S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Atherosclerosis 341 (2022) 43-49

Contents lists available at ScienceDirect

atherosclerosis

Atherosclerosis

journal homepage: www.elsevier.com/locate/atherosclerosis

ELSEVIER

t.)

Check for

Lipoprotein(a), venous thromboembolism and COVID-19: A pilot study o

Nick S. Nurmohamed *°, Didier Collard?, Laurens F. Reeskamp “, Yannick Kaiser?,
Jeffrey Kroon “, Tycho R. Tromp “, Amsterdam UMC Covid-19 Biobank,

Bert-Jan H. van den Born®, Michiel Coppens®, Alexander P.J. Vlaar °, Martijn Beudel ©,
Diederik van de Beek °, Nick van Es”, Patrick M. Moriarty ! Sotirios Tsimikas #, Erik S.
G. Stroes ™

@ Department of Vascular Medicine, Amsterdam Cardiovascular Sciences, Amsterdam UMC, University of Amsterdam, Amsterdam, the Netherlands

b Department of Cardiology, Amsterdam Cardiovascular Sciences, Amsterdam UMC, Vrije Universiteit Amsterdam, Amsterdam, the Netherlands

¢ Department of Experimental Vascular Medicine, Amsterdam Cardiovascular Sciences, Amsterdam UMC, University of Amsterdam, Amsterdam, Netherlands
d Department of Intensive Care, Amsterdam UMC, University of Amsterdam, Amsterdam, the Netherlands

¢ Department of Neurology, Amsterdam Neuroscience Institute, Amsterdam UMC, University of Amsterdam, Amsterdam, the Netherlands

f Division of Clinical Pharmacology, University of Kansas Medical Center, Kansas City, KS, USA

8 Division of Cardiovascular Medicine, University of California San Diego, La Jolla, CA, USA

ARTICLE INFO ABSTRACT

Keywords: Background and aims: Thrombosis is a major driver of adverse outcome and mortality in patients with Corona-
Lipoprotein(a) virus disease 2019 (COVID-19). Hypercoagulability may be related to the cytokine storm associated with COVID-
IL-6 19, which is mainly driven by interleukin (IL)-6. Plasma lipoprotein(a) [Lp(a)] levels increase following IL-6
S(T)];/IDJQ upregulation and Lp(a) has anti-fibrinolytic properties. This study investigated whether Lp(a) elevation may

contribute to the pro-thrombotic state hallmarking COVID-19 patients.

Methods: Lp(a), IL-6 and C-reactive protein (CRP) levels were measured in 219 hospitalized patients with COVID-
19 and analyzed with linear mixed effects model. The baseline biomarkers and increases during admission were
related to venous thromboembolism (VTE) incidence and clinical outcomes in a Kaplan-Meier and logistic
regression analysis.

Results: Lp(a) levels increased significantly by a mean of 16.9 mg/dl in patients with COVID-19 during the first 21
days after admission. Serial Lp(a) measurements were available in 146 patients. In the top tertile of Lp(a) in-
crease, 56.2% of COVID-19 patients experienced a VTE event compared to 18.4% in the lowest tertile (RR 3.06,
95% CI 1.61-5.81; p < 0.001). This association remained significant after adjusting for age, sex, IL-6 and CRP
increase and number of measurements. Increases in IL-6 and CRP were not associated with VTE. Increase in Lp(a)
was strongly correlated with increase in IL-6 (r = 0.44, 95% CI 0.30-0.56, p < 0.001).

Conclusions: Increases in Lp(a) levels during the acute phase of COVID-19 were strongly associated with VTE
incidence. The acute increase in anti-fibrinolytic Lp(a) may tilt the balance to VTE in patients hospitalized for
COVID-19.

1. Introduction

Almost two years after the first outbreak in Wuhan, China, Corona-
virus disease 2019 (COVID-19) is still driving one of the largest pan-
demics in the history of mankind. Infection with the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) leads to a heteroge-
neous disease, varying from asymptomatic to acute respiratory distress

syndrome requiring intensive care unit (ICU) admission. A hallmark of
severe cases of COVID-19 is a cytokine storm [1], with interleukin-6
(IL-6) mainly produced by macrophages and dendritic cells serving as
a principal cytokine driving inflammation [2]. COVID-19 is also asso-
ciated with an increased propensity for thrombotic complications [3].
Approximately 21% of all hospitalized COVID-19 patients are found to
have symptomatic venous thromboembolism (VTE) despite the use of
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routine thrombosis prophylaxis, compared with 0.9-2.9% in high-risk
non-COVID-19 patients using prophylaxis [4-6]. In severe COVID-19
patients admitted to the ICU, 31% of patients suffer from VTE,
compared to 5% in COVID-19 patients not admitted to the ICU [4].
These observations imply that COVID-19 elicits hypercoagulability in
hospitalized patients, the mechanism of which remains to be elucidated.

Lipoprotein(a) [Lp(a)], a low-density lipoprotein (LDL) like particle
covalently bound to an apolipoprotein(a) protein, has anti-fibrinolytic
properties due to its homology with plasminogen while lacking the
active protease domain, and has been linked to VTE incidence [7]. The
LPA gene encoding for Lp(a) contains an IL-6 response element [8];
hence IL-6 can upregulate Lp(a) production, explaining why Lp(a) levels
are increased in patients with elevated plasma IL-6 [9]. In line, treat-
ment with the IL-6 signaling inhibitor tocilizumab lowered Lp(a) levels
by up to 30% in rheumatoid arthritis patients [10].

We hypothesized that Lp(a) elevation may act in concert with the
acute inflammatory changes during COVID-19 to evoke a dispropor-
tionate increase in COVID-19 related thrombosis. To further evaluate
this, we measured Lp(a), IL-6 and high-sensitivity C-reactive protein
(CRP) in serial samples of 219 sequential COVID-19 patients admitted to
the hospital.

2. Patients and methods
2.1. Patient selection

The Amsterdam University Medical Centers (UMC) COVID-19 bio-
bank is a prospective cohort study containing clinical data and material
from patients admitted with COVID-19 in both academic hospitals of
Amsterdam UMC, between March 24 and May 23, 2020. All hospitalized
patients >18 years with a positive SARS-CoV-2 polymerase chain reac-
tion (PCR) test as well as those with a high clinical suspicion and un-
equivocal findings on CT-imaging without an alternative diagnosis were
eligible for inclusion [11]. For the current analysis, COVID-19 patients
were selected when a blood sample was available within 2 days of ward-
and/or ICU-admission. Patients were treated according to the local
protocol that included thromboprophylaxis, but did not include the use
of remdesivir, hydroxychloroquine, azithromycin, convalescent plasma,
corticosteroids or any other immunomodulatory therapy. Thrombo-
prophylaxis consisted of low-molecular weight heparin (fraxiparin 5700
IE), once daily for patients <100 kg and twice daily for patients >100
kg. As of April 3, 2020, all ICU-admitted COVID-19 patients were also
given the twice daily dose. Comprehensive clinical and outcome data
were acquired from the CovidPredict cohort, as previously reported
[12]. In short, this included daily reports, laboratory results and detailed
clinical outcome data.

2.2. Ethical approval

Patients or their legal representatives received written information
about the study and were asked to give written informed consent for
participation. If direct informed consent of patients was not feasible,
patients could be included with a deferred consent procedure. In case of
deferred consent, patients or their legal representatives were informed
about the biobank as soon as possible. To ensure all patients willfully
participated in the biobank and provide a possibility to opt out from the
biobank, comprehensive information and an opt-out form was sent to
the patients three months after discharge. This study was approved by
the Medical Ethical Committees of both Amsterdam UMC hospitals.

2.3. Laboratory measurements

Blood samples were routinely collected at the emergency depart-
ment, ICU and hospital ward following hospitalization. Since we used
biobank samples obtained in clinical practice, the number of blood
withdrawal and time points of blood withdrawal varied across
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participants. The analysis was restricted to patients who had a first
sample available within two days after admission. Plasma samples were
stored at —80 °C after centrifugation. After thawing, Lp(a) levels were
determined using an immunoturbidimetric (mass) assay (Quantia Lp(a),
Architect, Abbott). This assay is calibrated for 5-points of apo(a) iso-
forms, which minimizes isoform sensitivity. IL-6 and CRP levels were
determined using multiplex immunoassays (Bio-Plex 200, Biorad).

2.4. Primary and secondary outcomes

The primary outcome was incidence of VTE during hospitalization.
VTE was defined as an objectively confirmed diagnosis of distal or
proximal extremity DVT, pulmonary embolism (PE), or venous throm-
bosis at other sites including catheter-related thrombosis. Secondary
outcomes were disease adverse outcomes defined as ICU admission and
all-cause mortality during the first 21 days following hospital admission.
All-cause mortality was defined as either mortality during admission or
discharge for palliative care, either at home or at a palliative care fa-
cility. If the patient was discharged home from the hospital and no
further follow-up data was available, we considered the patient to be
event-free for the remaining study period.

2.5. Statistical analysis

Baseline characteristics are reported as mean + standard deviation
(SD) for normally distributed data, as medians with interquartile range
(IQR) for non-normally distributed data, and as number with proportion
for categorical data. Between-group differences were evaluated using
the appropriate tests (Mann-Whitney U, Kruskal-Wallis, Chi-squared,
respectively).

Baseline samples were defined as samples taken on the first or second
day after admission. Baseline Lp(a), IL-6 and CRP levels were related to
COVID-19 disease outcomes in a logistic regression analysis adjusted for
age (continuous) and sex in COVID-19 patients. Next, we analyzed the
time course of Lp(a), IL-6 and CRP levels in all COVID-19 patients with
at least one measurement available following hospitalization using a
linear mixed effects model with random intercept in the first 21 days
following admission. In the linear mixed effects model, the relationship
between log(Lp[a]), log(IL-6) and log(CRP) and time was modelled
using cubic splines, of which the order was chosen based on the Akaike
information criterion. Marginal means were depicted graphically with
standard error (SE) interval. To quantify changes in these biomarkers,
we calculated the maximum delta Lp(a), IL-6 and CRP; by subtracting
minimum values from maximum values of each biomarker for each of
the COVID-19 patients with more than one measurement available. The
correlation between delta Lp(a), delta IL-6 and delta CRP was calculated
using Pearson’s correlation coefficient. In addition, the correlation be-
tween delta Lp(a) and the traditional biomarker D-dimer was assessed,
also using Pearson’s correlation coefficient. We then assessed the rela-
tion between delta Lp(a) and the COVID-19 disease outcomes using a
logistic regression analysis with adjustment for delta IL-6, delta CRP and
the number of measurements. To test for multicollinearity, the Variance
Inflation Factor (VIF) was calculated for the delta values in the regres-
sion model. The relationship between VTE and the different tertiles of
delta Lp(a) was determined using a Kaplan Meier analysis for the first 21
days following admission. For the linear mixed effects model, correla-
tion, delta and Kaplan Meier analyses, log-transformed values of Lp(a),
IL-6 and CRP were used. All statistical analyses were conducted with
RStudio version 3.6.1 (R Foundation, Vienna, Austria).

3. Results
3.1. Patient selection and characteristics

In the first two months of the COVID-19 pandemic in the
Netherlands, a total of 403 COVID-19 patient admissions were registered
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Table 1
Baseline characteristics.

All patients Patients with serial Lp(a)

measurements available

n 219 146
Age (years, mean 63 (12) 63 (11)
(SD))
Women 74 (33.9) 41 (27.6)
BMI (kg/m2 mean 28.9 (6.3) 28.7 (6.2)
(SD))
Active smoking 70 (33.3) 37 (26.4)
Chronic cardiac 53 (24.3) 28 (19.3)
disease
Hypertension 102 (47.0) 62 (43.1)
Chronic pulmonary 26 (11.9) 17 (11.7)
disease
Chronic kidney 18 (8.3) 7 (4.9)
disease
Diabetes 67 (30.7) 42 (29.0)
Malignancy 12 (5.6) 7 (4.9)
Baseline Lp(a) (mg/dl) 15.6 [6.3-35.7] 14.9 [5.5-29.9]
Baseline IL-6 (ng/1) 33.2 35.2 [20.1-61.5]
[15.3-58.63]
Baseline CRP (mg/1) 41.3 42.2 [37.4-44.6]
[36.2-44.7]

Baseline characteristics of included hospitalized COVID-19 patients. COVID-19,
coronavirus disease 2019; SD, standard deviation; BMI, body mass index; ICU,
intensive care unit; VTE, venous thromboembolism; ATE, arterial
thromboembolism.

Table 2
Primary and secondary outcomes.

Patient group COVID-19 patients n = 219

VTE during admission 67 (30.6)
Extremity DVT 31 (14.2)
PE 42 (19.2)
Other 11 (5.0)

ICU admission 121 (55.5)

All-cause mortality 54 (24.8)

Primary and secondary outcomes in COVID-19 patients. Shown are absolute
numbers (percentages). COVID-19, coronavirus disease 2019; BMI, body
mass index; ICU, intensive care unit; VTE, venous thromboembolism; ATE,
arterial thromboembolism.
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in the COVID-PREDICT database. Of these patients, 219 provided
informed consent and had samples available in which concentrations of
Lp(a), CRP or IL-6 were measured, resulting in 800 time points analyzed
for Lp(a), IL-6 and CRP levels. The mean age of the included COVID-19
patients was 63 + 12 years, and 34% of patients were female (Table 1).
One or more VTE events occurred in 67 (31%) patients admitted for
COVID-19. Categorized by type of thrombosis, 31 (46%) of patients with
a VTE developed an extremity DVT during admission, 42 (62%) patients
experienced a pulmonary embolism and 11 (5%) patients had a VTE
located elsewhere (Table 2). During hospitalization, 121 of the 219
(56%) COVID-19 patients were admitted to the ICU and 54 (25%) pa-
tients died (Table 2).

3.2. Baseline Lp(a) levels and increase during hospital admission in
COVID-19 patients

The median baseline Lp(a) level was 15.6 mg/dl [IQR 6.3, 35.71,
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Fig. 2. Lp(a), IL-6 and CRP levels in COVID-19 patients during admission.
Estimated marginal means of Lp(a), IL(6) and CRP in COVID-19 patients;
derived from a mixed linear model of the time-course of these biomarkers
following hospitalization. The black lines represent estimate of biomarker levels
with standard error intervals shown in color during admission of COVID-19
patients. All models were significant (p < 0.001). Lp(a), lipoprotein(a); IL6,
interleukin-6; CRP, C-reactive protein; COVID-19, coronavirus disease 2019.
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Fig. 1. Baseline Lp(a), IL-6 and CRP levels in COVID-19 patients. Depicted are the baseline Lp(a) (A; mg/dl), IL6 (B; ng/1) and CRP (C; mg/1) levels of the COVID-19
patients in in boxplots. Lp(a), lipoprotein(a); IL-6, Interleukin-6; CRP, C-reactive protein; COVID-19, coronavirus disease 2019.
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whereas the median baseline IL-6 level was 33.2 pg/ml [IQR 20.8,
157.7]. The median baseline CRP level was 41.3 mg/1 [IQR 36.2, 44.7]
(Fig. 1). The linear mixed effects model showed a significant change of
all three markers over time. In the linear mixed effects model, Lp(a)
levels increased almost threefold on average during the first three weeks
after hospital admission (10.1-27.0 mg/dl; Fig. 2; p < 0.001). IL-6 and
CRP levels increased in the first days after admission, followed by a
decrease after the first week following admission (Fig. 2; p < 0.001).

3.3. Change in Lp(a) is associated with VTE and adverse events in
COVID-19 patients

In the entire cohort, baseline Lp(a), IL-6 and CRP levels were not
associated with VTE incidence. Baseline IL-6 levels were associated with
ICU admission (Supplemental Table 1). We then calculated the
maximum delta for Lp(a) and IL-6 in all patients with multiple mea-
surements available. These 146 patients had an average of 4 measure-
ments per patient. Patients who suffered from VTE were characterized
by higher increase in Lp(a) compared with patients without VTE (7.4
mg/dl [IQR 3.5, 17.0] vs 4.0 mg/dl [IQR 1.8, 8.3], p < 0.001). In a lo-
gistic regression model adjusted for age, sex, delta IL-6 and number of
measurements, delta Lp(a) was significantly associated with VTE inci-
dence (OR 3.77, 95% CI 1.38-10.31, p=0.007, Table 3). In the same
model, delta IL-6 was not associated with VTE (OR 1.16, 95% CI
0.79-1.71, p=0.441, Table 3). For the VTE-free survival analysis, pa-
tients were divided into tertiles of delta Lp(a) levels. In patients in the
top tertile, Lp(a) levels increased by an average of 20.1 mg/dl, compared
with 5.1 mg/dl in the lowest tertile. In the top tertile 56.2% of patients
experienced a VTE, compared to 18.4% in the lowest tertile during the
first 21 days after admission (RR 3.06, 95% CI 1.61-5.81; p < 0.001;
Fig. 3). The Kaplan Meier analysis showed a significant association be-
tween delta Lp(a) tertiles and VTE event free survival in the first 21 days
after admission (p < 0.001, Fig. 3).

In addition, we compared COVID-19 patients who were admitted to
the ICU or died following hospitalization to those who were not
admitted to the ICU or who survived. As expected, higher delta Lp(a)
levels were observed in the patients admitted to the ICU (6.3 mg/dl [IQR
3.1, 13.7] vs 3.0 mg/dl [IQR 1.2, 6.6], p < 0.001). This correlation
disappeared after adjustment for age, sex, delta IL-6 and number of
measurements (Table 3). However, a trend was observed for the asso-
ciation between delta IL-6 and ICU admission (OR 2.22, 95% CI
0.97-5.09, p=0.061, Table 3). No differences in delta Lp(a) levels were
observed in COVID-19 patients who died compared to those who sur-
vived (6.9 mg/dl [IQR 2.7, 12.6] vs 5.2 mg/dl [IQR 2.5, 10.2], p=0.323)
nor in the adjusted model (Table 3). In all models, additional adjustment
for delta CRP did not materially change the findings. There were no signs
of multicollinearity; the VIFs were 1.20 and 1.38 for delta Lp(a) and
delta IL-6, respectively.

Table 3
Multiple logistic regression models in COVID-19 patients.
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3.4. Increase in Lp(a) is associated with increase in IL-6, but not with
CRP

Lastly, we compared associations between the delta values of the
three biomarkers during admission. Delta IL-6 was strongly correlated
with delta Lp(a) (r = 0.44, 95% CI 0.30-0.56, p < 0.001) and with delta
CRP (r = 0.18, 95% CI 0.01-0.34, p=0.040). Conversely, delta CRP was
not correlated with delta Lp(a) (p=0.580). In addition, there was a
modest association between delta Lp(a) and delta D-dimer (r = 0.19;
95% CI 0.01-0.37; p=0.04).

4. Discussion

This study demonstrates that in patients hospitalized with COVID-19
Lp(a) levels rise threefold during the hospitalization. Although Lp(a)
levels upon admission were not predictive of VTE, the patients in the
highest tertile of Lp(a) increase during admission, representing absolute
increases of 20 mg/dL, experience a 56% incidence of VTE despite the
use of VTE prophylaxis. In contrast, the change in the inflammatory
biomarkers IL-6 and CRP was not associated with VTE incidence. Lp(a) is
an anti-fibrinolytic particle, it is pro-inflammatory and also a known
acute phase reactant [13]. Collectively, these data imply an integrated
impact of Lp(a) in conjunction with the heightened inflammatory and
prothrombotic state on VTE incidence in hospitalized COVID-19
patients.

Lp(a) levels are primarily genetically determined with more than
80% of plasma levels mediated by variations in kringle IV type 2 (KIV3)
isoform number and various single nucleotide polymorphisms in the
coding region of the LPA gene [13]. However, during acute inflamma-
tory episodes, Lp(a) has been found to be transiently elevated and per-
sisting for 3-4 months. This increase has been partly attributed to an IL-6
response element in the LPA gene [14]. Indeed, we substantiate that Lp
(a) levels are upregulated in the course of a SARS-CoV-2 infection, with
an up to three-fold increase of Lp(a) levels in 21 days following hospital
admission. In line with this, we show that the day 4 peak of IL-6 levels,
which likely already increase from baseline before admission, precedes
the Lp(a) increase, supporting Lp(a) changes following the IL-6 increase
(r = 0.44).

We also observed that patients with the highest Lp(a) increase during
COVID-19 have a striking increase in VTE incidence (Central Illustra-
tion). In contrast, CRP increase, a well-known acute phase reactant also
regulated by IL-6,[15] was not associated with VTE incidence. The
discordant impact of Lp(a) versus IL-6 and CRP on VTE incidence may
imply a direct pathophysiological role of Lp(a) elevation in eliciting a
thrombogenic potential. A likely explanation for this effect is the high
homology of apolipoprotein(a) to plasminogen, and this explanation
was further supported by an association between Lp(a) increase and
D-dimer increase, which has also been previously documented [16].
Apolipoprotein(a) lacks protease activity but has similar lysine binding
activity to plasminogen allowing accumulation of Lp(a) to the same sites
of exposed lysines, such as in denuded endothelium, where it may
interfere with plasminogen activation [17]. In some but not all studies,

Model 1: Venous thromboembolism

Model 2: ICU admission

Model 3: Mortality

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value
Age 1.001 (0.967-1.037) 0.964 0.923 (0.866-0.984) 0.014 1.019 (0.979-1.059) 0.358
Female sex 0.902 (0.365-2.227) 0.823 0.231 (0.056-0.948) 0.042 0.891 (0.341-2.327) 0.814
Delta log(Lp[a]) 3.201 (1.224-8.369) 0.018 10.903 (0.632-188.041) 0.100 1.968 (0.858-4.515) 0.110
Delta log(IL-6) 1.245 (0.849-1.825) 0.262 2.215 (0.965-5.084) 0.061 1.296 (0.891-1.885) 0.176
N of measurements 1.517 (1.109-2.173) 0.014 3.251 1.319-8.011) 0.010 1.131 (0.813-1.572) 0.465

Logistic regression for the effect of age, sex, delta Lp(a), delta IL-6 and number of measurements on venous thromboembolism during hospitalization (model 1), ICU
admission (model 2) and mortality (model 3) in the first 21 days following admission in COVID-19 patients. ICU, intensive care unit; Lp(a), lipoprotein(a); IL-6,

interleukin-6; N, number.
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Fig. 3. Delta Lp(a) levels and VTE incidence in COVID-19 patients. Left panel: Barchart of delta Lp(a) levels and VTE incidence in the first 21 days after admission.
Shown on the x-axis are the tertiles of Lp(a), with the relative VTE incidence within the tertile shown on the y-axis. Right panel: Kaplan Meier analysis of Lp(a) tertiles
on VTE incidence in the first 21 days after admission. Patients with no delta Lp(a) available were excluded from the analysis. VTE, venous thromboembolism; Lp(a),

Lipoprotein(a); COVID-19, coronavirus disease 2019.

Lp(a) has been shown to attenuate fibrinolysis, thereby promoting
thrombus growth [14]. The pro-thrombotic effect of Lp(a) in clinical
studies has been controversial, with substantiation in some observa-
tional studies with a preponderance of elevated Lp(a) levels in VTE
patients compared with controls (Lp[a] elevation in 20% of VTE patients
compared with 7% in controls; 95% CI 1.9-5.3, p < 0.001) [18]. How-
ever, genetic studies [19] and in vitro studies failed to support a causal
role [20]. Lp(a) concentrations in the UK biobank were also not asso-
ciated with thromboembolic events in COVID-19 patients [21]. Part of
these inconsistent results may relate to the fact that Lp(a) by itself is not
a pro-thrombotic factor; it is anti-fibrinolytic and thus predominantly
may cause clot-propagation in pre-existing thrombi as ‘second hit’
agent. This ‘second hit’ mechanism could already be activated in rela-
tively low Lp(a) levels, even below the ASCVD risk threshold of 50 mg/dl
from the 2019 ESC/EAS guidelines. In the case of COVID-19, severe
endothelial injury and ongoing active coagulation may be particularly
sensitive to Lp(a) tipping the balance to clot propagation and clinical
expression of VTE. Besides an anti-fibrinolytic effect, Lp(a) also activates
pro-inflammatory pathways in endothelial cells and monocytes, which
may further enhance the pro-thrombotic state [22]. Recent findings
emphasized that oxidized phospholipids carried by Lp(a) may be the
main cause of this pro-inflammatory effect [23]. Collectively, these data
lend further support to a direct effect of Lp(a) on thrombogenesis,
contributing to the disproportionately enhanced VTE incidence in
COVID-19 patients hallmarked by Lp(a) increase during the infectious
episode.

In absence of available interventions to reduce Lp(a), multiple
studies have investigated the effect of tocilizumab, a monoclonal anti-
body inhibiting IL-6, in COVID-19 patients. To date, the majority of
these studies have not shown a reduction in disease severity or
complication rates [24-27]. However, randomized administration of
tocilizumab in 389 early-disease COVID-19 patients showed a 44%
reduction of the composite endpoint of mechanical ventilation and
death [28]. Unfortunately, this study did not report the effect of either
Lp(a) levels or VTE incidence in COVID-19 patients.

4.1. Clinical implications

Current guidelines recommend routine VTE prophylaxis with low-
molecular weight heparin (LMWH) in hospitalized patients with
COVID-19, which we adhered to in the present study [29]. Our findings
lend support to a marked contribution of Lp(a) increase in augmenting
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the pro-thrombotic state in COVID-19 patients. In view of the more than
threefold increase in VTE incidence in the upper tertile compared to the
lowest tertile of Lp(a) increase, a switch towards therapeutically dosed
low-molecular weight heparin may be advised in patients in whom
marked increases in Lp(a) are observed during hospitalization. Identi-
fication of COVID-19 patients with high VTE risk is of particular
importance since standard use of therapeutic anticoagulation is associ-
ated with increased risk of bleeding complications, without an overall
reduction of VTE [30]. However, future studies are required to pro-
spectively evaluate Lp(a) and VTE incidence in COVID-19 patients
before using this regimen. It is tempting to speculate whether a single
administration of the apo(a) antisense oligonucleotide pelacarsen,
which reduces Lp(a) levels by more than 80% [31], or lipid apheresis
that can acutely remove Lp(a) and oxidized phospholipids [32], may
also be of clinical value to reduce VTE incidence in severe COVID-19
patients.

4.2. Study limitations

The number and timing of samples differed between patients and
there were no pre- or post-admission Lp(a) levels available. Included
patients were already in a disease state requiring hospital admission,
and no Lp(a) levels in the healthy state nor long-term Lp(a) changes
could be assessed in this study. Since every patient was in a different
disease stage both at and during admission, we were unable to analyze
these measurements using traditional statistical methods. These differ-
ences in disease stage also complicated analysis of baseline Lp(a) values.
Therefore, we analyzed delta Lp(a) levels after log transformation,
presuming maximal change in Lp(a) levels reflects the disease-mediated
increase in Lp(a). Due to the limited power of this study, we could not
account for the exact temporality of changes in Lp(a). To adjust for the
potential influence of duration of admission on the number of Lp(a)
measurements and possible immortal time bias, we adjusted for the
number of measurements in the logistic regression model. Second, the
limited sample size could also explain the fact that we did not find a
significant correlation between baseline Lp(a) levels and adverse out-
comes. Larger studies routinely measuring Lp(a) serially in hospitalized
patients will be required to substantiate these findings. Third, a rela-
tively large proportion of the hospitalized study population was
admitted to the ICU and almost half of patients were from non-Caucasian
descent, which makes it difficult to extrapolate our results to the overall
COVID-19 population and could explain the relatively low baseline Lp
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(a) levels. Furthermore, the change in Lp(a) was limited to VTE and not
COVID-related mortality, likely because VTE was diagnosed and treated
before complications related to it developed. Lastly, it has been appre-
ciated that endothelial function and thrombosis are intimately involved
in COVID-19 and clinicians are more attentive to anti-coagulation
relative to the early phases of the pandemic when this study was per-
formed. Whether this has reduced the incidence of Lp(a)-associated VTE
remains to be determined.

In conclusion, the increase of Lp(a) levels during COVID-19 hospi-
talization is associated with a high incidence of VTE. Further studies are
needed to determine whether interventions reducing Lp(a) elevation
will be able to reduce the VTE incidence in severe COVID-19 patients.

Financial support

The Amsterdam UMC Covid-19 Biobank is funded by Corona
Research Fund, Amsterdam UMC, and Dr C.J. Vaillant Fund, to D. van de
Beek.

CRediT authorship contribution statement

Nick S. Nurmohamed: Conceptualization, Methodology, Formal
analysis, Writing — original draft, Writing — review & editing. Didier
Collard: Conceptualization, Methodology, Formal analysis, Writing —
original draft, Writing — review & editing. Laurens F. Reeskamp:
Conceptualization, Writing — review & editing. Yannick Kaiser:
Conceptualization, Formal analysis, Writing — review & editing. Jeffrey
Kroon: Writing — review & editing. Tycho R. Tromp: Writing — review
& editing. Bert-Jan H. van den Born: Writing — review & editing.
Michiel Coppens: Writing — review & editing. Alexander P.J. Vlaar:
Writing - review & editing. Martijn Beudel: Conceptualization, Writing
—review & editing. Diederik van de Beek: Conceptualization, Writing —
review & editing. Nick van Es: Methodology, Writing — review & edit-
ing. Patrick M. Moriarty: Writing — review & editing. Sotirios Tsimi-
kas: Conceptualization, Writing — review & editing. Erik S.G. Stroes:
Conceptualization, Resources, Writing — review & editing.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

NSN and LFR are co-founders of Lipid Tools. MC reports grants from
Bayer and grants and personal fees from Daiichi Sankyo. PM reports
grants and personal fees from Regeneron, Amgen, Esperion, Kaneka,
Stage II Innovations/Renew, grants from Novartis, Ionis Pharmaceuti-
cals, FH Foundation, GB Life Sciences, Aegerion and personal fees from
Amarin. ST is a co-inventor and receives royalties from patents owned
by UCSD on biomarkers related to oxidized lipoproteins and is a co-
founder and has an equity interest in Oxitope, Inc and its affiliates,
Kleanthi Diagnostics, LLC and Covicept Therapeutics, Inc. ESGS reports
advisory board/lecturing fees paid to the institution of ESGS by Amgen,
Sanofi, Regeneron, Esperion, Novo-Nordisk, Esperion, IONIS.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.atherosclerosis.2021.12.008.

References

[1] D.C. Fajgenbaum, C.H. June, Cytokine storm, N Engl J Med Massachusetts Medical
Society 383 (2020) 2255-2273.

[2] J.B. Moore, C.H. June, Cytokine release syndrome in severe COVID-19, Science 80
(368) (2020) 473. LP - 474.

[3] R.J. Jose, A. Manuel, COVID-19 Cytokine Storm: the Interplay between
Inflammation and Coagulation, vol. 8, Lancet Respir Med Elsevier, 2020,
pp. e46-e47.

48

[4]

[5]

[6]

[71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Atherosclerosis 341 (2022) 43-49

M.B. Malas, L.N. Naazie, N. Elsayed, A. Mathlouthi, R. Marmor, B. Clary,
Thromboembolism risk of COVID-19 is high and associated with a higher risk of
mortality: a systematic review and meta-analysis, EClinicalMedicine 29-30 (2020),
100639.

A.H. Talasaz, P. Sadeghipour, H. Kakavand, M. Aghakouchakzadeh, E. Kordzadeh-
Kermani, BW Van Tassell, A. Gheymati, H. Ariannejad, S.H. Hosseini,

S. Jamalkhani, M. Sholzberg, M. Monreal, D. Jimenez, G. Piazza, S.A. Parikh, A.
J. Kirtane, J.W. Eikelboom, J.M. Connors, B.J. Hunt, S.V. Konstantinides,

M. Cushman, J.I. Weitz, G.W. Stone, H.M. Krumholz, G.Y.H. Lip, S.Z. Goldhaber,
B. Bikdeli, Recent randomized trials of antithrombotic therapy for patients with
COVID-19: JACC state-of-the-art review, J. Am. Coll. Cardiol. 77 (2021)
1903-1921.

S. Middeldorp, M. Coppens, TF van Haaps, M. Foppen, A.P. Vlaar, M.C.A. Miiller, C.
C.S. Bouman, L.F.M. Beenen, R.S. Kootte, J. Heijmans, L.P. Smits, P.I. Bonta, N
van Es, Incidence of Venous Thromboembolism in Hospitalized Patients with
COVID-19, J Thromb Haemost John Wiley & Sons, Ltd, 2020 (n/a).

B.G. Nordestgaard, A. Langsted, Lipoprotein (a) as a cause of cardiovascular
disease: insights from epidemiology, genetics, and biology, J Lipid Res. Am. Soc.
Biochem. Molecul. Biol. 57 (2016) 1953-1975.

D.P. Wade, J.G. Clarke, G.E. Lindahl, A.C. Liu, B.R. Zysow, K. Meer, K. Schwartz, R.
M. Lawn, 5’ Control regions of the apolipoprotein(a) gene and members of the
related plasminogen gene family, Proc. Natl. Acad. Sci. U. S. A. 90 (1993)
1369-1373.

N. Miiller, D.M. Schulte, K. Tiirk, S. Freitag-Wolf, J. Hampe, R. Zeuner, J.

0. Schroder, 1. Gouni-Berthold, H.K. Berthold, W. Krone, S. Rose-John,

S. Schreiber, M. Laudes, IL-6 blockade by monoclonal antibodies inhibits
apolipoprotein (a) expression and lipoprotein (a) synthesis in humans, J Lipid Res.
Am. Soc. Biochem. Molecul. Biol. 56 (2015) 1034-1042.

0. Schultz, F. Oberhauser, J. Saech, A. Rubbert-Roth, M. Hahn, W. Krone,

M. Laudes, Effects of inhibition of interleukin-6 signalling on insulin sensitivity and
lipoprotein (A) levels in human subjects with rheumatoid diseases, PLoS One
United States 5 (2010), e14328.

M. Prokop, W van Everdingen, T van Rees Vellinga, H. Quarles van Ufford,

L. Stoger, L. Beenen, B. Geurts, H. Gietema, J. Krdzalic, C. Schaefer-Prokop, B
van Ginneken, M. Brink, Society C-19 SRWG of the DR. CO-RADS: A Categorical CT
Assessment Scheme for Patients Suspected of Having COVID-19-Definition and
Evaluation, vol. 296, Radiology Radiological Society of North America, 2020,

pp. E97-E104.

D. Collard, N.S. Nurmohamed, Y. Kaiser, L.F. Reeskamp, T. Dormans,

H. Moeniralam, S. Simsek, R. Douma, A. Eerens, A.C. Reidinga, P.W.G. Elbers,
Cardiovascular risk factors and COVID-19 outcomes in hospitalised patients : a
prospective cohort study, BMJ Open 11 (2021) 1-7.

S. Tsimikas, A test in context: lipoprotein(a): diagnosis, prognosis, controversies,
and emerging therapies, J. Am. Coll. Cardiol. 69 (2017) 692-711.

P.M. Moriarty, L.K. Gorby, E.S. Stroes, J.P. Kastelein, M. Davidson, S. Tsimikas,
Lipoprotein(a) and its potential association with thrombosis and inflammation in
COVID-19: a testable hypothesis, Curr. Atheroscler. Rep. Springer US 22 (2020) 48.
T. Herold, V. Jurinovic, C. Arnreich, B.J. Lipworth, J.C. Hellmuth, M von Bergwelt-
Baildon, M. Klein, T. Weinberger, Elevated levels of IL-6 and CRP predict the need
for mechanical ventilation in COVID-19, J. Allergy Clin. Immunol. Am. Academ.
Allergy, Asthma Immunol. 146 (2020) 128-136, e4.

H. Kothari, A.T. Nguyen, X. Yang, Y. Hisada, S. Tsimikas, N. Mackman, A. Taylor,
C.A. McNamara, Association of D-dimer with plaque characteristics and plasma
biomarkers of oxidation-specific epitopes in stable subjects with coronary artery
disease, J Cardiovasc Transl Res 11 (2018) 221-229.

J. Hoover-Plow, M. Huang, Lipoprotein(a) metabolism: potential sites for
therapeutic targets, Metabolism 62 (2013) 479-491.

M von Depka, U. Nowak-Gottl, R. Eisert, C. Dieterich, M. Barthels, 1. Scharrer,

A. Ganser, S. Ehrenforth, Increased lipoprotein (a) levels as an independent risk
factor for venous thromboembolism, Blood 96 (2000) 3364-3368.

A. Helgadottir, S. Gretarsdottir, G. Thorleifsson, H. Holm, R.S. Patel, T. Gudnason,
G.T. Jones, AM van Rij, D.J. Eapen, A.F. Baas, D.-A. Tregouet, P.-E. Morange,

J. Emmerich, B. Lindblad, A. Gottsiter, L.A. Kiemeny, J.S. Lindholt, N. Sakalihasan,
R.E. Ferrell, D.J. Carey, J.R. Elmore, P.S. Tsao, N. Grarup, T. Jorgensen, D.R. Witte,
T. Hansen, O. Pedersen, R. Pola, E. Gaetani, H.B. Magnadottir, et al.,
Apolipoprotein(a) genetic sequence variants associated with systemic
atherosclerosis and coronary atherosclerotic burden but not with venous
thromboembolism, J. Am. Coll. Cardiol. 60 (2012) 722-729.

M.B. Boffa, T.T. Marar, C. Yeang, N.J. Viney, S. Xia, J.L. Witztum, M.L. Koschinsky,
S. Tsimikas, Potent reduction of plasma lipoprotein (a) with an antisense
oligonucleotide in human subjects does not affect ex vivo fibrinolysis, J. Lipid Res.
60 (2019) 2082-2089.

S Di Maio, C. Lamina, S. Coassin, L. Forer, R. Wiirzner, S. Schonherr,

F. Kronenberg, Lipoprotein(a) and SARS-CoV-2 Infections: Susceptibility to
Infections, Ischemic Heart Disease and Thromboembolic Events, J Intern Med John
Wiley & Sons, Ltd, 2021 (n/a).

J.G. Schnitzler, R.M. Hoogeveen, L. Ali, K.H.M. Prange, F. Waissi, M van Weeghel,
J.C. Bachmann, M. Versloot, M.J. Borrelli, C. Yeang, DP V De Kleijn, R.

H. Houtkooper, M.L. Koschinsky, Winther MPJ de, A.K. Groen, J.L. Witztum,

S. Tsimikas, E.S.G. Stroes, J. Kroon, Atherogenic lipoprotein(a) increases vascular
glycolysis, in: Thereby Facilitating Inflammation and Leukocyte Extravasation, vol.
126, Circ Res Lippincott Williams & Wilkins, 2020, pp. 1346-1359.

FM Van Der Valk, S. Bekkering, J. Kroon, C. Yeang, J Van Den Bossche, JD

Van Buul, A. Ravandi, A.J. Nederveen, H.J. Verberne, C. Scipione, M. Nieuwdorp,
L.A.B. Joosten, M.G. Netea, M.L. Koschinsky, J.L. Witztum, S. Tsimikas, N.

P. Riksen, E.S.G. Stroes, Oxidized phospholipids on Lipoprotein(a) elicit arterial


https://doi.org/10.1016/j.atherosclerosis.2021.12.008
https://doi.org/10.1016/j.atherosclerosis.2021.12.008
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref1
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref1
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref2
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref2
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref3
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref3
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref3
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref4
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref4
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref4
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref4
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref5
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref5
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref5
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref5
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref5
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref5
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref5
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref5
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref6
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref6
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref6
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref6
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref7
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref7
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref7
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref8
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref8
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref8
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref8
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref9
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref9
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref9
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref9
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref9
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref10
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref10
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref10
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref10
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref11
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref11
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref11
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref11
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref11
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref11
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref12
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref12
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref12
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref12
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref13
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref13
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref14
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref14
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref14
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref15
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref15
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref15
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref15
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref16
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref16
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref16
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref16
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref17
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref17
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref18
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref18
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref18
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref19
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref19
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref19
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref19
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref19
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref19
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref19
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref19
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref20
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref20
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref20
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref20
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref21
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref21
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref21
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref21
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref22
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref22
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref22
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref22
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref22
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref22
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref23
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref23
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref23
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref23

N.S. Nurmohamed et al.

[24]

[25]

[26]

[27]

wall inflammation and an inflammatory monocyte response in humans, Circulation
United States 134 (2016) 611-624.

J.H. Stone, M.J. Frigault, N.J. Serling-Boyd, A.D. Fernandes, L. Harvey, A.

S. Foulkes, N.K. Horick, B.C. Healy, R. Shah, A.M. Bensaci, A.E. Woolley,

S. Nikiforow, N. Lin, M. Sagar, H. Schrager, D.S. Huckins, M. Axelrod, M.D. Pincus,
J. Fleisher, C.A. Sacks, M. Dougan, C.M. North, Y.-D. Halvorsen, T.K. Thurber,

Z. Dagher, A. Scherer, R.S. Wallwork, A.Y. Kim, S. Schoenfeld, P. Sen, et al.,
Efficacy of tocilizumab in patients hospitalized with covid-19, N Engl. J. Med
Massachusetts Med. Soc. 383 (2020) 2333-2344.

O. Hermine, X. Mariette, P.-L. Tharaux, M. Resche-Rigon, R. Porcher, P. Ravaud,
C. Group C-19, Effect of tocilizumab vs usual care in adults hospitalized with
COVID-19 and moderate or severe pneumonia: a randomized clinical trial, JAMA
Intern. Med. 181 (2021) 32-40.

C. Salvarani, G. Dolci, M. Massari, D.F. Merlo, S. Cavuto, L. Savoldi, P. Bruzzi,

F. Boni, L. Braglia, C. Turra, P.F. Ballerini, R. Sciascia, L. Zammarchi, O. Para, P.
G. Scotton, W.O. Inojosa, V. Ravagnani, N.D. Salerno, P.P. Sainaghi, A. Brignone,
M. Codeluppi, E. Teopompi, M. Milesi, P. Bertomoro, N. Claudio, M. Salio,

M. Falcone, G. Cenderello, L. Donghi, V Del Bono, et al., Effect of tocilizumab vs
standard care on clinical worsening in patients hospitalized with COVID-19
pneumonia: a randomized clinical trial, JAMA Intern. Med. 181 (2021) 24-31.
1.0. Rosas, N. Brau, M. Waters, R.C. Go, B.D. Hunter, S. Bhagani, D. Skiest, M.

S. Aziz, N. Cooper, 1.S. Douglas, S. Savic, T. Youngstein, L Del Sorbo, A. Cubillo
Gracian, DJ De La Zerda, A. Ustianowski, M. Bao, S. Dimonaco, E. Graham,

49

[28]

[29]

[30]

[31]

[32]

Atherosclerosis 341 (2022) 43-49

B. Matharu, H. Spotswood, L. Tsai, A. Malhotra, Tocilizumab in hospitalized
patients with severe covid-19 pneumonia, N Engl J Med 384 (2021) 1503-1516.
C. Salama, J. Han, L. Yau, W.G. Reiss, B. Kramer, J.D. Neidhart, G.J. Criner,

E. Kaplan-Lewis, R. Baden, L. Pandit, M.L. Cameron, J. Garcia-Diaz, V. Chavez,
M. Mekebeb-Reuter, F. Lima de Menezes, R. Shah, M.F. Gonzalez-Lara, B. Assman,
J. Freedman, S.V. Mohan, Tocilizumab in patients hospitalized with covid-19
pneumonia, N Engl. J. Med Massachusetts Med. Soc. 384 (2020) 20-30.

L.K. Moores, T. Tritschler, S. Brosnahan, M. Carrier, J.F. Collen, K. Doerschug, A.
B. Holley, D. Jimenez, G Le Gal, P. Rali, P. Wells, Prevention, diagnosis, and
treatment of VTE in patients with coronavirus disease 2019: CHEST guideline and
expert panel report, Chest Am. College Chest Physic. 158 (2020) 1143-1163.
R.D. Lopes, P.G.M. de Barros e Silva, R.H.M. Furtado, A.V.S. Macedo, B. Bronhara,
L.P. Damiani, O. Berwanger, Therapeutic versus prophylactic anticoagulation for
patients admitted to hospital with COVID-19 and elevated D-dimer concentration
(ACTION): an open-label, multicentre, randomised, controlled trial, The Lancet
397 (10291) (2021) 2253-2263.

S. Tsimikas, E. Karwatowska-Prokopczuk, I. Gouni-Berthold, J.-C. Tardif, S.

J. Baum, E. Steinhagen-Thiessen, M.D. Shapiro, E.S. Stroes, P.M. Moriarty, B.

G. Nordestgaard, S. Xia, J. Guerriero, N.J. Viney, L. O’'Dea, J.L. Witztum,
Lipoprotein(a) reduction in persons with cardiovascular disease, N Eng.l J. Med
Massachusetts Med. Soc. 382 (2020) 244-255.

K. Arai, A. Orsoni, Z. Mallat, A. Tedgui, J.L. Witztum, E. Bruckert, A.D. Tselepis, M.
J. Chapman, S. Tsimikas, Acute impact of apheresis on oxidized phospholipids in
patients with familial hypercholesterolemial, J. Lipid Res. 53 (2012) 1670-1678.


http://refhub.elsevier.com/S0021-9150(21)01503-3/sref23
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref23
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref24
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref24
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref24
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref24
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref24
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref24
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref24
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref25
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref25
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref25
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref25
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref26
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref26
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref26
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref26
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref26
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref26
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref26
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref27
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref27
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref27
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref27
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref27
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref28
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref28
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref28
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref28
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref28
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref29
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref29
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref29
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref29
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref30
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref30
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref30
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref30
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref30
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref31
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref31
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref31
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref31
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref31
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref32
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref32
http://refhub.elsevier.com/S0021-9150(21)01503-3/sref32

