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Abstract
Introduction. Cerebrovascular disease (CVD) is a heterogeneous group of difficult-to-diagnose conditions in which hemorheological and hemostatic
disorders significantly impact the risk of ischemic stroke (IS), as well as the prognosis and response to reperfusion therapy and preventive treat-
ment. Laboratory thrombotic hazard markers, such as the thrombin-antithrombin III (TAT) complex, the plasmin-a2-antiplasmin (PAP) complex,
thrombomodulin (TM), and the tissue plasminogen activator (tPA)/plasminogen activator inhibitor-1 (PAI-1) activity ratio, have not been adequately
evaluated as predictors of different IS subtypes. Their potential role in acute IS has also not been determined.
Aim. The study aimed to evaluate the diagnostic and predictive value of primary thrombotic hazard markers in patients with CVD.
Materials and methods. The retrospective study included 91 patients with acute IS (45% of men; median age: 62 years). At admission, primary
clinical parameters were assessed, including a National Institutes of Health Stroke Scale (NIHSS) score. Laboratory parameters and thrombotic
hazard markers were also measured using an enzyme-linked immunosorbent assay. Three IS subtypes included large artery atherosclerosis (LAA)
related IS (n = 32), lacunar IS (n = 27), and hemorheological (small artery occlusion-related) IS (n = 32). The clinical outcomes were evaluated at day 10
using the NIHSS scale. A comparison group included patients with chronic CVD (n = 29; 34% men; median age: 55 years).
Results. The plasma levels of almost all study biomarkers differed significantly between patients with IS and chronic CVD, as well as between
patients with different IS subtypes. Four of six markers (PAI-1, PAP, TAT, t-PA/PAI-1) were significantly associated with IS development, with
TAT showing the strongest association (odds ratio: 4.78; 95% confidence interval: 2.70, 9.68). Linear regression models were used to evaluate the
predictive value of thrombotic hazard biomarkers for IS outcomes, and TAT showed the most significant association in this case (p < 0.001). An
analysis of the differential value of study biomarkers for different IS subtypes showed that PAI-1 was the most sensitive (0.969) marker for LAA
related IS, while t-PA/PAL-1 (0.99) and TAT (0.889) demonstrated high predictive value for lacunar IS.
Conclusion. Thrombotic hazard markers are a promising laboratory tool for evaluating IS risk and predicting functional outcomes and response
to reperfusion therapy in patients with IS.
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AHHOTanMa

Beedenue. epebposackynsphvie 3abonesanus (JB3) — namozenemuuecku 2emepozeHHas u c0xHAs 0N QUGZHOCMUKY 2pynna CoCMosHUL, npu
KOMOpbIX HADYUIEHUS 8 CUCMEMAX 2eMOPeoo2ull U 2eMoCmasd uzparom 3Ha4UMylO pob, onpedenss puck uwemuueckozo uxcynsma (MH), ezo
npozHO3 U omeem Ha penepphysuoHHylo U npesermugHyio mepanuio. Hedocmamouro usyuerst 1abopamophble Mapkepol «mpomMoomuyeckoil onac-
Hocmu: komnaekc mpomou—awmumpomoun Il (TAT), komnnexc naasmun—o2-awmunnasmur (PAP), mpombomodynun (TM) u coomnouwieue
aKMUGHOCMU MKAHe8020 axkmueamopa naasmurozena (tPA) u ezo anmazonucma — uxzubumopa axkmueamopa niasmurozexa I-20 muna (PAI-1)
8 kauecmee npedUKmMopos pasiuyHblx namozeHemuueckux nodmunog UM. He ymounén nomenyuan ux 3HauumMocmu y nayueHmos 8 ocmpom
nepuode UH.

Leny uccnedosarus — onpedenenue QUAzHOCMUYECKOL U NPOZHOCMUUECKOL! POJIU OCHOBHbIX MAPKePO8 «mpoMOOMuUeckoti onacHocmu» y nayu-
enmos c L[B3.

Mamepuanst u memodot. B pempocnexmusHoe uccredosanue vl ekniouer 91 nayuenm ¢ A 8 ocmpetiwiesi cmaduu (45% — myxuunbl, Meuana
gospacma — 62 200a). B dewv nocmynenus 8 cmayuoxap Gbinu onpedesienst 0a308bie KIUHUHECKUE (8 MOM HUCTE OUEHKA BbIPAKEHHOCIIU HEBPONO2U-
ueckux Hapywienuii no wkane NIHSS) u nabopamopHsie nokazamenu, a maxxe @bluienepeuucienHbie MapKkepsl «mpoMOOMUUECKOLl onacHocmu»
C NOMOUbIO UMMYHOGhepMeRmH020 ananusa. MU 6vin npedcmassien mpems namozeHemuueckumu noomunamu: amepompombomuyeckum (n = 32),
JaKyHapHsim (n = 27) u 2emopeonozuveckum (n = 32), kunuueckuti ucxod komopix oyerusanu yepes 10 cym no wkane NIHSS. B kauecmee epynnot
cpasHeHus ObLiu 8bI0PaHbL NALUeHmbl ¢ XpoHueckum meueHuem L[B3 (n = 29; 34% — myxuunvl, Meduana eoapacma — 55 nem).

PesynsmamoL. [11a3MeHHAS KOHYEHMpPAyus npakmuuecku 6cex UuccnedoaHHblx OUOMAPKEPOS8 3HAUUMO OMJUYANACH KAK NPU CPABHEHUU Zpynn
nayuenmos ¢ UM u xporuueckumu L[B3, mak u y nayuenmos ¢ paswvimu namoeexemuueckumu nodmunamu MH. C passumuem UM okasanuce 3Hauumo
accoyuuposarHbimu 4 u3 6 mapkepos (PAI-1, PAP, TAT u omnowenue akmusgHocmu t-PA/PAI-1), npuuém no mazumyde c6s3u HaubombuiuLi eec umen
xomnaexc TAT — omnowerue warncos 4,78 (95% AM 2,70-9,68). Momenyuanshyio npedukmopHyio pons Guomapkepos «mpombomuteckoti onacHocmuy
8 omHoweruu ucxoda UM oyerusanu ¢ nomoujbio Modesneil uHetiHot peepeccuu: Haubosiee 3HAUUMbLM 0KA3ascs makxe yposeHs komnaexca TAT
(p < 0,001). Yposenn PAI-I sensemcsa Haubonee uyscmeumensioim (0,969) 6 omrowenuu amepompombomuueckozo MK, 6 mo épems Kak coomHouieHue
axmugrocmu t-PA/PAI-1 (0,99) u yposens TAT (0,889) obnadaiom xopoweii npedckasamenbHot cnocobHocmuio 015 akyHapHozo MH.
3axouenue. Pacwupenue 1ab0pamoprozo apceHana Mapkepamu «<mpoMOOMUUecKoll onacHoCMU» U UCNOJb308AHUE UX 8 Kauecmee NaHesu y
nayuenmos ¢ MM — nomenyuansHo nepenekmueHsiti uHempymenm onpedenenus pucka UM, npoeHo3uposanus e2o (yHKYUOHAILHO20 Ucxooa U,
B03MOXHO, 0MBeMa Ha penephy3UcHHyI0 mepanuio.

Kniouegvie cnoea: komnnekc mpombun—anmumpomOun II; komniexc naasmun—a2-aHmunyiasmut; mpomMOomMoOyauH; mKkaHesoll
akmueamop NJiasMUHO2eHd; UH2UbUMOp aKmueamopa niasmuHozena I-20 muna; yepe6posackyspHble 3a001e8aHUS
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Introduction

Cerebrovascular disease (CVD) is a major medical and
socioeconomic challenge Epidemiological data indicate
rising rates of morbidity, mortality, and disability resulting
from acute and chronic cerebrovascular accidents, which
also significantly contribute to the increasing prevalence of
cognitive dysfunction [1].

After many years of research at the Russian Center of Neu-
rology and Neurosciences (formerly the Research Center
of Neurology), the concept of dysregulated hemorheology
and hemostasis emerged. This phenomenon has been thor-
oughly investigated, clinically tested, and proven as one of
the primary drivers of cerebrovascular disease (CVD), re-
gardless of its subtype [2]. In addition, laboratory, neuroim-
aging, and neurological features have been identified for a
specific type of ischemic stroke (IS) which is associated with
hemorheological occlusion of small arteries. In this subtype,
dysregulated hemorheology and hemostasis play a crucial
role. The clinical presentation of ischemic cerebrovascular
accidents often fails to distinguish between different CVD
subtypes (for example, in cases of differential diagnosis of
extracranial and intracranial atherosclerotic lesions [3, 4], a
combination of brachiocephalic artery atherosclerosis and
cardiac disorders with a high risk of cardio-cerebral embo-
lism). This differentiation is crucial for the adequate sec-
ondary pathogenetic prevention of IS. This fact highlights
the importance of a broader range of neuroimaging, ultra-
sound, and laboratory parameters for selecting management
strategies. However, despite advancements in neurovascular
care, including reperfusion techniques such as thrombolytic
therapy and mechanical thrombectomy, treatment options
for patients with acute IS are often limited and ineffective.

One potential reason is the tendency to underestimate and

inadequately treat thrombotic hazard factors. These factors

include the following potential biomarkers that can be used
to better assess the risk of IS and improve the response to
antithrombotic and/or reperfusion therapies, as well as pro-

vide differential diagnoses of CVD [5]:

— thrombin—antithrombin III complex (TAT), responsible for
clotting processes;

- plasmin-o.-antiplasmin complex (PAP), which is used to
evaluate fi Zbrmolyms

— thrombomodulin (TM), which is used to assess the severity
of endothelial dysfunction;

- an activity ratio of tissue plasminogen activator (tPA)
and its antagonist, plasminogen activator inhibitor
type 1 (PAI-1), which regulates and controls the level
of fibrinolytic activation depending on the state of the
endothelium.

TAT has been investigated since the 1980s and has been
validated as a marker of thrombin generation [6]. A
systematic review and meta-analysis have confirmed its role
in diagnosing IS [7]. PAP was first described in 1960 [8] as
a marker of fibrinolytic activation [9]. Although the primary
evidence of its predictive value was obtained for venous
thromboembolic = conditions [10], higher o,-antiplasmin
levels have been reported as a risk factor for IS [11] and
unsuccessful reperfusion (in patients receiving thrombolytic
therapy) [12].

Tpom60TM4eCK1e MapKepbl Npu LLepebpoBacKYNAPHbIX 3a60/1eBaHNAX

TM and soluble TM (sTM) are transmembrane glycoproteins
that bind to thrombin and play a dual role in IS: they serve
as sensitive markers of acute endothelial injury and modulate
restorative and anti-inflammatory processes. For example,
an increase in TM levels within the first 24 to 48 hours
after IS correlates with IS severity and mortality rates and
is associated with risk factors for cardiovascular diseases,
such as male sex and dyslipidemia [13]. This highlights the
importance of monitoring thrombomodulin levels early after
IS to predict clinical outcomes.

PAI-1 is a primary endogenous inhibitor of t-PA. By binding
t-PA in a 1 : 1 ratio and forming an inactive t-PA/PAI-1
complex, it significantly reduces plasmin formation and
thrombus dissolution [14]. Proinflammatory cytokines, such
as interleukin-1 and tumor necrosis factor-alpha, as well as
stress factors, such as hypoxia and oxidative stress, increase
the expression of PAI-1, leading to endothelial dysfunction
and the maintenance of thrombogenesis. High PAI-1 levels
prior to thrombolytic therapy is associated with a lower rate
of successful recanalization and a higher risk of adverse
outcomes within three months [15].

Note that these parameters demonstrate abnormal values
long before fibrin formation and, in some cases, thrombosis
occur. Therefore, they can potentially serve as early IS
biomarkers.

Despite the large number of studies on the diagnostic and
predictive value of these markers in various thrombotic
conditions (e.g., thromboembolic events and myocardial
infarction), the results are not reproducible. This may be due
to the fact that changes in the entire pool of biomarkers
should be evaluated simultaneously. It should also be noted
that studies on ischemic CVD are currently extremely limited.

The study aimed to evaluate the diagnostic and predictive
value of primary thrombotic hazard markers in patients with
CVD.

Materials and methods

The retrospective study included patients who had received
inpatient treatment at the Russian Center of Neurology and
Neurosciences. A total of 342 patients with acute IS were
enrolled based on medical records. Of these patients, 91 had
hyperacute IS with available marker testing results (TM,
t-PA, PAI-1, TAT, and PAP) on the day of admission, as well
as data on changes in these markers to assess severity of
neurological deficit using NIHSS! at baseline and on day 10 of
hospitalization. The control group included 29 patients with
chronic CVD (34% of men, median age: 55 years).

Blood samples were obtained via cubital venipuncture in
fasting state in the morning using vacuum systems and tubes
containing either 3.2% sodium citrate (for citrate plasma) or
a coagulation activator and gel (for serum). Blood samples
were obtained, transported, stored, and handled during
the pre-analytical stage in accordance with the Russian
Federation’s national standard. Serum/plasma testing for

"Tpom60TMYeCKNE MapKepbl Npy Liepe6poBacKyNAPHbIX 3a60NeBAHNAX
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t-PA, PAI-1, TAT, and PAP was performed in duplicate using a
sandwich enzyme-linked immunosorbent assay (ELISA) with
Technoclone and Cloud Clone Corporation reagent kits on a
Victor 2 (PerkinElmer) and/or a Real-Best plate readers.

A statistical analysis was performed using the R programming
language (v. 4.4.1) in RStudio (v. 2025.05.1) with the following
plug-ins: tidyverse, gtsummary, corrplot, pheatmap, ggplot2,
and ReppCNPy. In addition, GraphPad Prism 10 (v. 10.4.0) was
used. Descriptive statistics were represented by medians, as
well as upper and lower quartiles for continuous variables and
frequencies for discrete variables. Two unpaired groups were
compared using Wilcoxon-Mann—Whitney test for continuous
variables or the Pearson y? test for discrete variables. Three
or more unpaired groups were compared using the analysis
of variance (ANOVA) (Kruskal-Wallis test) with subsequent
pairwise comparisons and the p-value adjusted using the Dunn
multiple comparison test. A heat map showing the relative
levels of each variable was created based on preliminary
calculations of its percentile in the column. Associations and
predictor value were evaluated using regression analysis. In
the case of a binomial dependent variable (stroke), univariate
and multivariate logistic regression with an odds ratio (OR)
and 95% confidence interval (CI) was used. For a continuous
variable, linear regression with beta coefficients was used (for
a univariate model: changes in the NIHSS score by day 10
according to the formula ANIHSS = NIHSS, , = NIHSS, .
for a multivariate model: the NIHSSby day 10,5€OTE (+ NIHSéjbaselin
score as a covariate). A correlation’ analysis was performe
using the Spearman’s rank correlation coefficient, and the
results were visualized using a correlogram. The significance
level was set at 0.05, and all tests were two-sided.

Results
Table 1 presents the main clinical data by study subgroups.

On average, patients with IS were older than those with
chronic CVD. The groups were comparable in terms of

sex and anthropometric parameters (weight). As expected,
however, the distribution of classical risk factors was shifted
toward groups with LAA-related and lacunar IS.

Patients with acute IS were admitted to the Russian Center
of Neurology and Neurosciences within 48 hours of a
cerebrovascular accident. The clinical presentation included
impaired level of consciousness and focal neurological
symptoms resulting from injury to one of the cerebral
hemispheres. Ischemic injury to the left hemisphere was
reported somewhat more frequently (52.7%). A decrease in
the level of arousal (obtundation) was recorded in 27 patients
(29.7%). Focal symptoms were most often caused by injury
to the pyramidal tract fibers on the side of the cerebral
hemisphere with the ischemic lesion. In these cases, the most
common motor disorders included central hemiparesis (84
patients, 92.3%) and central monoparesis of arm (7 patients,
7.7%). Motor impairment reached the level of hemiplegia in
one-third of the patients (29 patients, 31.9%). Central paresis
of the facial muscles was observed in 86 patients (94.5%).
Speech disorders were also common focal neurological
symptoms. For example, aphasia of varying severity occurred
in 28 patients (30.8%), and dysarthria occurred in 30 patients
(32.9%). Forty-six patients (50.5%) had impaired surface
sensation, such as hemihypalgesia and hemianalgesia,
and 35 patients (38.5%) had impaired deep sensation and
neglect syndrome. Oculomotor disorders such as limited
gaze and gaze paresis (either isolated or in combination with
forced head turning towards the affected hemisphere) and
hemianopsia were reported less frequently, in 12 (13.2%) and
11 (12.1%) patients, respectively.

Reperfusion therapy was not initiated because patients were
admitted for more than six hours after the onset of IS.

The group of chronic CVD included patients without a
history of acute cerebrovascular accidents. These patients
presented with subacute progression of generalized cerebral

Table 1. Main clinical and demographic characteristics of the study groups

Parameter LM}:Z'?;;’ 3

Age, years, median [Q,; Q,] 66 [58; 70]
Male, n (%) 16 (50)
Smokers, n (%) 13 (41)
Weight, kg, median [Q,; Q,] 81 [74; 95]
Type 2 diabetes mellitus, n (%) 19 (59)
The presence and stage of hypertension, n (%)

no 2(6.3)

stage | 2 (6.3)

stage Il 17 (53)

stage Il 11 (34)

Hemorheological IS Lacunar IS  Chronic CVD  p (Kruskal-Wallis
(n=32) (n=27) (n=29) test; Pearson 2 test)
58 [54; 64] 63 [57;69]  55[49; 62] <0.001
11 (34) 14 (52) 10 (34) 0.3
5 (16) 12 (44) 5(17) 0.019
80 [67; 94] 89 [76;101] 72 [67; 88] 0.081
8 (25) 16 (59) 9 (31) 0.006
0(0) 0(0) 2(6.9)
14 (44) 2 (7.4) 21 (72)
9 (28) 18 (67) 6 (21)
9 (28) 7 (26) 0(0)
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and focal neurological symptoms associated with cerebral
atherosclerosis and microangiopathy (as confirmed by
neuroimaging results), classified as stage 1/Il discirculatory
encephalopathy. The most common neurological symptoms
in this group included cephalgic syndrome (58.6%),
vestibulocerebellar symptoms (55.2%), and astheno-neurotic
syndrome (55.2%). Patients also had diffuse microsymptoms,
including sensation disorders (20.7%), pyramidal symptoms
(17.2%), and extrapyramidal symptoms (17.2%).

Levels of study biomarkers differed significantly between the
groups (Fig. 1), differentially depending on the IS subtype.

Table 2 shows the quantitative values of the markers by study
group and changes in neurological deficits by NIHSS scores.

Clinically, patients with lacunar IS initially have less severe
neurological deficits. However, by day 10 post-stroke, the

Tpom60TM4eCK1e MapKepbl Npu LLepebpoBacKYNAPHbIX 3a60/1eBaHNAX

median NIHSS score was no lower than 6 (a standard cutoff
for a favorable outcome). The further analysis considered
these patients based on the progression of their neurological
disorders.

A cluster analysis of the relative values was performed to
identify a differentiated pattern of changes in thrombogenic
markers in patients with various CVD manifestations, and
the results were visualized (Fig. 2). Almost all patients with
lacunar IS demonstrated higher t-PA levels and higher t-PA/
PAI-1 ratio, as well as lower TM and TAT levels. Conversely,
the reverse pattern was observed in patients with LAA-related
IS (to a greater extent) and hemorheological IS (to a lesser
extent). Patients with chronic CVD had lower relative TAT
and PAI-1 levels and moderate-high t-PA levels.

Regression models were created and characterized in order
to further evaluate the potential associations between study
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Fig. 1. A box plot of levels of study biomarkers b%' IS subgroup. Only significant differences in pairwise post hoc comparisons adjusted using

the Dunn multiple comparison test are shown.

he data are presented as the median, first and third quartiles, and range.

CVD, cerebrovascular disease; IS, ischemic stroke; LAA, large artery atherosclerosis.
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Table 2. Thrombotic hazard marker levels and changes in NIHSS scores by IS subtype, median [Q; Q,]

NIHSS score

baseline 13 [11; 16] 10 [9; 12] 14 9; 16] 0.006

day 10 12 [9; 14] 71[6;9] 11 [7; 15] <0.001
Thrombomodulin, ng/mL 370 [268; 482] 311 [230; 360] 455 [363; 555] <0.001
t-PA, ng/mL 1.60 [0.97; 2.05] 5.45 [4.20; 6.90] 2.10 [1.56; 2.81] <0.001
PAI-1, ng/mL 52 [42; 57] 54 [45; 59] 25 [18; 37] <0.001
t-PA/PAI-1 0.03 [0.02; 0.05] 0.11[0.09; 0.14] 0.07 [0.05; 0.14] < 0.001
TAT, ng/mL 4.51 [3.93; 5.23] 2.60 [2.30; 3.40] 4.82 [4.34; 5.64] < 0.001
PAP, ng/mL 328 [266; 380] 366 [312; 468] 311 [270; 358] 0.052

10 Subgroup

Chronic CVD
Hemorheological IS
LAA-related IS
Lacunar IS

Fig. 2. A heat map of the relative levels of study biomarkers by subgroups.
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Table 3. Regression analysis models
Predictors of IS

univariate model multivariate model

Biomarker
OR (95% CI) p OR (95% CI) p

™ 1.00 (1.00-1.00) 0.8 1.00 (0.99-1.00) 0.2
t-PA 1.02 (0.83-1.29) 0.8 1.79 (0.80-4.50) 0.2
PAI-1 1.05(1.02-1.08) <0.001  1.04 (0.96-1.14) 0.4
PAP 1.01(1.01-1.02) <0.001  1.01(1.00-1.02) 0.12
TAT 478 (2.70-9.68) <0.001  10.9 (4.45-37.4)  <0.001
tPA/PAI-1 0.00 (0.00-0.10)  0.006  4.11(0.00-4 x 10%) 0.9

Note. * The baseline NIHSS score was used as a covariate.

Tpom60TM4eCK1e MapKepbl Npu LLepebpoBacKYNAPHbIX 3a60/1eBaHNAX

Adverse outcome predictors
univariate model multivariate model

Beta coefficient
(95% CI) p

Beta coefficient
(95% CI)

Table 4. ROC analysis data for differentiating between IS and chronic CVD

Biomarker AUC (95% CI)
™ 0.498 (0.376-0.620) 355
t-PA 0.56 (0.458-0.663)
PAI-1 0.72 (0.626-0.814) 48.8
t-PA/PAI-1 0.662 (0.555-0.769)
PAP 0.758 (0.66-0.856)
TAT 0.869 (0.806-0.931) 3.55

biomarkers and IS development, as well as to determine if the
biomarkers could predict short-term IS outcomes (Table 3).

Of six markers considered, four (PAI-1, PAP, TAT, and t-PA/
PAI-1) were found to be significantly associated with IS
development. TAT demonstrated the strongest association
(OR = 478 95% CI 2.70-9.68). However, multiple logistic
regression analysis revealed that TAT was the only independent
significant factor of IS (OR = 10.9; 95% CI 4.45-37.40).

The potential predictive value of thrombotic hazard
biomarkers for IS outcomes was evaluated using singleand
multivariate linear regression models. TAT was found to
be the most significant factor. However, its independent
predictive value was not confirmed when considered in
combination with other factors.

A ROC analysis was used to assess the sensitivity and
specificity of each marker for IS development and determine
the cutoff levels of study biomarkers (Table 4). TAT showed
the strongest association with IS.

A different pattern was observed when the differential
value of the study biomarkers was evaluated considering IS
subtypes using multinomial logistic regression (Table 5). PAI-1

Cut-off

1.675

0.061
286.95

0.00 (0.00-0.00) 0.009  0.001(-0.002-0.003)  0.561
-0.15(-0.26-0.03)  0.014  -0.046 (-0.316-0.224)  0.734
-0.01 (-0.03-0.01) 0.2 -0.001 (-0.03-0.027)  0.928
00.00 (0.00-0.00) 0.4 0.002 (-0.002-0.005)  0.348
0.40 (0.22-0.59) <0.001  0.306 (-0.009-0.62)  0.057
0.00 (-6.0-2.0) 0.3 1.753 (-6.886-10.393)  0.688

Sensitivity Specificity

0.582 0.517

0.319 0.931

0.429 1

0.516 0.793

0.703 0.724

0.736 0.931

was the most sensitive marker for LAA-related IS, while
t-PA/PAI-1 and TAT demonstrated high predictive value for
lacunar IS.

A correlation analysis (Fig. 3) revealed the multidirectional
associations between biomarkers. For example, higher TAT
levels were associated with decreased positive changes in
NIHSS scores (ANIHSS) and decreased tPA levels. At the
same time, TAT positively correlated with TM levels.

Discussion

We used a retrospective cohort of patients with CVD of
various origins (both acute and chronic) to differentiate
patterns of changes in thrombotic hazard markers such as
TM, TAT, PAP, and tPA/PAI-1.

The most significant result of the study demonstrated that
TAT can serve as an early marker of thrombotic risk in IS.
Significant differences in TAT levels were reported across
the study groups. The highest levels were found in patients
with LAA-related IS (4.51 ng/mL) and hemorheological IS
(4.82 ng/mL), while patients with lacunar IS demonstrated
significantly lower TAT levels (2.60 ng/mL). These findings
were consistent with those of current meta-analyses showing
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Table 5. ROC analysis data for differentiating IS subtypes

Biomarker Subtype Sensitivity Specificity AUC
t-PA LAA-related IS 0.812 0.729 0.796
Lacunar IS 1 0.875 0.971

Hemorheological IS 0.719 0.661 0.710

™ LAA-related IS 0.375 0.831 0.530
Lacunar IS 0.704 0.734 0.758

Hemorheological IS 0.875 0.542 0.755

PAI-1 LAA-related IS 0.969 0.441 0.706
Lacunar IS 0.815 0.594 0.726

Hemorheological IS 0.750 0.949 0.893

t-PA/PAI LAA-related IS 0.969 0.746 0.907
Lacunar IS 1 0.656 0.821

Hemorheological IS 0.969 0.237 0.540

PAP LAA-related IS 0.438 0.593 0.467
Lacunar IS 0.370 0.938 0.656

Hemorheological IS 0.719 0.542 0.608

TAT LAA-related IS 1 0.407 0.721
Lacunar IS 0.889 1 0.986

Hemorheological IS 0.781 0.695 0.772

™
tPA
PAI-1
TAT
PAP
tPA/PAI

aNIHSS

‘ aNIHSS

0.8
™ 0.6

04
t-PA

0.2
PAI-1 Lo

r-0.2
TAT

L 0.4
Pae X X 06

0.8

tPA/PAI X .

Fig. 3. A correlation analysis of biomarkers and NIHSS changes in a group of patients with IS using Spearman rank-order correlation
coefficient. Correlations with p > 0.05 were excluded. ANIHSS = NIHSS Fday 10) — NIHSS (baseline).

44 Annals of clinical and experimental neurology. 2025; 19(3). DOI: https://doi.org/10.17816/ACEN.1419



OPUMMHANBHBIE CTATbIA. Knuhnyeckas HeBponorus

that patients with IS had higher TAT levels than controls,
with a mean difference of 5.31 (95% CI 4.12-6.51) [7]. Notably,
TAT levels were highest during the acute phase of IS and
gradually decrease over time. The degree of increase varied
depending on IS subtypes.

Importantly, in our analysis, TAT was the only biomarker
that maintained predictive value in the multivariate model
of association with IS (OR: 10.9; 95% CI 4.45-37.4; p < 0.001).
Our study found a significant association between TAT and
poorer IS outcomes, consistent with other studies. Welsh et
al. found higher TAT levels in patients with a modified Rankin
score of > 3 in the acute phase of IS [16]. TAT is a sensitive
marker of a prothrombotic state. In the context of IS, it may
also indicate a systemic inflammatory response [17].

Our study reported significant differences in TM levels
between groups. The highest levels were found in patients
with hemorheological IS (455 ng/mlL), while those with
lacunar IS had significantly lower levels (311 ng/mL).

Current publications confirm the important role of TM in the
CVD pathogenesis. A large multicenter study in 3,532 patients
with IS showed that higher plasma TM levels were associated
with a lower risk of adverse clinical outcomes 3 months after
IS [18]. This phenomenon can be explained by the dual role
of TM in hemostasis. On the one hand, sTM levels indicate
endothelial injury, which contributes to thrombogenesis [19].
On the other hand, an increase in TM levels may prevent
some patients from developing IS [20]. In our study, TM did
not show independent predictive value in the multivariate
analysis, which can be explained by the difficulty of
interpreting this marker based on vascular history.

Our study revealed significant differences in t-PA and PAI-1
levels between the study groups. Interestingly, patients with
lacunar IS had higher tPA levels (5.45 ng/mL) compared to
patients with LAA-related IS (1.60 ng/mL) or hemorheological
IS (2.10 ng/mL). The latter group showed also lower PAI-1
levels (25 ng/mL) compared to other groups. The tPA/PAI-1
ratio is an important marker of fibrinolytic potential. In our
study, patients with lacunar IS had the highest tPA/PAI-1
levels (0.11), which may indicate a compensatory activation
of the fibrinolytic system in response to microvascular injury.

Fibrinolytic system disorders are known to play an important
role in the pathogenesis of IS. The Northern Sweden MONICA
prospective study showed that tPA/PAI-1 is an independent
predictor of a new-onset IS (occurring 2.74 times more
frequently in patients with upper quartile levels of tPA/
PAI-1 compared to lower levels) [21]. PAI-1 may reduce the
effectiveness of thrombolytic therapy. The level of active PAI-1
in new thrombi can be thousands of times higher than the
normal plasma level, which is sufficient to inhibit the clinical
dose of tPA. In addition, PAI-1 produced by astrocytes in the
central nervous system can limit excessive tPA activity in
the brain parenchyma and prevent injury to the blood-brain
barrier, thereby exerting a neuroprotective effect [14].

In recent years, the role of a2-antiplasmin in the pathogenesis
of IS has been actively investigated. Epidemiological studies
have shown that high levels of a.2-antiplasmin are associated

Tpom60TM4eCK1e MapKepbl Npu LLepebpoBacKYNAPHbIX 3a60/1eBaHNAX

with a higher risk of IS [22]. In our study, PAP levels did not
show any significant differences between groups (p = 0.052),
although there was a trend towards higher levels in patients
with lacunar IS (366 ng/mL).

Changes in study markers are a topic of active discussion
in the literature regarding the effectiveness and safety
of reperfusion therapy for patients with IS, particularly
intravenous thrombolysis (IVT). The recovery of blood flow
during IVT is associated with low levels of sSTM [23]. High
TAT levels are associated with poorer functional outcomes
and higher mortality rates, reflecting a lower percentage of
successful revascularization following IVT [7]. Low levels of
a.2-antiplasmin are associated with poor IVT outcomes and
higher rates of intracranial hemorrhagic events [24]. Although
higher PAI-1 activity and levels before IVT were associated
with adverse progression of cerebral infarction according
to neuroimaging 24 hours after IVT, PAI-1 activity was not
associated with hemorrhagic events or functional outcomes
during IVT. The 5G/5G PAI-I polymorphism was shown to
be an independent risk factor for intracranial hemorrhage
during IVT [25].

Changes in study markers should also be mentioned as
important potential predictive markers and predictors of
complications during mechanical thrombectomy (MTE), such
as hemorrhagic transformation and reocclusion. Even after
angiographically successful recanalization, levels of these
thrombotic hazard markers may indicate a poorer prognosis
for patients. These changes may indicate the patient’s initial
condition as well as local vascular wall injury during MTE.
In addition, current MTE protocols include the systemic
administration of thrombolytics prior to endovascular
treatment, which can significantly impact the hemostatic
response. Xu et al. assessed the levels of sTM, TAT, PAP, and
tPA-PAI-1 in arterial blood samples taken from the femoral
artery and from an artery located distal to the thrombotic
occlusion site [26]. The authors demonstrated that low
sTM levels and high TAT, PAP, and tPA-PAI-1 levels were
associated with a poor functional outcome following MTE
in patients with IS. Moreover, higher TAT and PAP levels in
arterial blood samples from the ischemic zone were identified
as independent risk factors for symptomatic intracranial
hemorrhage after MTE.

Our study also evaluated the predictive value of biomarkers
for the short-term outcome of IS. The univariate analysis
revealed that t-PA and TAT were the most significantly
associated with a poor outcome. However, the multivariate
analysis did not confirm the independent predictive value of
any biomarkers.

These results are consistent with systematic reviews showing
that, despite the associations between many coagulation and
inflammatory biomarkers and IS, it is too early to conclude
whether these biomarkers can be used therapeutically to
predict IS, acute phase severity, or clinical outcome after
treatment [27].

The limited predictive value of individual biomarkers can be
explained by the complex and multifactorial pathogenesis
of IS. Current research shows that combining multiple
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biomarkers of different pathophysiological pathways
significantly improves risk stratification for poor outcomes
[28]. This fully applies to patients who received reperfusion
therapy as well as to those who received background and
antithrombotic therapy.

In an era when only clinical guidelines should be followed,
our study provides unique data on the ability of the
study biomarkers to differentiate IS subtypes. Significant
differences were particularly evident in t-PA levels between
lacunar IS and other subtypes of IS, which may reflect the
characteristics of microvascular pathogenesis. These findings
are supported by literature indicating that different IS
subtypes are characterized by different patterns of hemostatic
system activation [7, 29]. All of the above suggest the need
for personalized, optimized, and pathogenetically confirmed
(for changes in hemorheology and hemostasis) therapy
aimed at restoring blood flow properties (hemorheology)
and improving vascular wall function. This therapy should
be intended to treat existing thrombotic events and prevent
new ones.

This study has some important limitations that should be
considered when interpreting the results. A relatively small
sample size can lead to overfitting of the model and decreased
accuracy of parameter estimates in multivariate regression
analysis. Therefore, the obtained regression coefficients
require careful interpretation. The retrospective design
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