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Abstract

Coagulation and fibrinolytic mechanisms are enhanced in patients with coronavirus (COVID-19), but disturbances in the
balance of both functions in COVID-19 patients remain unclear. We assessed global coagulation and fibrinolysis in plasma
from 167 COVID-19 patients (mild/moderate/severe: 62/88/17, respectively) on admission using clot-fibrinolysis waveform
analysis (CFWA). Maximum coagulation velocity (Iminll) and maximum fibrinolysis velocity (IFL-minll) were expressed
as ratios relative to normal plasma. Ten patients (6.0%) developed thrombosis, 5 (3.0%) had bleeding tendency, and 13
(7.8%) died during admission. FDP levels increased with severity of COVID-19 symptoms (mild/moderate/severe; median
2.7/4.9/9.9 pg/mL, respectively). The Iminll ratios were elevated in all categories (1.27/1.61/1.58) in keeping with enhanced
coagulation potential, with significant differences between mild cases and moderate to severe cases. The IFL-minll ratios
were also elevated in all groups (1.19/1.39/1.40), reflecting enhanced fibrinolytic potential. These data identified coagula-
tion dominance in moderate to severe cases, but balanced coagulation and fibrinolysis in mild cases. There were significant
differences in FDP and TAT, but no significant differences in Iminl1l or IFL-min1| ratios, between patients with and without
thrombosis. CFWA monitoring of coagulation and fibrinolysis dynamics could provide valuable data for understanding
hemostatic changes and disease status in COVID-19 patients.
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Introduction

The novel coronavirus disease denominated COVID-19 is
caused by infection with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), and continues to be an evolv-
ing pandemic in the world. COVID-19 presents with high
contagion, morbidity, and mortality. Since first reported in
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December 2019, the virus has spread to over 200 countries
and territories, infecting over 200 million people worldwide,
and claiming the lives over 4 million people [1].

The SARS-CoV-2 spike protein interacts with both cel-
lular heparan sulfate and angiotensin-converting enzyme 2
(ACE2) on the surface of alveolar endothelial cells through
its receptor-binding domain [2-5]. This interaction governs
the ability of SARS-Cov-2 virus to infect host cells. SARS-
CoV-2 infection induces a process known as immunothrom-
bosis, in which activated neutrophils and monocytes interact
with platelets in the coagulation cascade, leading to intra-
vascular clot formation in small and larger vessels [6, 7]. In
severe cases, progression constitutes to the acute respira-
tory distress syndrome with severe endothelial damage and
extensive thrombosis.

A high incidence of coagulation abnormalities and throm-
botic complications is a prominent feature in patients with
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COVID-19. Fibrin deposition in the lung, elevated p-dimers,
and thrombosis rates of 5-30% despite thromboprophylaxis
are characteristic of COVID-19-associated pneumonia
[8—12]. Great attention is being paid to the causes, preven-
tion and treatment of thrombosis in these circumstances.

Postmortem analyses of lungs from patients with COVID-
19 revealed the presence of fibrin in the pulmonary micro-
vasculature and alveolar space [13], suggesting that fibrin
deposition contributes to morbidity and mortality [13-15].
In addition, considerable hemorrhage as well as thrombo-
sis was observed in the lungs [13]. Diagnosis and regula-
tion of immunothrombosis and hemorrhage together with
assessment of the coagulation-fibrinolysis balance may,
therefore, help to prevent the progression of lung injuries
associated with COVID-19. Disturbances of the coagula-
tion and fibrinolysis systems have been identified in patients
with COVID-19 [16-23]. However, while the coagulation
mechanism has been extensively studied, the sequential
fibrinolytic reactions have been less investigated. Further-
more, the extent of thrombus formation is regulated by a
balance between coagulation and fibrinolysis, and this criti-
cal relationship remains to be comprehensively evaluated in
patients with COVID-19.

Clot-fibrinolysis waveform analysis (CFWA) has been
developed as a novel adaptation of the original CWA that
was designed to assess global hemostatic mechanisms, and
the modified technique concurrently monitors the potential
for both clot formation and fibrinolysis [24]. In this con-
text, we have recently determined the functional potentials
of coagulation and fibrinolysis at diagnosis in patients with
sepsis-associated disseminated intravascular coagulation
(DIC) [25]. The CFWA parameters enabled classification
of the hemostasis-related pathology of DIC at diagnosis into
four types: coagulation-dominant, coagulation/fibrinolysis-
balanced, fibrinolysis-dominant, and consumption-impaired
coagulation, and the data indicated that most patients in our
sepsis-associated DIC cohort were coagulation-dominant
(80.7%) [25]. Our findings indicated that comprehensive
assessment of coagulation and fibrinolysis using CFWA in
sepsis-associated DIC could be informative for in clinical
practice. In COVID-19, a widespread inflammatory response
and pulmonary immunothrombosis may govern the patho-
genesis of abnormal coagulation and fibrinolysis confined to
the lung [26]. This appears to be distinct from septic DIC,
which causes marked systemic coagulation activity [27, 28].
Nevertheless, we considered that assessing the natural bal-
ance between coagulation and fibrinolysis could contribute
to the development of a therapeutic strategy for preventing
COVID-19-induced pulmonary damage and thrombus for-
mation. The present study was designed, therefore, to exam-
ine global coagulation and fibrinolytic function using CFWA
in patients with COVID-19 at admission to our hospital.

Materials and methods
Ethical consideration

This study was approved by the Medical Research Ethics
Committee of Nara Medical University (No. 2705).

Reagents

The activated partial thromboplastin time (APTT) reagent
(Coagpia#APTT-N)! was obtained from SEKISUI MEDI-
CAL CO., LTD., (Tokyo Japan). Recombinant tissue-type
plasminogen activator (r-tPA; Activacin®; specific activity
580,000 IU/mg) was purchased from American Diagnostica
Inc. (Stamford, CT, USA). Other reagents are identified in
relevant parts of the text.

Patients

Patients with COVID-19 who were admitted to Nara Medi-
cal University Hospital during August 3rd 2020 to Febru-
ary 28th 2021 participated in the study. Patients that have
received anticoagulants that affect the APTT (e.g., warfarin,
dabigatran etexilate, etc.) were precluded. Blood samples
were obtained from 167 individuals at the time of admis-
sion. All blood samples were obtained initially for clinically
essential coagulation studies, and suitable aliquots were
subsequently utilized after informed consent from patients
or legal representatives following the ethical guidelines of
Nara Medical University. The clinical severity of COVID-
19 was defined as follows; (i) those who did not require any
oxygen support, mechanical ventilation, and extracorporeal
membrane oxygenation (ECMO) were considered as mild,
(ii) patients who required supplementary oxygen support
were categorized as moderate, and (iii) those who required
mechanical ventilation, ECMO, or admitted to intensive care
unit were regarded as severe.

Plasma samples

Whole blood samples (1.8 mL) were obtained using evacu-
ated anti-coagulant tubes containing a 1:9 volume of 3.2%
(w/v) trisodium citrate. After centrifugation for 15 min at
1500xg, the plasmas were stored at — 80 °C, and thawed
at 37 °C immediately prior to assay. Normal plasmas were
collected from 20 normal healthy individuals (14 males and
6 females; ages ranging from 23 to 49 years) after informed
consent following the local ethical guidelines.

! “Coagpia" and “Nanopia" are trademark or registered trademark of
SEKISUI MEDICAL CO., LTD. in Japan and/or other countries.
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Fig. 1 Clot-fibrinolysis waveforms and parameters in normal plasma.
Normal plasma was mixed with the APTT reagent, before the addi-
tion of CaCl, together with r-tPA (0.63 pg/mL). a Shows the changes
in scattered light intensity (S) observed over time during the per-
formance of the APTT. b Illustrates the curves of the first deriva-

Conventional laboratory parameters for coagulation
and fibrinolysis

The plasma levels of fibrinogen and antithrombin, fibrino-
gen/fibrin degradation products (FDP) and D-dimer, were
measured using commercially available reagents. Plasmin
activator inhibitor 1 (PAI-1), thrombin-antithrombin com-
plex (TAT) and plasmin-antiplasmin complex (PIC), were
measured using Nanopia#PAI-1, Nanopia#TAT (SEKISUI
MEDICAL CO., LTD., Tokyo, Japan) and Lias Auto PIC
(Sysmex Corp., Kobe, Japan).

Simultaneous clot-fibrinolysis waveform analysis
(CFWA)

CFWA was performed on a CP3000™ apparatus (SEKI-
SUI MEDICAL) to monitor the dynamic processes of fibrin
formation and clot lysis as reported earlier [24, 29] with
minor modifications. [24, 29]. For patients on anticoagula-
tion with heparin, heparinase (hep-TEM®Lyo, Finggal link,
Munich, Germany) dissolved in 40 mM HEPES Buffer (pH
7.35) was added to the plasma to counteract its effect prior to
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tive over time (dS/dt) of the waveform shown in (a). ¢ Illustrates an
enlarged image of the curve during the coagulation phase shown in
(b). d Illustrates an enlarged image of the inverted curve during the
fibrinolysis phase (indicated by the dotted circle) in (b). Iminl| maxi-
mum coagulation velocity, |FL-minl| maximum fibrinolysis velocity

measurement. Briefly, plasma samples (50 pL) were mixed
with activated APTT reagent (50 pL), followed by the addi-
tion of solution containing 25 mM CaCl, (50 pL) together
with optimized concentrations of r-tPA (f.c. 0.63 pg/mL;
365.4 IU/mL). The clot-fibrinolysis waveform raw data were
used for the analysis. The reaction time (seconds) was plot-
ted on the horizontal axis, and scattered light intensity, deter-
mined at a wavelength of 660 nm during the whole course,
was plotted on the vertical axis (Fig. 1a). The first derivative
of scattered light intensity (dS/dt) reflected the coagulation
and fibrinolysis velocities (Fig. 1b). The maximum value of
the first derivative (minl) was calculated as an indicator of
the maximum velocity of coagulation (Fig. 1c). In this later
phase (Fig. 1b), the data generated an inverted curve, and
the maximum velocity of fibrinolysis (IFL-minl1l) was deter-
mined from this curve (Fig. 1d). The parameters (Iminll,
IFL-min1l) were further calculated as ratios relative to those
obtained from normal plasma. The coagulation-fibrinolysis
balance was indicated by the difference between the com-
prehensive coagulation and fibrinolysis potential (Iminl|
ratio —[FL-min1| ratio), and when the coagulation potential
is greater than fibrinolysis potential (Imin1l ratio >/FL-min1|
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ratio), we defined as coagulation-dominant. Calculations
were performed using Excel software.

Study population

Clinical variables including demographics, comorbidities,
platelet count, prothrombin time (PT), APTT, antithrombin,
fibrinogen, FDP, and p-dimer at the time of admission were
obtained from medical records.

Data analysis

Data are presented as median [interquartile range; IQR].
Association between clinical characteristics and severity
were assessed by a logistic regression analysis. Differences
between groups were compared by the Wilcoxon rank-sum
test, and the correlations between parameters were analyzed
using the Spearman correlation coefficient (p). Multiple
comparisons among different patient groups were deter-
mined by Kruskal-Wallis one way analysis of variance. p
values of <0.05 were considered as statistically significant.
All statistical analyses were conducted using JMP 10.0.2
(SAS Institute Inc., Cary, NC).

Results
Baseline clinical characteristics of patients

One hundred and sixty-seven patients that had been diag-
nosed with COVID-19 (91 males, 76 females) were
included. Clinical characteristics are summarized in Table 1.
The median age [IQR] was 71 years [58-80], and 62 patients
were characterized as mild, 88 were moderate, and 17 were
severe. One hundred and seven patients (64.0%) had one
or more coexisting medical condition, of which systemic
hypertension (44.9%) and diabetes mellitus (25.7%) was the
most common. Twenty-nine patients (17.4% of the total) had
underlying cardiovascular disease. The severity of COVID-
19 was associated with systemic hypertension (odds ratio;
mild vs. moderate 2.37, mild vs. severe 4.15) (p <0.05), and
four of the moderate patients (4.5%) were obese, which was
less than that reported outside Japan [30, 31].

Conventional laboratory data and clinical severity
in COVID-19 patients

The relationship between the common laboratory data of
coagulation and fibrinolytic function and the clinical severity
of COVID-19 at the time of admission are shown in Fig. 2.
The basic coagulation parameters, APTT and PT, tended
to prolong in association with disease severity, suggesting
reduced coagulation potential. Fibrinogen and TAT levels

Table 1 Clinical characteristics and its comparison on clinical severity in COVID-19 patients

Moderate vs Severe

Mild vs Severe

Mild vs Moderate

Severity

P value

OR (95%CI)

P value

OR (95%CI)

P value

OR (95%CI)

Severe All

Moderate

Mild

88 17 167

62

Patients ()

0.007
0.49

0.17 (0.03-0.64)
1.52 (0.49-5.76)

<0.001

0.10 (0.02-0.41)
3.05 (0.96-11.8)

0.14

0.61 (0.32-1.18)
2.01 (1.03-3.95)

27/35 49/39 15/2 91/76

Male/female (n)
Age (years)

0.06

0.041

71 [58-80]

74 [68-78]

3 [61-82]

65 [48-76]

Underlying disease

0.30

1.75 (0.61-5.47)

0.99 (0.29-2.98)

0.011
0.

4.15 (1.38-13.6)

0.012
0.15
0.38

2.37 (1.21-4.76)

75 (44.9%)
43 (25.7%)
29 (17.4%)

11 (64.7%)
5(29.4%)

19 30.6%) 45 (51.1%)

12 (19.4%)
8 (12.9%)

Systemic hypertension (; %)
Diabetes mellitus (n; %)

0.99
0.3

38

1.74 (0.48-5.73)
2.81(0.74-10.1)

1.74 (0.82-3.91)

26 (29.5%)
16 (18.2%)

1

1.88 (0.54-5.87)

0.12

1.50 (0.61-3.94)

5(29.4%)

Cardiovascular disease (n; %)

Significant differences (p < 0.05) are shown in bold

The shown values mean the median [interquartile range]
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Fig.2 Relationships between laboratory markers and clinical severi-
ties in COVID-19 patients. Relationships between laboratory markers
at admission and clinical severities in COVID-19 patients are shown,
together with boxplots of parameters in mild, moderate, and severe

were increased in all severities, however, and these measure-
ments were higher in moderate and severe cases compared
with those in mild cases (p <0.05). These findings appeared
to indicate that coagulation reactions in moderate and severe
cases were more pronounced than in mild cases.

In addition, the fibrinolysis parameters, FDP and p-dimer,
appeared to be related to disease severity (p <0.05), although
these specific assays were not covered by government health
insurance in Japan at the time, and the number of patients
available for these analyses was restricted. Consequently,
these data were not included in the statistical analyses of
our severe patients. The other fibrinolytic measurements,
including PIC and total PAI-1 were higher than normal
in all severities, and were more elevated in the moderate
and severe categories than in mild cases (p <0.05). Over-
all, therefore, it seemed to be difficult to derive firm con-
clusions regarding complete hemostatic status using these

@ Springer

severity. The median values of parameters are depicted within the
boxes. The boxes end at the 25th and 75th percentiles, and the whisk-
ers extend to the furthest points that are not outliers. *p <0.05; sig-
nificant difference

conventional coagulation and fibrinolysis tests in COVID-19
patients, although our results tended to suggest increased
levels of coagulation, fibrinolysis, and anti-fibrinolysis func-
tion in moderate to severe patients relative to mild cases.

Assessments of comprehensive coagulation
and fibrinolysis potential in COVID-19 patients

The CFWA technique is a straightforward procedure that
provides a direct and comprehensive evaluation of fibrin clot
formation and fibrinolytic potential [24, 25]. We utilized this
technique, therefore, to assess these global interactions in
COVID-19 patients. Representative clot-fibrinolysis wave-
forms in plasma samples obtained from patients with mild,
moderate, and severe in severity are illustrated in Fig. 3a.
Scattered light intensities were markedly elevated in relation
to the degree of severity, and this enhanced comprehensive
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Fig.3 Representative clot-fibrinolysis waveforms in COVID patients
with various clinical severities. Normal (black) or patients’ plasma
samples (mild; red, moderate; blue, severe; green in severity) were
mixed with the APTT reagent before the addition of CaCl, together
with r-tPA (0.63 pg/mL). a Shows the changes in scattered light
intensity (S) observed over time during the performance of the APTT.

Fig.4 Relationships between 3

b Illustrates enlarged images of the curves of the first derivative over
time (dS/dt) during the coagulation phase of the waveforms shown
in (a). ¢ [llustrates enlarged images of the inverted curves of the first
derivative over time (dS/df) during the fibrinolysis phase of the wave-
forms shown in (a)

CFWA parameters and |

clinical severities in COVID- I
19 patients. The relationships 25
of coagulation (Iminl| ratio) '
and fibrinolysis parameters
(IFL-min1| ratio) with clini-

cal severity were assessed by
CFWA in COVID-19 patients at
admission to hospital. Boxplots
of coagulation and fibrinolysis
parameters in mild, moderate,
and severe severity are shown.
The median values of param-
eters are depicted within the
boxes. The boxes end at the
25th and 75th percentiles, and
the whiskers extend to the fur-
thest points that are not outliers.
*p <0.05; significant difference

1.5

|minl| ratio and |FL-minl| ratio

0.5

O |minl| ratio
|[FL-min1| ratio

mild

coagulation potential appeared to be accompanied by
increased fibrinogen levels. Consequently, the calculated
Iminl1l values were markedly increased, especially in mod-
erate and severe cases. Peak intensities returned to initial
levels, regardless of clinical severity. In addition, the initia-
tion of clot formation was somewhat delayed especially in
severe cases (Fig. 3b), but the [FL-minl1| was also increased
relative to that in normal plasma, suggesting that fibrinolytic
potential, was enhanced depending on the degree of severity
(Fig. 3¢).

The CFWA parameters were further analyzed as ratios
relative to those obtained from normal plasma (Fig. 4,
Supplemental Table 2). In all instances, the Iminl| ratios

moderate severe

were increased, and demonstrated significant differences
between mild (median [IQR]; 1.27 [1.05-1.56]) and mod-
erate (1.61 [1.27-1.90]) cases, and between mild and
severe cases (1.58 [1.22-1.67]), confirming that compre-
hensive coagulation potential was greater in moderate to
severe patients compared to mildly affected cases. Moreo-
ver, IFL-minl1l ratios were also increased in all groups,
and significant differences were evident between mild
(1.19 [1.10-1.41]) and moderate (1.39 [1.23-1.63]) cases.
Interestingly, the difference between the Iminll ratio and
IFL-minll ratio appeared to be greatest in patients with
moderate severity.
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Table 2 Comparison with CFWA parameters and laboratory data in
COVID-19 patients

CFWA parameters Laboratory data Correlation  p value
coefficient (p)

Imin1l ratio PT (sec) 0.110 0.17
APTT (sec) —-0.262 <0.001
TAT (ng/mL) 0.279 <0.001
Fbg (mg/dL) 0.606 <0.001

IFL-min1| ratio FDP (pg/mL) 0.306 0.0021
PIC (pg/mL) 0.453 <0.001
Total PAI-1 (ng/mL) 0.241 0.0018

Significant differences (p < 0.05) are shown in bold

The correlations between parameters were analyzed using the Spear-
man correlation coefficient (p)

PT prothrombin time, FDP fibrinogen/fibrin degradation products,
TAT thrombin-antithrombin complex, PIC plasmin-a2-plasmin inhib-
itor complex, PAI-1 plasminogen activator inhibitor

Table 3 Coagulopathy and clinical outcome in COVID-19 patients

Relationship between CFWA parameters and clinical
outcomes in COVID-19 patients

Fifteen of our COVID-19 patients developed thrombotic or
hemorrhagic complications, including deep venous thrombo-
sis (DVT) in five cases, cerebral infarction in one case, and
pulmonary embolism in one case, gastrointestinal bleeding in
two cases and intracranial bleeding in three cases. In addition,
13 patients died during hospital admission. (Table 3). The inci-
dence of mortality or thrombosis was higher in severe cases
(17.6% and 23.5%, respectively) relative to moderate cases
(10.2% and 4.5%, respectively) and mild (1.6% and 3.2%,
respectively). Although bleeding episodes were reported in all
groups, comparisons were unreliable with the small numbers
of patients recorded in each group.

Further analysis of this relationship between CFWA param-
eters and clinical outcome in COVID-19 patients (Table 4),
demonstrated that there were significant differences in FDP

Mild (n=62) Moderate (n=88) Severe (n=17) All (n=167)
Coagulopathy
Thrombosis 2 (3.2%) 4 (4.5%) 4 (23.5%) 10 (6.0%)
Pulmonary embolism 1 1
Deep venous thrombosis 2 2 1 5
Cerebral infarction 1 1
Arteriosclerosis obliterans 1 1
Acute myocardial infarction 1 1
Dialysis arteriovenous shunt occlusion 1 1
Bleeding 2 (3.2%) 2 (2.3%) 1(5.9%) 5(3.0%)
Gastrointestinal bleeding 1 1 2
Intracranial bleeding 2 1 3
Mortality rate (n; %) 1(1.6%) 9 (10.2%) 3 (17.6%) 13 (7.8%)

Relationship between CFWA parameters
and conventional laboratory parameters

Comparisons between CFWA parameters and the com-
mon laboratory parameters are illustrated in Table 2.
The Iminll ratio correlated with APTT (p=-0.262),
TAT (p=0.279), and, in particular fibrinogen levels
(p =0.606), but little correlation was apparent with
PT. The IFL-minll ratios correlated with all fibrino-
lytic parameters including FDP (p =0.306), total-PAI-1
(p=0.241), and appeared to be especially associated
with PIC (p =0.453). These results supported the use of
CFWA for the clinical assessment of global hemostasis
in COVID-19 patients.

@ Springer

and TAT between the thrombosis group and non-thrombosis
group (p=0.016, p=0.038, respectively), but that there were
no significant differences in Iminl1l or [FL-min1| ratios related
to thrombotic complications. Moreover, no significant differ-
ences between the survival group and non-survival group were
evident with any of the laboratory assays.

Discussion

The present study describes, for the first time, the investiga-
tion of comprehensive coagulation and fibrinolysis potential
using CFWA in COVID-19 patients at the time of hospital
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Table 4 Relationship between CFWA parameters with clinical outcomes in COVID-19 patients

Mortality

Survived (n=154)

Non-survived (n=13)

CFWA parameters

Imin1l ratio
IFL-minl| ratio
Laboratory data
PT (sec)
APTT (sec)
FDP (pg/mL)
Fbg (mg/dL)
TAT (ng/mL)
PIC (pg/mL)

1.48 [1.20-1.75]
1.35[1.16-1.54]

12.9 [12.0-14.0]
30.9 [28.7-34.0]
4.0 [2.8-7.3]
464 [379-564]
11.3 [6.6-18.6]
1.5 [1.0-2.1]

1.48 [1.11-1.78]
1.36 [1.08-1.55]

13.0 [12.1-14.9]
30.5[27.9-37.4]
6.2 [3.8-13.1]
440 [390-511]
11.8 [10.0-25.1]
1.7 [1.3-2.1]

Total PAI-1 (ng/mL) 52.2 [38.9-72.5] 47.6 [42.6-66.1]

p value Thrombosis p value
Absence (n=157) Presence (n=10)

0.83 1.48 [1.19-1.75] 1.29 [0.99-1.76] 0.39
0.97 1.36 [1.16-1.54] 1.28 [1.17-1.66] 0.78
0.57 12.9 [12.0-14.0] 13.4[11.5-15.1] 0.51
0.48 30.7 [28.6-34.0] 33.9[29.6-38.4] 0.23
0.12 4.0 [2.9-6.7] 10.5 [5.3-20.0] 0.016
0.85 461 [378-562] 519 [421-650] 0.34
0.35 11.2 [6.6-17.5] 25.0 [9.2-31.0] 0.038
0.28 1.49 [1.02-2.03] 1.8 [1.3-2.9] 0.19
0.79 51.9 [38.9-72.4] 59.4 [47.9-67.4] 0.55

Significant differences (p < 0.05) are shown in bold
The median [interquartile range] values are shown

Paired Wilcoxon rank-sum tests were used as statistical tests

PT prothrombin time, APTT activated partial thromboplastin test, FDP fibrinogen/fibrin degradation products, Fbg fibrinogen, TAT thrombin-
antithrombin complex, PIC plasmin-a2-plasmin inhibitor complex, PAI-1 plasminogen activator inhibitor

admission. Our findings demonstrated that the parameters
of global hemostasis were abnormal in the majority of these
patients, regardless of the clinical severity. The data indi-
cated that the hemostatic balance was maintained in mild
cases but was disordered to be coagulation-dominant in
moderate to severe cases. This divergence of coagulation
and fibrinolytic reactions appeared to be most pronounced
in moderate cases with a tendency towards a pro-thrombotic
state in individuals presenting moderate to severe COVID-
19 symptoms. The results were in keeping with an obser-
vational study showing that the mortality rate in severe
COVID-19 patients receiving anticoagulant treatment was
lower than that in those without anticoagulant treatment
(29.1% and 62.7%, p <0.001) [32].

Coagulation potential assessed by PT or APTT was
decreased in moderate to severe cases, and were discrep-
ant with one assessed by Iminll. This reason appeared
to be due to the influence of increased fibrinogen levels.
Fibrinogen is known as the soluble precursor of fibrin, the
fundamental component of clot formation and stability. In
addition, elevated levels of fibrinogen are procoagulant
[33] and influence blood viscosity. Consequently, elevated
fibrinogen levels are common in COVID-19, and in view
of these multi-functional roles, the association between
increased fibrinogen concentrations and high Iminll ratios
was expected. On the other hand, too much amount of fibrin-
ogen antigen leads to a decrease of the waveform (the rate
of permeation) and the prolongation of the initiation of clot-
ting time. An earlier study reported that the in vitro addi-
tion of fibrinogen to normal plasma prolonged the clotting
time [24]. Our data suggested that a tendency to enhanced

coagulation potential should be considered even in the pro-
longation of APTT.

As with Iminll, high plasma level of fibrinogen can lead
to the high IFL-min1l. When exogenous fibrinogen is added
in vitro to normal plasma, [FL-min1| appears to be elevated
dose-dependently. However, the Iminll is also increased and
the overall balance appears to be maintained [24]. There-
fore, an elevation of [FL-minl| may indicate an increased
fibrinolytic potential, but it would be important to evaluate
both coagulation and fibrinolysis to determine if the over-
all balance is tilted toward fibrinolysis or if the fibrinolysis
potential is truly increased, thus the obtained data may need
to interpret carefully.

The pathogenesis of infection-associated thrombosis in
COVID-19 appears to contrast with that of sepsis-associated
DIC. The disseminated coagulopathy is induced by multiple
microthrombi, and is characterized by markedly enhanced,
systemic coagulation together with severely suppressed
fibrinolytic potential [25, 34]. Our findings revealed the
presence of enhanced coagulation potential but non-sup-
pressed fibrinolysis in COVID-19 cases. Severely defective
coagulation function was observed in few patients. In addi-
tion, postmortem analyses of COVID-19 patients revealed
the presence of thrombosis in the lungs, but no thrombus
was found in other organs such as kidney, spleen, pancreas,
and liver [13]. In SARS-CoV-2 infection, publications have
reported that viral RNA was undetectable in the blood [35]
or was detected in only 6 (15%) of 41 patients [36], again
arguing for a pathology centered around pneumocytes and
adjacent tissue pathology, rather than systemic viral infec-
tion. Hence, the COVID-19-associated coagulopathy could
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Fig.5 Distribution of coagula-
tion and fibrinolytic poten-
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have been promoted by relatively localized cellular interac-
tions, especially at sites of pulmonary vascular interfaces
where the pathology is strongly manifested as organ damage.

There were no significant differences in any of our
parameters between those patients that died from infec-
tion and those that survived. The risk of death due to
hemostasis-related complications at the time of admis-
sion was difficult to determine, therefore, and continued
evaluation of coagulation and fibrinolysis over time could
be more informative. Significant differences in FDP and
TAT were observed between the thrombotic and non-
thrombotic groups, although no significant differences
in Iminll or IFL-minll ratios were determined in these
patients. A meta-analysis of thrombosis in COVID-19
patients reported that the incidence of venous thrombo-
embolism (VTE) was 21% in all cases, 5% in general ward
cases, and 31% in ICU cases [10], but the incidence of
VTE in our ICU cases was low at 5.9% (1/17). Difficul-
ties with determining the clinical diagnosis of pulmonary

@ Springer
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thrombosis and DVT may partially explain, therefore, the
lack of definitive laboratory data in our cohort. Never-
theless, the Iminll ratio in our thrombosis group tended
to be lower than that in non-thrombosis group, although
the difference was not significant. Also, the Iminl| ratios
were elevated in all severities of COVID-19 at the time of
admission. This parameter appeared to be most elevated
in moderate cases, and. tended to be lower in severe cases.
It seemed possible, therefore, that a decrease in the Iminll|
ratio over time may indicate possible developing throm-
botic complications or worsening of the disease.

We have recently proposed a novel classification of DIC,
based on the coagulation-fibrinolysis balance in patients with
sepsis-associated DIC [25]. As shown in Fig. 5A, the CFWA
results in our COVID-19 patients at admission supported
the presence of both hyper-coagulation (Iminll ratio > 1) and
hyper-fibrinolysis (IFL-min1| ratio > 1), suggesting a differ-
ent pathogenesis from that in sepsis-associated DIC [25,
33]. These data again indicated that the hemostatic balance
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tended to deviate towards a coagulation-dominant status in
patients with moderate COVID-19 severity (Fig. 5B-D).

Overall, therefore, thrombotic events were diagnosed
in all categories of COVID-19 severity, suggesting that
enhanced coagulation potential might be a risk factor for
thrombosis even in the presence of increased fibrinolytic
activity. In particular, thrombosis tended to be more com-
mon in severe cases, possibly associated with aggravating
risk factors in circumstances where clinically worse patients
are sedated and receive respiratory ventilation. Some bleed-
ing symptoms were also seen in all groups of patients,
emphasizing the importance of evaluating both coagulation
and fibrinolysis function in these patients prior to therapeutic
intervention.

We also examined the influence of anticoagulant therapy
on thrombosis development in COVID-19 patients. The
anticoagulant therapy performed in our hospital was only
heparin administration. During their clinical courses, anti-
coagulant therapy was performed in 8.0% of mild cases,
25.0% of moderate cases, and 76.4% of severe cases, with
the percentage of treatment increasing with disease severity.
The number of patients who received anticoagulant therapy
by severity and whether or not anticoagulant therapy was
involved in thrombosis development are shown below (Sup-
plemental Table 3). In this study, we could not evaluate the
involvement of heparin treatment for the development of
thrombosis because the number of patients who developed
thrombosis was small and many of severe cases were treated
with heparin administration.

Some limitations are evident in the present study, how-
ever. First, estimates of thrombosis and mortality rates could
be dependent on cohort size, and the number of patients
available for the current investigations was relatively small
especially in severe cases. In addition, the present study
included only patients at the time of admission to hospital,
and further investigations throughout the clinical course of
COVID-19 infection could be informative. And, it might
be better to compare with COVID-19 and non-COVID-19
patients to evaluate the difference between COVID-19 con-
ditions and other infections. However, we could not compare
with non-COVID-19 and COVID-19 patients in the present
study because we did not have enough cases to match the
conditions. We would like to investigate the difference
between COVID-19 and non-COVID-19 patients in the
future. Finally, the assessment of coagulation and fibrinoly-
sis balance should be done carefully. The result obtained by
CFWA is regarded as the degree to which the overall coagu-
lation and fibrinolytic function deviates from normal, with
the balance tending toward the greater deviation. However,
it might be unclear what extent the difference is coagula-
tion-dominant or fibrinolysis-dominant precisely. Neverthe-
less, our findings suggested that analysis of comprehensive
coagulation and fibrinolysis by CFWA, when combined with

conventional clinical tests, could be useful for assessing the
hemostatic balance, and could provide valuable data for
decisions on clinical therapy in COVID-19. Furthermore,
CFWA utilizes readily available automated equipment with
a simply modified, regular APTT reagent, and requires mini-
mum special training and skills [24].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12185-022-03308-w.
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