrst study to examine the prevalence and pattern
of antiphospholipid antibodies and associations with the neurological
manifestations of COVID-19 in comparison to hospitalised and nonhospitalised COVID-19 controls. We examined nine different antiphospholipid antibodies and showed high prevalence of antiphospholipid antibody in both the COVID-neurological and COVIDhospitalised controls as compared with the COVID-non-hospitalised
controls. Importantly, we made the novel observation that raised
aPS/PT IgG was associated with COVID-neurological manifestation,
speciﬁcally ADEM. This antiphospholipid antibody was also related to
venous thromboembolism, and respiratory disease (declining oxygen
requirement) in the absence of systemic inﬂammation (CRP). In contrast, antibodies that distinguished COVID-hospitalised controls,
including aCL IgA and IgG, were associated with hypercoagulability
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Fig. 1. The association between antiphospholipid antibodies titres and COVID-neurological, hospitalised and non-hospitalised groups
Serum samples were obtained from 106 adult participants. All were divided into the following groups; 29 COVID-non-hospitalised controls, 47 COVID-hospitalised controls, 30
COVID-neurological cases. The antiphospholipid antibody titre levels were measured across the groups for (A) anti-beta-2 glycoprotein-1 [ab2GP1] IgG (B) ab2GP1 IgM (C) ab2GP1
IgA (D) anticardiolipin antibodies [aCL]) IgG, (E) aCL IgM, (F) aCL IgA (G) anti-Antiphosphatidylserine/prothrombin antibodies (aPS/PT) IgG, (H) aPS/PT IgM, (I) anti- domain 1 of
b2GPI (aDIb2GPI). The horizontal broken line represents the cut-off for each antiphospholipid antibodies. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. P values only shown
when groups are signiﬁcantly different. Missing data Covid-Neuro n = 3, Covid-Hospitalised n = 0, Covid non-hospitalised n = 0.

(elevated D-dimer), respiratory and renal disease (increasing creatinine), thereby exhibiting features of the thrombo-inﬂammatory complications seen in COVID-19 [1,24]. Together, these results provide
evidence that antiphospholipid antibodies are ubiquitous and might
have a pathological role in COVID-19 and neurological manifestations
of COVID-19.
Antiphospholipid antibodies are a heterogeneous group of antibodies that are important in the pathogenesis of antiphospholipid
syndrome, targeting various phospholipid-binding plasma proteins
such as b2GPI and prothrombin that bind phospholipids such as cardiolipin [5]. Their association with infections, especially viral infections, is recognised [8]. While the detection of antiphospholipid
antibodies in viral infection is usually incidental, some viruses, such
as hepatitis C, generate antiphospholipid antibody that is associated
with thrombosis [8]. The generation of antiphospholipid antibodies

in SARS-CoV-2 could be explained by molecular mimicry and neoepitope formation of the phospholipid-like epitope, via the S protein on
the viral cell wall, inducing the generation of antiphospholipid antibodies [25]. Antibodies generated against these phospholipid-like
proteins of SARS-CoV-2 could trigger an immunogenic response if
those proteins are shared with native tissues. Notably, the generation
of IgG aPS/PT cross-reacting with myelin-related protein, speciﬁcally
phosphatidylserine, which is abundantly found in myelin, could
potentially give rise to ADEM [9,26]. The histopathology of one of
these ADEM cases demonstrated myelin-dependant pathobiology in
the absence of cerebral thrombosis. In contrast, the correlation with
declining oxygen requirement, trend with increasing hypercoagulability (increasing D-dimer) in the absence of systemic inﬂammation
(CRP), is likely attributable to respiratory microvascular thrombosis
[27]. The CT chest imaging of our ADEM case showed the
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Fig. 2. Axial MRI (A D) and histopathology (E G) from Patient 218, diagnosed with ADEM with a high aPS/PT IgG antibody titre (30.5 units/ml), and imaging (H O) from Patient
218: axial T2-weighted (A), SWI (B), post-gadolinium (C and D) images show extensive conﬂuent 'tumefactive' lesions involving the white matter of the right cerebral hemisphere,
corpus callosum and corona radiata with mass effect, subfalcine herniation (A), clusters of prominent medullary veins (B, short arrows) and peripheral rim enhancement (D,
arrows). (E) The white matter shows scattered small vessels with surrounding inﬁltrates of neutrophils and occasional foamy macrophages extending into the parenchyma (arrow).
The endothelium is focally vacuolated but there is no evidence of vasculitis or ﬁbrinoid vessel wall necrosis in any region. There were a few perivascular T cells in the white matter
but the cortex appears normal (not shown). (F) CD68 stain conﬁrms foci of foamy macrophages in the white matter, mainly surrounding small vessels. There was no signiﬁcant
microgliosis in the cortex (not shown). (G) Myelin basic protein stain (SMI94) shows areas with focal myelin debris in macrophages around vessels in the white matter (arrows) in
keeping with early myelin breakdown. There is no evidence of axonal damage on neuroﬁlament stain (not shown). Scale bars: E = 45 mm; F and G = 70 mm. (H O) Patient 218; axial
post-gadolinium fat-suppressed T1-weighted images (H) demonstrating pathologically enhancing extradural lumbosacral nerve roots (arrows). Note physiological enhancement of
nerve root ganglia (short arrows). Coronal short tau inversion recovery (STIR) image (L) shows hyperintense signal abnormality of the upper trunk of the right brachial plexus
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Table 4
Correlation of antiphospholipid antibodies with clinical and laboratory variables in hospitalised
patients with COVID-19.
C-reactive protein
R
aCL IgA
aCL IgM
aCL IgG
ab2GP1 IgA
ab2GP1 IgM
ab2GP1 IgG
aPS/PT IgM
aPS/PT IgG
aD1b2GPI IgG

P
0.26
0.23
0.12
0.07
0.00
0.19
0.06
0.02
0.11

0.087
0.110
0.534
0.136
0.856
0.787
0.919
0.549
0.909

D-dimer
R

P
0.20
0.33
0.25
0.03
0.11
0.09
0.05
0.11
0.12

0.129
0.010
0.011
0.647
0.649
0.819
0.829
0.755
0.091

FiO2
R

Creatinine
p

0.16
0.25
0.21
0.25
0.14
0.01
0.22
0.15
0.31

0.047
0.011
0.017
0.178
0.040
0.148
0.116
0.040
0.041

R

P
0.33
0.04
0.32
0.10
0.02
0.13
0.00
0.05
0.00

0.005
0.914
0.016
0.261
0.685
0.283
0.589
0.290
0.578

aPL antiphospholipid antibodies; aCL, anticardiolipin antibodies; aB2GPI, anti B2 glycoprotein I
antibodies; aPS/PT, anti-phosphatidylserine/prothrombin antibodies; aD1b2GPI, anti- Domain I B2
glycoprotein I antibody. FiO2 deﬁnes oxygen requirement. P < 0.05 is deﬁned as signiﬁcant (in bold).

characteristic bilateral ground-glass appearances recognised in
COVID-19 [27]. Furthermore, the association with venous thromboembolism raises the possibility of co-existing thrombotic complications. Importantly, the risk of aPS/PT IgG persisting and developing
antiphospholipid syndrome remains [9]. Longitudinal studies are
needed, especially to ascertain clinical impact, in order to guide
appropriate management.
Catastrophic antiphospholipid syndrome (CAPS) involves
derangements of both inﬂammatory and thrombotic pathways and
affects multiple organs in the body simultaneously [15]. In the CAPS
registry, the most frequently affected organs were the kidneys (73%),
and the lungs (60%), and the presence of aCL IgG antibody (81%) was
common [28]. In our non-neurological COVID-hospitalised controls,
we not only showed a modestly high rate of aCL IgG (21%) but also,
an association with multiple organ disease (respiratory, renal), and
hypercoagulability (raised D-dimer). While these abnormally correlated biomarkers may point to possible CAPS in the COVID-hospitalised controls, we had less evidence for this in the COVID-neurological
group, who, in general, had a less severe systemic COVID-19 illness.
Moderate-high titre thresholds for antiphospholipid antibodies
were similar in both the COVID-neurological group (36.6% and 20%,
respectively) and COVID-hospitalised controls (53% and 19.1%,
respectively) compared to the COVID non-hospitalised controls,
where only 24.1% had moderate titres. Furthermore, the COVID-neurological group had similar antibody titres to hospitalised controls for
aB2GPI IgA and IgG, aCL IgM, and aB2GPI-D1 IgG. IgM aCL was noteworthy, given its high prevalence of moderate-high titre thresholds.
Moreover, its correlation with hypercoagulability and respiratory disease inferred a pathogenic potential. Importantly, and consistent
with other reports, we showed no association between aCL IgM and
large-vessel thrombosis in the pulmonary veins, deep veins or cerebral arteries [7].
The identiﬁcation of a very high aD1b2GPI IgG (>1000unit/ml)
titre is important. b2GPI is a crucial plasma protein in maintaining
haemostasis, pathogenic antibodies to this target can result in a prothrombotic state [29]. Moreover, all domains of b2GPI have been
described as targeted by antiphospholipid antibody, but the most
clinically signiﬁcant to date is antibodies to domain I [30]. The
delayed presentation, in our case, is consistent with the recent
description of a biphasic presentation of encephalopathy, with the
delayed phase (approximately 20-days) reported as more severe
[31]. The exact mechanism is unclear, and could be immune-

mediated. However, the concurrent negative correlation with
aD1b2GPI and declining oxygen requirement, raises the possibility of
microvascular thrombosis in the respiratory system, which could also
occur in the brain [27].
Our study has several limitations. Sample sizes were constrained
by the number of cases with COVID-neurological manifestations
identiﬁed during the ﬁrst UK COVID-19 wave when mass hospitalisations occurred. However, in the context of this novel cohort, we identiﬁed preliminary target antiphospholipid antibodies associated with
hospitalised COVID-19 and neurological manifestation of COVID-19.
We did not screen for pre-morbid renal impairment, although we do
not think it was prevalent, it could potentially have confounded the
correlation analysis with antiphospholipid antibodies. Patients were
tested for DVT or PE using doppler ultrasound and CT pulmonary
angiogram respectively, if symptomatic or had persistently elevated
D-dimer. There remains the possibililty of missing asymptomatic
thromboembolism, but we think that this would have been in the
minority. We did not have access to the required volume of citrated
plasma samples needed for lupus anticoagulant testing. This would
have provided additional context and risk stratiﬁcation for the antiphospholipid antibody proﬁling results. However, we speculate that
levels would have been comparable to aPS/PT as previously described
[32]. For hospital-based studies, access to non-hospitalised controls is
challenging. Although our non-hospitalised cohort was signiﬁcantly
younger and healthier, it provided a useful comparator group and the
opportunity to encompass the full spectrum of COVID-19 disease
severity. A non-COVID control group would have been useful to
explore the relevance of antiphospholipid antibodies independently
associated with mild COVID-19 disease such as aPS/PT IgM. We
acknowledge that our sampling was opportunistic and not deﬁned
by a disease time point. However, we found no signiﬁcant difference
in the timing from COVID-19 onset to blood sampling between our
hospitalised groups (data not shown). Furthermore, prophylactic or
treatment dose anticoagulation was used as a prevention strategy,
which could have confounded our ﬁndings. Future studies should
endeavour to systematically track antiphospholipid antibodies over
the full course of hospitalisation and at a 12-weeks interval, with a
careful recording of drugs that interact with the clotting mechanisms.
In summary, we provide the ﬁrst insight into the pathobiology of
antiphospholipid antibodies in the neurological manifestation of
COVID-19. We identiﬁed a high prevalence of antiphospholipid

(arrow). Initial axial T2 (I and J) and T2*-weighted images (K) show multifocal conﬂuent T2 hyperintense lesions involving internal and external capsules, splenium of corpus callosum (I), and the juxtacortical and deep white matter (J), associated with microhaemorrhages (K, arrows). Follow-up T2-weighted images (M and N) show marked progression of
the conﬂuent T2 hyperintense lesions, which involve a large proportion of the juxtacortical and deep white matter, corpus callosum and internal and external capsules. The followup SWI image (O) demonstrates not only the previously seen microhaemorrhages (arrows) but also prominent medullary veins (short arrows). CT pulmonary angiogram excluded a
pulmonary embolism but showed mild patchy ground-glass changes peripherally at the lung bases bilaterally characteristic of COVID-19 (not shown). REPRODUCED FROM PATERSON AND COLLEAGUES, BY PERMISSION OF OXFORD UNIVERSITY PRESS.
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antibodies in both hospitalised groups, and found that aPS/PT IgG
might be an important factor in the manifestation of ADEM, mediated
by non-thrombotic mechanisms in the brain and possibly associated
with thrombotic complications systemically. In contrast, aCL IgA and
IgG may have a pathological role in non-neurological hospitalised
patients with COVID-19. Characterisation of whether these antiphospholipid antibodies are persistent and their potential longitudinal
clinical impact are required to guide appropriate management.
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