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Abstract

Coronavirus disease 2019 is caused by severe acute respiratory syndrome coronavirus 2. Primarily an infection of the lower
respiratory tract, it is now well known to cause multisystem abnormalities. Hematologic manifestations constitute a significant
area of concern. Severe acute respiratory syndrome coronavirus 2 infects monocytes and endothelial cells leading to a complex
downstream cascade, cytokine storm, and eventual intravascular thrombosis. Coronavirus disease 2019 causes lymphopenia,
neutrophilia, and thrombocytopenia. Prophylactic anticoagulation is vital in patients with coronavirus disease 2019, as its effect
on the coagulation system is associated with significant morbidity and mortality. The disease can cause both arterial and venous
thromboses, especially pulmonary embolism and pulmonary microthrombi. A high index of suspicion is indispensable in
recognizing these complications, and timely institution of therapeutic anticoagulation is vital in treating them. Virus-induced
disseminated intravascular coagulation is uncommon but shares some similarities to sepsis-induced disseminated intravascular
coagulation. Marked elevations in hematologic biomarkers such as lactate dehydrogenase, D-dimer, ferritin, and C-reactive
protein are associated with worse outcomes. Understanding the pathophysiology and recognizing factors associated with poor
prognosis are crucial in improving patient outcomes with coronavirus disease 2019.
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Introduction infecting over 14 million people with over 600,000 deaths

globally, making it a significant public health crisis.

Coronavirus disease 2019 (COVID-19) primarily causes low-
er respiratory tract symptoms and pulmonary complications
like acute respiratory distress syndrome (ARDS). It is now
recognized as a multisystem disease with varied manifesta-
tions. Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the causative organism of presumed zoo-
notic origin. Initially originating at the end of the year 2019 in
Wuhan, China, COVID-19 has now become a pandemic

>< Mandeep Singh Rahi
rahi.mandeepsingh @yahoo.com

Division of Pulmonary Diseases and Critical Care Medicine,
Yale-New Haven Health Bridgeport Hospital, 267 Grant Street,
Bridgeport, CT 06610, USA

Division of Hematology and Oncology, William Beaumont Hospital,
Oakland University, Royal Oak, MI, USA

Department of Internal Medicine, Yale-New Haven Health
Bridgeport Hospital, Bridgeport, CT, USA

Coronavirus belongs to the family Coronaviridae and sub-
family Coronavirinae, further subdivided into four genera
based on their distinct genetic properties. Several
coronaviruses are known to cause significant morbidity and
mortality in animals. They have a potential for animal-to-
human transmission and infect mainly the upper and lower
respiratory tract in humans. The majority of infected individ-
uals are asymptomatic or experience mild symptoms.
Observational studies have reported that older adults and those
with underlying respiratory and cardiovascular disease are at
risk of a severe form of the disease. Nevertheless, severe ill-
ness can also occur in younger adults with no pre-existing
medical conditions. Although most children are asymptomatic
or have mild symptoms, recent reports have indicated that
children can develop multisystem inflammatory syndrome,
which carries significant mortality [1-3].

Human coronavirus is a positive-sense ribonucleic acid
(RNA) virus. Severe acute respiratory syndrome (SARS)
caused by severe acute respiratory syndrome coronavirus
(SARS-CoV) and Middle East respiratory syndrome
(MERS) caused by Middle East respiratory syndrome
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coronavirus (MERS-CoV) are the two other species responsi-
ble for fatal disease in humans. Genome sequencing of SARS-
CoV-2 shows 96.2% homology to a bat coronavirus.
Although similar to SARS-CoV, SARS-CoV-2 has a higher
affinity for the human angiotensin-converting enzyme 2 re-
ceptor (ACE-2) and faster transmission than SARS-CoV [4,
5].

Hematologic manifestations of COVID-19 were initially
reported in case series and descriptive studies of COVID-19
patients from China. Although the pathogeneses remain to be
elucidated, these are now widely recognized manifestations of
COVID-19 and have a significant prognostic impact. Venous
thromboembolism (VTE) and its complications are commonly
reported in severely affected COVID-19 patients and are
thought to be one of the significant contributors to increased
mortality. Reports show a high incidence of VTE despite hep-
arin thromboprophylaxis [6]. Autopsy studies have revealed
microthrombi not only in pulmonary vasculature but also in
other organs. This underlines the importance of effective
thromboprophylaxis and the treatment of thrombotic compli-
cations in patients with COVID-19, especially those requiring
intensive care. The degree of lymphopenia, thrombocytope-
nia, and abnormalities in the coagulation panel is heightened
among COVID-10 patients who died. This highlights the im-
portance of early recognition of anomalous hematologic find-
ings and intervention to improve outcomes. In this review, we
will explore various hematologic events, pathogenesis, bio-
markers associated with adverse outcomes, and proposed
management of thrombotic complications.

Disorders of hemostasis: thrombosis,
disseminated intravascular coagulation,
and thrombocytopenia

Hemostatic abnormalities related to COVID-19 infection are
increasingly recognized. Critically ill patients are at an in-
creased risk of venous thromboembolism (VTE) due to im-
mobilization, systemic inflammation induced by a critical ill-
ness such as sepsis or acute pancreatitis, dehydration, endo-
thelial dysfunction, and stasis [7]. The presence of metabolic
syndrome (hypertension, diabetes, obesity), coronary artery
disease, peripheral artery disease, a previous history of VTE,
and hereditary thrombophilia are some of the patient-related
risk factors which predispose to VTE formation [8, 9].
Infections in critically ill patients are known to cause dissem-
inated intravascular coagulation (DIC) via endothelial dam-
age, neutrophil activation, and activation of intravascular co-
agulation [10]. Sepsis-induced coagulopathy (SIC) is less se-
vere and occurs earlier in patients with DIC. These changes
are thought to be a continuum, with SIC progressing to DIC if
the inciting condition is untreated [11]. The coagulopathy as-
sociated with COVID-19 meets SIC or DIC criteria in a
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scoring system published by the International Society on
Thrombosis and Hemostasis (ISTH) in 2009 [12]. There is
also a consensus that COVID-19-associated coagulopathy is
more analogous to thrombotic microangiopathy and comple-
ment activation leading to endothelial damage [9, 13, 14].
Figure 1 outlines the hematologic manifestations due to
COVID-19.

Incidence

COVID-19 has been implicated in both microvascular and
macrovascular thrombotic complications. Pulmonary embo-
lism (PE), deep venous thrombosis (DVT), and arterial
thrombotic events like ischemic stroke have been report-
ed [15-17]. The exact incidence of thrombotic compli-
cations is unknown, given the logistical challenges of
obtaining universal computed tomography (CT) scans
and the desire to limit exposure to ultrasound techni-
cians and transport staff. Analysis of 81 patients by
Cui and colleagues from China reported VTE in 20 out of
81 patients (25%). No details about thromboprophylaxis were
provided [18]. In a retrospective cohort study of 388 patients
from Italy, 61 patients (16%) required intensive care, the re-
maining 327 patients were admitted to general medical wards,
and 78% received thromboprophylaxis. The cumulative rate
of thromboembolic events was 21%. Only eight patients met
the criteria for overt DIC, but 7 of those died. Similar to other
studies, non-survivors had rapidly increasing D-dimer levels
[19]. In a recent Dutch study evaluating 184 intensive care
unit (ICU) patients with COVID-19, all of whom received
thromboprophylaxis, the cuamulative incidence of thromboem-
bolic events was 31%. Pulmonary embolism (PE) was the
most frequent thrombotic complication (81%). Prolongation
of the prothrombin time >3 s and activated partial thrombo-
plastin time > 5 s (adjusted hazard ratio (HR) 4.1, 95% CI 1.9—
9.1) were independent predictors of thrombotic complications
[16]. Another Dutch study reported thromboembolic events in
35 out of 75 (46.6%) patients admitted in the ICU with
COVID-19 [6].

In an autopsy study of 12 patients by Wichmann and col-
leagues, 58% had deep venous thrombosis (DVT). Four pa-
tients (33%) had PE, but microthrombi were regularly seen
within small lung arteries [20]. Autopsy studies from China
also show diffuse microvascular thrombi in multiple organs
[14, 21]. Another series of autopsy examination of 21 patients
with COVID-19 found prominent PE in four, with
microthrombi in alveolar capillaries in 5 of 11 (45%). Three
had evidence of thrombotic microangiopathy glomerular cap-
illaries [22]. Autopsy studies have also shown severe endo-
thelial injury (endotheliitis) and increased angiogenesis, in
addition to widespread thrombosis with microangiopathy
and alveolar-capillary microthrombi in the lungs of COVID-
19 patients who died of the disease [23].
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Fig. 1 The hematologic manifestations of coronavirus disease 2019
Pathogenesis

The pathophysiology of coagulopathy associated with
COVID-19 is complex and not entirely delineated at present.
It appears to be related to a heightened inflammatory response
to viral infection rather than intrinsic to the specific viral prop-
erties of SARS-CoV-2 (Fig. 2). When compared to standard
mechanisms of thrombosis in critically ill patients, there are
some distinct differences in COVID-19-associated
coagulopathy.

Severe SARS-CoV-2 infection leads to a profound inflam-
matory state through a complex interaction with macrophages/
monocytes and endothelial activation. The proposed pathway
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intravascular coagulation
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of macrophage activation and cytokine storm in COVID-19 is
extrapolated from SARS-CoV. SARS-CoV-2 activates endo-
thelial cells by ACE-2 receptors. Activated endothelial cells
release chemoattractants like CCL2, CCL7, and a delayed
type 1 interferon response leading to sustained recruitment
of blood monocytes, which differentiate into pro-
inflammatory macrophages. Activated natural killer (NK)
cells and cytotoxic T lymphocytes (CTLs) further promote
recruitment and activation of monocyte-derived macrophages
through the production of granulocyte-macrophage colony-
stimulating factor (GM-CSF), tumor necrosis factor (TNF),
and interferon-y (IFN-y). Lymphocytes express ACE-2 re-
ceptors [24] and type 1 interferon may induce expression of
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Fig. 2 The pathogenesis of thrombus generation in patients with coronavirus disease 2019
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SARS-CoV-2 entry receptors on macrophages as well. These
activated monocyte-derived macrophages produce the charac-
teristic COVID-19 cytokine storm, releasing massive amounts
of pro-inflammatory cytokines including IL-6, TNF, IL-8, IL-
10, and IL-1RA [13, 25-27]. This surge in inflammatory cy-
tokines predisposes to thrombosis in both arterial and venous
circulation [28]. In severe cases, the result is hemophagocytic
lymphohistiocytosis (HLH), also known as hemophagocytic
syndrome (HPS).

The proposed pathway for hypercoagulation resembles
closely that of SIC/DIC. Following the SARS-CoV-2 spike
protein’s attachment to ACE-2 receptors on the endothelial
cells and release of inflammatory cytokines as described
above, activated endothelial cells produce not only monocyte
chemoattractants like CCL2 but also adhesion molecules like
P-selectin and express tissue factor (TF). Circulating viral
pathogen-associated molecular proteins (PAMPs), damage-
associated molecular proteins (DAMPs), and cytokines trigger
activation of blood monocytes, which leads to TF membrane
expression and release of monocyte-derived microvesicles.
This microvesicle release and TF expression on activated
monocytes and endothelial cells lead to activation of the ex-
trinsic coagulation pathway. Activated endothelial cells also
recruit neutrophils attaching to P-selectin and release neutro-
phil extracellular traps (NETs), described more completely
below, which activate the intrinsic coagulation pathway [13,
25]. Furthermore, activation of endothelial cells causes re-
duced production of nitric oxide (NO) and von Willebrand
factor (VWF) release from the Weibel-Palade body [13].
These processes together cause vasoconstriction, stasis, and
platelet aggregation leading to thrombus formation. Major en-
dogenous anticoagulant pathways, including tissue factor
pathway inhibitor (TFPI), antithrombin, and protein C, are
downregulated [25]. This is in part due to intense inflamma-
tion in severe disease and hypo-fibrinolysis caused by the
plasminogen activator inhibitor 1 (PAI 1) release stimulated
by increased angiotensin II from SARS-CoV-2-induced ACE-
2 blockade [13, 27, 29].

There is an intricate interaction between the coagulation
system and the complement system. NETs activate the com-
plement system. It is postulated that SARS-CoV-2 infection
also upregulates the complement system as is seen with
MERS-CoV, ultimately leading to the formation of membrane
attack complexes (MAC), platelet activation, and thrombosis
[13, 14, 27, 30]. Some believe that thrombosis in at least a
subset of severe COVID-19 patients may be due to a cata-
strophic microvascular injury syndrome mediated by the acti-
vation of complement pathways and an associated
procoagulant state [31].

There are reports of thrombotic complications in the pres-
ence of antiphospholipid antibodies [32, 33]. Likely acquired
due to critical illness by SARS-CoV-2, the clinical signifi-
cance of antiphospholipid antibodies in these patients is
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unknown. Figure 2 delineates the pathogenesis resulting in
thrombosis in patients with COVID-19.

Laboratory findings and prognostic implication

Typical coagulation testing findings in COVID-19 infection
include a normal or slightly prolonged prothrombin time (PT)
and activated plasma thromboplastin time (aPTT) in mild dis-
ease, to marked prolongation of PT and aPTT in severe dis-
ease [34]. Platelet counts can be normal to slightly increased in
mild illness and markedly reduced in severe disease [35]. Mild
to marked elevations in D-dimer and fibrinogen relate to
milder and severe form of the disease [36]. Although data is
limited to retrospective cohort series and subgroup analysis,
some of these findings have prognostic significance.

In an initial descriptive study including 1099 COVID-19
patients from China, 260 out of 560 patients (46.4%) had D-
dimer > 0.5 pg/mL, and among those with the severe disease,
this elevation was more pronounced. Thrombocytopenia
(platelet count < 150 x 10°/L) was seen in 315 out of 869
patients (36.2%), and among those with severe disease, plate-
let count was markedly lower (137 x 10°/L [interquartile
range (IQR) 99.0 x 10°/L—179.5 x 10°/L] vs. 172.0 x 10°/L
[IQR 139.0 x 10°/L-212.0 x 10°/L]; p <0.001) [37]. In a re-
cent systematic review, a higher D-dimer was present in pa-
tients with severe COVID-19 disease and ARDS. Non-
survivor ARDS patients had higher D-dimer levels than the
survivors [38]. In a descriptive analysis of 99 cases from
China, 36% of patients had an elevated D-dimer, and 12%
had developed thrombocytopenia [39]. Another retrospective
analysis in 41 patients showed that those needing ICU admis-
sion had higher D-dimer and PT than those who did not need
an ICU level of care. Thrombocytopenia (< 100 x 10°/L) was
only present in 5% of the patients [40].

A meta-analysis of nine studies included 1779 COVID-19
patients. It showed that platelet count was significantly lower
in those with severe disease. A low platelet count was associ-
ated with an over fivefold enhanced risk of severe COVID-19
(odds ratio (OR), 5.1; 95% CI, 1.8-14.6) [41]. A recent sys-
tematic review with 19 studies and 3383 patients found that
those with severe COVID-19 had a higher degree of throm-
bocytopenia when compared to those with the non-severe dis-
ease [42]. In an account of 183 patients during the early phases
of the pandemic, the overall mortality was 11.5%.
Coagulation parameters were followed for 2 weeks. 71.4%
of non-survivors had overt DIC compared to 0.6% of survi-
vors. Patients who died also had significantly higher D-dimer,
longer PT, and aPTT than survivors [43]. A retrospective
analysis of 81 patients by Cui and colleagues reported that a
D-dimer cut-off value of 1.5 pug/mL predicted VTE with a
sensitivity of 85.0%, a specificity of 88.5%, and a negative
predictive value (NPV) of 94.7% [18]. Similarly, another ret-
rospective analysis of 1449 COVID-19 patients from China



Ann Hematol (2021) 100:309-320

313

showed higher baseline and maximum values of D-dimer, PT,
and aPTT among COVID-19 patients who died. Baseline D-
dimer (OR =3.18 [1.48, 6.82]; p=0.003), change in fibrino-
gen (OR =6.45[1.31, 31.69]; p = 0.022), and change in plate-
let count (OR =0.95 [0.90-0.99]; p=0.029) correlated with
an increased risk of death [44]. Similar findings have been
appreciated in other studies as well [45-47].

Clinical manifestations

A wide variety of thromboembolic manifestations can be not-
ed in COVID-19 patients (Fig. 1). Diagnosis requires a high
index of suspicion and sequential coagulation panels to follow
changes in PT, aPTT, D-dimer, platelet count, and fibrinogen.

Venous thromboembolism (VTE), including PE and DVT,
is very common in critically ill COVID-19 patients. A sudden
increase in the partial pressure of arterial carbon dioxide
(PaCO,) may indicate an increase in dead-space ventilation
due to pulmonary embolism. A study involving 3334 consec-
utive hospitalized patients with COVID-19 from New York
showed that VTE was associated with an increased mortality
rate (HR 1.37; 95% CI 1.02—1.86). Most of the patients re-
ceived thromboprophylaxis, and a higher D-dimer on admis-
sion (> 0.5 pg/mL) was identified as one of the risk factors for
VTE. Arterial thrombotic events, including stroke (reported in
1.6%) and myocardial infarction (reported in 8.9%), were as-
sociated with increased mortality (HR 1.99; 95% CI 1.65—
2.40) [48]. A single-center report from Italy described 20 pa-
tients with COVID-19 and acute limb ischemia. The incidence
rate of critical limb ischemia at this center was higher when
compared to that at the previous year (16.3% vs. 1.8%;
p<0.001) [49].

Bleeding is less common than clotting in COVID-19. This
is one of the distinctions from DIC. Typically, bleeding pre-
dominates in acute DIC and is characterized by markedly low
fibrinogen and platelet count. Mildly reduced platelet count
characterizes a hypercoagulable state in COVID-19, and ele-
vated fibrinogen is more comparable to chronic or compen-
sated DIC.

Diagnosis and management

Early diagnosis of VTE is important in COVID-19 patients.
PE should be considered in COVID-19 patients with sudden
deterioration of oxygenation, respiratory distress, tachycardia,
unexplained hypotension, or increasing vasopressor require-
ment. Laboratory parameters such as a sudden rise in PaCO,
may indicate increased dead-space ventilation due to a PE. A
sudden increase in D-dimer should warrant further investiga-
tion. Institutional protocols should be in place to aid with the
diagnosis and management of COVID-19 patients with VTE.
Computed tomography pulmonary angiogram (CTPA) and
DVT ultrasonography may not be readily available due to

efforts to limit COVID-19 exposure to staff members.
Although operator-dependent, bedside echocardiography
may be useful in diagnosing right heart failure, flattened inter-
ventricular septum, and McConnell’s sign indicative of right
ventricular strain. When inconclusive, a formal study should
be obtained. Electrocardiogram (ECG) may show a right ven-
tricular strain pattern in the case of PE.

The increased incidence and worse outcomes associated
with the development of VTE in COVID-10 patients under-
line the importance of thromboprophylaxis and the aggressive
management of thrombotic complications in this critically ill
population (Table 1). A retrospective study, including 449
patients from China, assessed the outcomes of prophylactic
heparin use. Patients with SIC score >4 (40.0% vs. 64.2%,
p=0.029) or D-dimer > 6 times the upper limit of normal
(32.8% vs. 52.4%, p =0.017) treated with heparin had lower
28-day mortality [50].

All hospitalized patients with COVID-19 must receive
pharmacologic thromboprophylaxis with low molecular
weight heparin (LMWH), fondaparinux, or unfractionated
heparin (UFH). Once-daily LMWH and fondaparinux would
be preferable, limiting staff contact and preserving personal
protective equipment (PPE). Recent guidelines recommend
against using intermediate or weight-based dosing of
LMWH. Caution is advised when using direct oral
anticoagulation (DOAC) for thromboprophylaxis due to he-
modynamic instability and high risk of rapid deterioration,
and increased incidence of acute kidney injury. Besides, many
of these patients may be receiving concomitant antiviral and
experimental therapies that can alter the pharmacodynamics of
DOAC:S [51]. In patients where anticoagulants are contraindi-
cated or are unavailable, mechanical thromboprophylaxis
(e.g., pneumatic compression devices) should be used. Post-
discharge thromboprophylaxis should be considered on a
case-by-case basis considering the patient’s severity of illness,
VTE risk factors at the time of discharge, such as reduced
mobility, bleeding risk, and feasibility [52]. Combined phar-
macologic and mechanical prophylaxis is not recommended
[53]. Many institutions have adopted intermediate-intensity or
therapeutic-intensity anticoagulation protocols empirically,
based on local experience. These should be implemented with
caution since no high-quality data is available at the time of
this writing to support higher dose pharmacologic
prophylaxis.

Therapeutic anticoagulation for VTE can be achieved by
the use of LMWH, UFH, or DOACs. In patients with pulmo-
nary embolism and hypotension, who are not at high risk of
bleeding, systemic thrombolytic therapy is recommended.
LMWH, fondaparinux, and DOAC, unless contraindicated,
may be preferable due to administration ease, limiting staff
contact, and absence of need for serial monitoring. As they
do not require initial parenteral anticoagulation, rivaroxaban
and apixaban might be preferred over dabigatran and
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edoxaban. Anticoagulation comes with the risk of bleeding. A
bleeding scoring system, such as HAS-BLED, can be used to
determine the risk of bleeding in patients receiving
anticoagulation and guide monitoring in high-risk patients
[54]. Prothrombin complex concentrates, in addition to spe-
cific reversal agents, can be used to manage bleeding compli-
cations due to DOAC [55]. Given the lack of mortality benefit,
the routine use of catheter-directed therapies during the cur-
rent pandemic should be limited to critical situations.
Undiscerning use of inferior vena cava filters should be
avoided [52].

Management of DIC is typically focused on the treatment
of the underlying condition. Unfortunately, no active pharma-
ceutical is currently available for the treatment of
COVID-19 patients. Although uncommon, bleeding in
COVID-19-associated DIC should be managed with blood
products per septic coagulopathy guidelines. Platelet concen-
trate should be transfused to maintain a platelet count > 50 x
10°/L in case of active bleeding and >20 x 10’/L in those at
high risk of bleeding or requiring invasive procedures. Fresh
frozen plasma (FFP) and cryoprecipitate should be given to
actively bleeding patients with prolonged PT or aPTT and
severe hypofibrinogenemia, respectively [52].

Lymphopenia

SARS-CoV-2 infection is associated with CD4+ and CD8+ T
cell lymphopenia, which are thought to occur through

Table 1

different mechanisms [27]. It is known that SARS-CoV-2
invades human cells by binding to the angiotensin-
converting enzyme 2 (ACE-2) receptor, which is primarily
found in the lungs, heart, and gastrointestinal tract. These re-
ceptors are also expressed on the surface of lymphocytes.
Consequently, SARS-CoV-2 may bind directly to these cells
and cause lysis. Infection also results in the production and
release of multiple inflammatory cytokines, as described
above. This potent cytokine activation can promote lympho-
cyte apoptosis and lead to atrophy of lymphoid organs, thus
decreasing lymphocyte regeneration [56]. Furthermore, CD4+
T cells play an essential role as immune modulators, including
downregulation of the inflammatory response. Consequently,
lymphopenia may contribute to the hyperinflammation cas-
cade [27]. The decrease in CTLs and NK cells, which are
necessary for the control of viral infection, leads to the pro-
gression of the disease [57].

Lymphopenia has been described among a large percent-
age of COVID-19 patients, especially those with more severe
illness [56, 58-60]. In severe disease, there is a decrease in
CTLs, NK cells, memory T cells, and B cells. Lower CD+ T
cell levels were found to be an independent predictor of mor-
tality [61-63]. A study evaluating the hematologic character-
istics of patients admitted to Wuhan Union Hospital in China
showed a significantly lower lymphocyte level and increased
neutrophil-to-lymphocyte ratio in those with a critical disease
than in those with severe or moderate disease. This study
showed a lower mean lymphocyte count (0.54 x 10°/L) in
those with severe disease than those with moderate disease

Proposed anticoagulation treatment algorithm in critically ill COVID-19 patients in the intensive care units

function, and kidney function tests

e  Patient infected with SARS-CoV-2 confirmed by polymerase chain reaction
e Closely monitor respiratory rate and oxygen saturation
e Sequential laboratory analysis of complete blood count, coagulation panel with D-dimer, PT, aPTT, liver

angiogram and venous ultrasonography.

e Al critically ill patients should receive thromboprophylaxis with LMWH, fondaparinux, or UFH

e High index of suspicion for VTE in patients with acute worsening of respiratory failure, hemodynamic
instability, increased dead space ventilation, or clinical signs of deep vein thrombosis

e Definitive diagnosis should be obtained with confirmatory tests like computed tomography pulmonary

e  For confirmed VTE, start therapeutic anticoagulation with LMWH, fondaparinux, or UFH.
e  For long term anticoagulation (three months), direct oral anticoagulation is recommended.
e  Closely monitor renal function and drug-drug interactions

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; P7, prothrombin time; aP77, activated plasma thromboplastin time; LMWH, light
molecular weight heparin; UFH, unfractionated heparin; VTE, venous thromboembolism
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(1.2 x 10°/L) [60]. Additionally, a high neutrophil-to-
lymphocyte ratio is thought to be a result of the severe inflam-
matory response seen in sepsis as well as following lympho-
cyte destruction caused by SARS-CoV-2 [60]. Another study
carried out across five hospitals in Wuhan, China, showed a
lower median lymphocyte level in patients who died from
COVID-19 compared to survivors [64].

Likewise, literature analysis of mostly Chinese centers
found a median lymphocyte count of 0.8-1.33 x 10°/L in mild
COVID-19 disease patients, compared to 0.4-0.9 x 10°/L in
severe disease [58]. A meta-analysis, which included 18 stud-
ies and almost 3000 COVID-19 patients, showed a decreasing
trend in lymphocytes between patients with severe vs. non-
severe disease and non-survival vs. survival [59]. Along with
various other serum markers, lymphocyte count and the
neutrophil-to-lymphocyte ratio have been proposed as prog-
nostic factors for disease severity and outcome, and even mor-
tality [58-60].

Neutrophilia

COVID-19-associated immune dysregulation leads to
neutrophil production and lymphocyte apoptosis. Thus,
neutrophilia coincides with lymphopenia, as described above
[58, 65]. Additionally, neutrophilia can be secondary to a
superimposed bacterial infection, which is more likely to oc-
cur in patients with severe disease [65, 66].

The hyperinflammatory response and subsequent cytokine
production of COVID-19 infection drive an exaggerated neu-
trophil, macrophage, and monocyte infiltration into the lung
parenchyma [27]. Three autopsy lung samples revealed neu-
trophil infiltration into pulmonary capillaries, acute capillaritis
with fibrin deposition, neutrophil extravasation into the alve-
olar space, and neutrophilic mucositis of the trachea [67].

Recently, a lesser-known neutrophil function has been pro-
posed as a contributor to SARS-CoV-2 pathogenesis.
Neutrophil extracellular traps (NETs) are web-like structures
of DNA and proteins made by neutrophils and designed to
entrap pathogens. The signaling mechanism which activates
NETs is not entirely understood. The excessive NET forma-
tion can cause an inflammatory cascade, leading to the de-
struction of surrounding tissues, microthrombosis, and perma-
nent organ damage involving the pulmonary, cardiovascular,
and renal systems. This is thought to occur due to aberrant
signaling during the cytokine storm in which NETs in-
duce macrophages to secrete IL-13, which further en-
hances NET formation. Additionally, IL-13 induces IL-
6, which can bind to soluble IL-6 receptor &, which is shed by
neutrophils, causing trans-signaling, which is associated with
pro-inflammatory states [67].

Neutrophilia by itself is associated with COVID-19 disease
progression, increased risk of acute respiratory distress

syndrome (ARDS), and death [56, 58, 59]. The neutrophil-
to-lymphocyte ratio (NLR) has been used as a prognostic in-
dicator for conditions such as acute on chronic hepatitis B
liver failure [68] and as a mortality risk factor in malignancy,
acute coronary syndrome, cerebral hemorrhage, among others
[65]. Recent studies propose NLR as an early predictor of
critical illness in SARS-CoV-2 infection. A prospective
single-center study from Beijing, China, showed that NLR
was the most important prognostic factor for disease progres-
sion, followed by the patient’s age. They found a 50% inci-
dence of critical illness in patients with NLR >3.13 and aged
>50 years, with the incidence decreasing to 9.1% with an
NLR of <3.13 and age < 50 years [68]. Similarly, a retrospec-
tive cohort study from Wuhan University showed that higher
NLR was significantly associated with an increased risk of all-
cause death in hospitalized COVID-19 patients [65]. The use
of NLR can be quickly calculated from routine serum tests and
allows clinicians to identify high-risk patients at an early
stage, aids in triage to a higher level of care, and allows better
allocation of medical resources to where most needed [65, 68].

Biomarkers

The ongoing COVID-19 pandemic has led to an urgent need
for identifying serum markers of disease severity. Specific
biomarkers that have emerged as useful indicators of progno-
sis, or even mortality, include C-reactive protein (CRP), lac-
tate dehydrogenase (LDH), D-dimer, and ferritin (Table 2).

CRP is an acute-phase reactant induced by IL-6, produced
by the liver, and is a sensitive biomarker in various inflamma-
tory conditions, such as infection and tissue damage [66].
CRP is elevated in many patients with severe disease [66,
69]. A rise in serum CRP levels has been suggested in several
studies as a reliable indicator of the presence and severity of
SARS-CoV-2 infection [69-71]. A survey from Wuhan,
China, found an increase in disease progression with CRP
levels >41.8 ug/mL [70]. Another study examined both
CRP levels and lung lesions on computed tomography (CT)
scan and found that CRP levels were positively correlated
with the diameter of lung lesions and with the severity of
illness in the early stage of COVID-19 [71]. A similar study
used various characteristics to score high-resolution CT scans
from COVID-19 patients at admission and later during hospi-
talization and found a positive correlation between LDH,
CRP, and ESR with the severity of pneumonia on initial CT
[72]. Another study compared CRP levels with a CT severity
score, which assigned a number according to the visual as-
sessment of all five lung lobes, and found that CRP levels
were positively correlated with CT scores. The authors pro-
posed that CRP has a higher predictive value than a CT scan
during the early stages of the disease, when CT scores may
show no significant difference [73].
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Table 2 Biomarker abnormalities associated with severe disease

Hematologic biomarkers

Lymphopenia (decreased T cell and B cell count)

Thrombocytopenia
Neutrophilia

Coagulation biomarkers

Elevated prothrombin time and activated plasma thromboplastin time

Elevated D-dimer
Elevated fibrinogen (decreased in acute DIC)

Inflammatory biomarkers

Elevated erythrocyte sedimentation rate

Elevated C-reactive protein
Elevated serum ferritin
Elevated cytokines (IL-2, IL-8, IL-8, and IL-10)

Biochemical biomarkers

Elevated cardiac enzymes (troponins, creatine kinase)

Elevated liver enzymes (aspartate and alanine aminotransferases, total bilirubin)
Elevated serum blood urea nitrogen and creatinine

DIC, disseminated intravascular coagulation

Lactate dehydrogenase (LDH) is an enzyme expressed in
nearly all human cells, including the lungs, heart, liver, kid-
neys, and bone marrow, and that catalyzes the production of
pyruvate to lactate [66]. Damage to any of the multiple cell
types that express LDH results in increased serum LDH
levels. Thus, LDH elevation is commonly seen in COVID-
19 patients with critical disease and is believed to indicate
poor outcomes [66]. As previously mentioned, higher levels
of LDH have been found to correlate with the severity of
SARS-CoV-2 pneumonia [72]. It has also been observed that
increasing LDH levels are associated with tissue damage and
inflammation [69]. An analysis of a series of cases in
Singapore showed that elevated LDH on admission,
older age, and lymphopenia were associated with the
need for admission to the intensive care unit (ICU)
[74]. Similarly, a small study from Shenzhen, China,
demonstrated a positive correlation between LDH and
CRP levels with Murray scores of COVID-19 patients
[75]. Overall, elevated LDH has been correlated with
poor prognosis in COVID-19; however, further studies
are needed.

D-dimer arises from the lysis of cross-linked fibrin and
indicates the activation of coagulation and fibrinolysis [69].
D-dimer is another important biomarker examined as a poten-
tial prognostic factor of disease severity in COVID-19. An
early small study looking at coagulation parameters in patients
with SARS-CoV-2 pneumonia showed that those who died of
COVID-19 had a significantly higher D-dimer on admission,
and levels remained elevated in the late stages of the disease
and in all deaths [43]. Other studies have looked at D-dimer
levels as a predictor of mortality. One study found that a D-
dimer > 1 pg/mL at admission was associated with increased
odds of in-hospital death [76]. A later study found that a D-
dimer level >2.0 pg/mL on admission was an independent
factor of all-cause deaths in hospitalized patients and proposed
this as an optimal cut-off to predict mortality [77]. It was noted
that, compared with those with D-dimer < 2.0 png/mL, patients
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with elevated D-dimer had a higher incidence of comorbid
conditions such as diabetes, hypertension, coronary artery dis-
ease, and stroke. However, an elevated D-dimer level
remained a significant determinant with or without un-
derlying disease when data was adjusted for age and
gender [77].

Ferritin not only has the role of iron storage but is also a
well-known acute phase reactant. Ferritin is composed of sub-
units H and L, and synthesis is induced by different inflam-
matory stimuli, including cytokines such as IL-6. Notably, the
production of the H subunit has been proposed to be driven by
inflammatory stimuli, and it may function as an immunomod-
ulatory molecule with pro-inflammatory and immunosuppres-
sive functions [78]. A retrospective cohort study from Wuhan,
China, showed that elevated ferritin, along with multiple other
biomarkers such as CRP, D-dimer, LDH, neutrophilia, and
lymphocytopenia, among others, was significantly associated
with an increased risk of the development of ARDS.
However, ferritin was not associated with mortality in this
study [79]. A similar study found that serum ferritin levels
of > 500 pg/L on admission, as well as CRP and lymphocyte
counts, were independent risk factors for disease severity in
COVID-19 patients, with ferritin having a positive correlation
with CRP and an inverse correlation with lymphocyte count
[80]. The authors of another study noted that increased serum
ferritin levels were observed in patients who died from
COVID-19 and suggested they could be used to monitor prog-
nosis [59]. In a meta-analysis, non-survivors had a significant
increase in serum ferritin, total bilirubin, IL-6, and cre-
atine kinase (CK) compared to survivors of COVID-19
[61]. In addition to inflammatory markers like ferritin
and IL-6, myocardial injury markers are crucial in
COVID-19 patient monitoring. Cardiac biomarkers, such
as troponin, are elevated in patients with both severe
and fatal diseases [59].

Extra-thyroidal procalcitonin synthesis is increased as a
result of endotoxins and cytokines during severe bacterial
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infections. In contrast, INF-y, which is released following
viral infection, leads to downregulation of procalcitonin.
Usually, procalcitonin levels remain in the reference range in
non-complicated COVID-19 patients. An elevation might in-
dicate a coexisting bacterial infection and the development of
a severe form of the disease [81]. A slight increase in
procalcitonin can help distinguish between COVID-19-
positive and COVID-19-negative patients; those with severe
disease have a more marked rise in procalcitonin [82—84].

Liver and kidney function markers have also been identi-
fied as significant predictors for developing severe disease and
mortality in COVID-19. Chen et al. studied a cohort of 799
patients in which concentrations of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and creatinine or
development of acute kidney injury were markedly increased
in patients who died from COVID-19 [85]. A recent system-
atic review also showed that acute kidney injury was a predic-
tor of unfavorable clinical outcomes [86].

Conclusion

In conclusion, COVID-19 is a multisystemic disorder and has
prominent hematologic manifestations. It causes significant
hypercoagulability with the underlying pathogenesis hypoth-
esized to be immune-mediated. Similar to a certain extent to
SIC and DIC, it carries substantial morbidity and mortality.
COVID-19 causes multiple abnormalities in hematologic lab-
oratory parameters, and some of them like D-dimer and LDH
may have prognostic significance. Close monitory of labora-
tory parameters and a high index of suspicion are vital in
formulating a tailored treatment approach for at-risk patients
and may also assist with triaging high-risk patients to intensive
or intermediary care units. VTE thromboprophylaxis is cru-
cial. Therapeutic anticoagulation with UFH or LMWH should
be instituted in accordance with institutional protocols and
close monitoring of renal function. Early recognition of lethal
complications such as DIC, PE, stroke, and limb ischemia is
essential for timely intervention to improve patient outcomes.
Mindful utilization of diagnostic testing for these complica-
tions is necessary. This heightened approach has the potential
to improve clinical outcomes in high-risk and critically ill
patients with COVID-19.
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