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ABSTRACT

Background Ischemic stroke occurs when a thrombus blocks a cerebral artery, and an important component is the fibrin clot.
Different plasma fibrinogen variants have been associated with stroke risk in type 2 diabetes (T2D). We hypothesized that in
vitro fibrin clot characteristics are associated with stroke risk and correlate with fibrinogen variants.

Objective To investigate the association of fibrin clot characteristics with risk of ischemic stroke in T2D and the correlation of
fibrinogen variants with clot characteristics.

Methods In a nested case-control study with a median follow-up of 4.1 years, we included 144 T2D patients with ischemic
stroke (cases) and 144 matched T2D patients without ischemic stroke (controls). Clot formation (velocity [Vmax], maximum
absorbance [MA], overall hemostasis potential [OHP]), lysis, and structure (fiber density, diameter) were analyzed by
turbidimetry. Clot characteristics were compared between cases and controls using a Mann–Whitney test and associated
with stroke risk using conditional logistic regression to determine associations with stroke risk. Spearman’s rank correlation was
used to determine correlations between clot characteristics and fibrinogen variants (fibrinogen αE, fibrinogen γ′, and sialylated
fibrinogen).

Results Fibrin fiber density at baseline was significantly lower in future stroke cases (4.2 [3.7–4.7] �1022 Da/cm3) than in
controls (4.5 [4.0–4.9] �1022 Da/cm3), p: 0.01. Moreover, patients in the highest versus lowest tertile of fiber density had an
adjusted OR for ischemic stroke of 0.7 (95% CI: 0.3–1.5). Patients with higher Vmax, MA, OHP, and fiber diameter all had ischemic
stroke ORs around 1.5, yet the limited statistical precision of the estimates hampered firm conclusions. Absolute, but not
relative, levels of fibrinogen variants correlated with clot characteristics.

Conclusion In our study, turbidimetric fibrin clot characteristics were not convincingly associated with ischemic stroke in T2D.
Absolute levels of fibrinogen variants correlated consistently with clot characteristics.
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Introduction

Type 2 diabetes (T2D) affects 6.3% of the world’s population,1 and
these patients have a 40% higher risk of ischemic stroke than
healthy individuals.2 Patients who survive ischemic stroke are
often left disabled and have an increased risk of stroke recur-
rence.3 Several environmental and genetic risk factors for stroke
are known.4 However, not much is known about triggers for
ischemic stroke inT2D patients, and identifying these triggers will
provide biomarkers that will be valuable tools for predicting stroke
development.

Ischemic stroke occurs when a thrombus blocks a cerebral
artery. Ischemic stroke can be either transient or permanent, and
the thrombus can be formed in the brain itself (thrombotic stroke)
or carried to the brain from elsewhere in the body (thromboem-
bolic stroke).5 An important component of the thrombus is the
fibrin network. Its formation involves the conversion of fibrinogen
into fibrin when thrombin cleaves off fibrinopeptides A and B. The
exposed “knobs” on the fibrin monomer interact with “holes” on
another fibrin monomer, creating oligomers. These lengthen to
protofibrils, which aggregate and create fibrin fibers in a three-
dimensional fibrin network that stabilizes the thrombus.6 The

TH Open

Daugaard N et al. 2026; 10: a28023514. doi: 10.1055/a-2802-3514 © 2026. The Author(s). 1

Accepted Manuscript online: 2026-02-03   Article published online: 2026-02-24

https://orcid.org/0000-0002-4691-4487
https://orcid.org/0000-0003-0912-2437
https://orcid.org/0000-0001-9135-3474
https://orcid.org/0000-0001-7749-334X
mailto:TH OpenTH Open2512-94652512-9465Georg Thieme Verlag KGOswald-Hesse-Stra&x00DF;e 50, 70469 Stuttgart, Germany10.1055/a-2802-3514THOpen-25-09-0029a28023514Original ArticleenAssociation of Fibrin Clot Characteristics with Development of Ischemic Stroke in Patients with Recently Diagnosed Type 2 DiabetesDaugaardNicoline1230000-0002-4691-4487BladbjergElse-Marie120000-0003-0912-2437SvaneHeleneM. L.4ThomsenReimarW.40000-0001-9135-3474NielsenJensS.35de MaatMoniekP. M.1260000-0001-7749-334XM&x00FC;nsterAnna-MarieB.12Department of Clinical Diagnostics, Unit for Thrombosis Research, Section of Clinical Biochemistry, University Hospital of Southern Denmark, Esbjerg, DenmarkDepartment of Regional Health Research, University of Southern Denmark, Esbjerg, DenmarkSteno Diabetes Center Odense, Odense University Hospital, Odense, DenmarkDepartment of Clinical Epidemiology, Aarhus University and Aarhus University Hospital, Aarhus, DenmarkDepartment of Clinical Research, University of Southern Denmark, Odense, DenmarkDepartment of Hematology, Cardiovascular Institute, Erasmus MC, University Medical Center Rotterdam, Rotterdam, the NetherlandsCorrespondenceNicoline Daugaard, MSc, PhDUnit for Thrombosis Research, Section of Clinical Biochemistry, Department of Clinical Diagnostics, University Hospital of Southern DenmarkFinsensgade 35, 6700 EsbjergDenmarknicoline.daugaard@rsyd.dk03022026002026100000002309202531012026Conflict of InterestR.W.T. and H.S. are affiliated with the Department of Clinical Epidemiology, which is involved in studies with funding from various companies in the form of research grants to and administered by Aarhus University. None of these grants is related to the present study. J.S.N. is currently employed by Sanofi Danmark A/S. However, Sanofi Danmark A/S had no role in the design, preparation, writing, or decision to publish this article.The Author(s). This is an open access article published by Thieme under the terms of the Creative Commons Attribution-NonDerivative-NonCommercial License, permitting copying and reproduction so long as the original work is given appropriate credit. Contents may not be used for commercial purposes, or adapted, remixed, transformed or built upon. (https://creativecommons.org/licenses/by-nc-nd/4.0/)2026The Author(s).AbstractBackgroundIschemic stroke occurs when a thrombus blocks a cerebral artery, and an important component is the fibrin clot. Different plasma fibrinogen variants have been associated with stroke risk in type 2 diabetes &x0028;T2D&x0029;. We hypothesized that in vitro fibrin clot characteristics are associated with stroke risk and correlate with fibrinogen variants.ObjectiveTo investigate the association of fibrin clot characteristics with risk of ischemic stroke in T2D and the correlation of fibrinogen variants with clot characteristics.MethodsIn a nested case-control study with a median follow-up of 4.1 years, we included 144 T2D patients with ischemic stroke &x0028;cases&x0029; and 144 matched T2D patients without ischemic stroke &x0028;controls&x0029;. Clot formation &x0028;velocity [Vmax], maximum absorbance [MA], overall hemostasis potential [OHP]&x0029;, lysis, and structure &x0028;fiber density, diameter&x0029; were analyzed by turbidimetry. Clot characteristics were compared between cases and controls using a Mann&x2013;Whitney test and associated with stroke risk using conditional logistic regression to determine associations with stroke risk. Spearman&x0027;s rank correlation was used to determine correlations between clot characteristics and fibrinogen variants &x0028;fibrinogen &x03B1;E, fibrinogen &x03B3;&x2032;, and sialylated fibrinogen&x0029;.ResultsFibrin fiber density at baseline was significantly lower in future stroke cases &x0028;4.2 [3.7&x2013;4.7] &x00D7;1022 Da/cm3&x0029; than in controls &x0028;4.5 [4.0&x2013;4.9] &x00D7;1022 Da/cm3&x0029;, p: 0.01. Moreover, patients in the highest versus lowest tertile of fiber density had an adjusted OR for ischemic stroke of 0.7 &x0028;95&x0025; CI: 0.3&x2013;1.5&x0029;. Patients with higher Vmax, MA, OHP, and fiber diameter all had ischemic stroke ORs around 1.5, yet the limited statistical precision of the estimates hampered firm conclusions. Absolute, but not relative, levels of fibrinogen variants correlated with clot characteristics.ConclusionIn our study, turbidimetric fibrin clot characteristics were not convincingly associated with ischemic stroke in T2D. Absolute levels of fibrinogen variants correlated consistently with clot characteristics.Keywordsdiabetes mellitustype 2fibrinfibrinogenischemic strokeNovo Nordisk FoundationRegion SyddanmarkKarola J&x00F8;rgensens Research FoundationFunding Information This work was supported by a grant from Steno Diabetes Center Odense &x0028;funded by the Novo Nordisk Foundation&x0029;, Region Syddanmark, and Karola J&x00F8;rgensens Research Foundation. The funding sources were not involved in the study.


thrombus is later digested by plasmin in the fibrinolysis process,
which will restore blood flow.7

The potential of fibrinogen to form a fibrin clot can be
measured in vitro by adding thrombin to a plasma sample, and
in this analysis, fibrin fiber polymerization, clot structure, and clot
lysis characterize the fibrin clot. These fibrin clot characteristics are
interesting biomarkers in the understanding of the development
of ischemic stroke and T2D.8–10 Clots from patients with acute
ischemic stroke were reported as denser, less porous, with thicker
fibers, and with prolonged lysis times compared with clots from
healthy controls.11,12 Fibrin clots from T2D patients show more
branching, higher density, and reduced permeability compared to
clots from healthy controls.13,14 Fibrin polymerization velocity was
also reduced in plasma from T2D patients compared to that in
nondiabetic subjects.15 Plasma studies have shown that clot
permeability and lysis rate were improved by glycemic control
and decreased fibrinogen glycation.16 Both well-controlled and
poorly controlled diabetes patients had elevated glycation of
fibrinogen,17 and it has been speculated that this glycation causes
changes in the fibrin network structure. It is also reported that
both plasma with glycated fibrinogen and in vitro glycation of
fibrinogen show reduced rates of fibrin polymerization compared
to normal fibrinogen.15

It is well known that the concentration of total fibrinogen
determines fibrin clot characteristics,18,19 but also the isoforms
fibrinogen αE,20 fibrinogen γ′,21 and sialylated fibrinogen22–25

have been associated with properties of the fibrin network in
purified systems. We have shown that fibrinogen and these three
fibrinogen variants were associated with the development of
ischemic stroke in T2D.26 We therefore hypothesized that fibrin
clot characteristics are associated with the risk of ischemic stroke
in recently diagnosed T2D patients, and that the three fibrinogen
variants correlate with measures of clot characteristics in T2D
patients. We investigated this in a case-control study nested in a
large prospective cohort study of patients with recently diagnosed
T2D that we followedwith respect to the development of ischemic
stroke.

Materials and Methods
Ethics
The Regional Ethics Committee in the Region of Southern
Denmark approved the project (project ID S-20200028), and a
data processing agreement (13/11,544) was accepted byDD2 and
University Hospital of Southern Denmark, Esbjerg. Informed
consent was signed by the study participant at DD2 enrollment.

Study Design and Participants
Stroke Cases and Controls Within a Diabetes Cohort
The study is described in detail elsewhere.26 In brief, the design is a
nested case-control study using data from the Danish Centre for
Strategic Research in Type 2 Diabetes (DD2). DD2 is an ongoing
nationwide cohort, including patients recently diagnosed with
T2D. At enrollment in DD2, baseline data and plasma samples are
collected.27,28 Patients in this nested case-control study were
enrolled in DD2 from 2010 to 2017 and were followed prospec-
tively through different registries29 for a median of 4.1 years

(25–75 percentile 2.7–5.1) with respect to the development of
ischemic stroke. Stroke patients were recently diagnosedwith T2D
and excluded if they more than 4 years before DD2 enrollment:
were diagnosed with T2D, had redeemed a glucose-lowering
drug, or had been enrolled in the Danish Diabetes Database for
Adults (DDDA) database. They were also excluded from the study
if they had cancer or atrial fibrillation (AF) less than 1 year before
enrollment, or were treated with anticoagulants less than
100 days before DD2 enrollment. Each DD2 stroke case was
matched with a DD2 diabetes control with no history of stroke.
Matching was performed on the date of the first stroke (index
date), based on age (�1 year), sex, and date of DD2 enrollment
(�1 year). The diabetes control had to be alive and enrolled in the
DD2 database on the index date. In total, 153 first-ever ischemic
stroke patients and 153 matching diabetes controls were eligible
for baseline plasma analysis. Due to lack of citrate plasma in nine of
the study subjects, 144 complete matched pairs of stroke cases
and diabetes controls were available for analysis in the present
study (Fig. 1).

Table 1 presents previously published characteristics of T2D
patients and levels of total fibrinogen and three fibrinogen variants
(fibrinogen αE, fibrinogen γ′, and sialylated fibrinogen) measured
at DD2 enrollment.26 Results relevant for the present study show
that baseline hemoglobin A1c (HbA1c), waist-hip ratio (WHR), and
presence of microvascular complications were higher among
stroke cases than diabetes controls. Stroke cases were more
physically inactive, and more cases were smokers and had prior
cardiovascular disease (CVD) comorbidity, although not statisti-
cally significant from the diabetes controls. Levels of total fibrino-
gen and fibrinogen variants were higher in stroke cases than in
diabetes controls, but the ratio between each of the fibrinogen
variants and total fibrinogen (relative level) did not differ between
cases and controls.

Blood Sampling
Blood samples were collected from DD2 participants at their
clinical enrollment visit, in the fasting state, and before intake of
anymedication. Venous blood was drawn in two 2.7mL trisodium
citrate tubes (0.109M Na3-citrate) and centrifuged for 10minutes
at room temperature at 1,500 to 2,000� g within 2 hours after
collection. Plasma was aliquoted and mailed overnight at ambient
temperature to a central biobank, where the samples were stored
at �80°C until analysis.28

Fibrin Clot Characteristics
The formation of plasma fibrin clots was analyzed in vitro by
turbidity measurements as described by Sjøland et al, with slight
modifications.8 In brief, plasma was mixed with thrombin (1.0
IU/mL) and CaCl2 (15mmol/L; final concentrations) in a 96-well
microplate (Thermo Fisher Scientific, Roskilde, Denmark) in order
to initiate fibrin polymerization. At the same time, in different
wells, tissue-type plasminogen activator (tPA; 300 ng/mL, final
concentration) was added to initiate internal lysis. Fibrin clot
formation and lysability were determined using turbidity-based
methods, measuring optical density (OD) at 340 nm every 15 sec-
onds for 30minutes at 25°C on a Sunrise absorbance microplate
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reader (Tecan Group Ltd., Männedorf, Switzerland). A clot-lysis
curve was created from which the following variables were
obtained (Fig. 2): slope of the steepest part of the curve (Vmax,
reflects velocity of protofibril aggregation),30 maximum absor-
bance as the difference between the highest point on the lysis
curve and absorbance value at time¼ 0 (MA, reflects peak fibrin
concentration),31 percentage of clot breakdown after 30minutes
(clot lysis, reflects the activity of fibrinolysis and refers to the
reduction in OD relative to that of a clot produced without tPA).
Finally, overall hemostasis potential (OHP) reflects the balance
between fibrin generation and degradation.32 OHP is calculated
by the trapezoid method as the area under the lysis curve.

The microplate was sealed and stored overnight at 25°C. To
investigate fibrin clot structure, ODwas read at 340, 405, 540, 608,
and 690nm, and fiber mass density and fiber diameter were
calculated according to Carr et al.9,10 Previous testing in our
laboratory showed that 4hours and overnight incubation resulted
in clots with similar fiber diameter and density, and overnight
incubationwas chosen for logistical reasons. Inter-assay coefficients
of variation of the clot-lysis variables were 12% for Vmax, 3% for MA,
15% for clot lysis, and 7% for OHP, fiber diameter, and fiber density.

Other Measurements
Methods and registries for the determination of previously
reported enrollment characteristics, including total fibrinogen
and fibrinogen variants (fibrinogen αE, fibrinogen γ′, and sialylated
fibrinogen; Table 1), are described elsewhere.26

Statistics
Baseline fibrin clot characteristics in stroke cases (n¼144) and
matched diabetes controls (n¼ 144) are presented as medians
(25–75 percentiles) and were compared with a Mann–Whitney
test. For each clot characteristic of interest (Vmax, MA, clot lysis,
OHP, diameter, and density), subjects were divided into tertiles of
that clot characteristic in the diabetes controls, and conditional
logistic regression was used to estimate crude and adjusted odds
ratio (OR) of stroke risk for study subjects with exposure values in
the middle and upper tertile, relative to study subject with
exposure values in the lower tertile. Based on a directed acyclic
graph,26 results were adjusted for the potential confounders
smoking, high blood pressure, CVD, WHR, HbA1c, physical activi-
ty, and alcohol consumption. Lipids and CRP were considered
mediators, that is, factors that could be part of the mechanisms
linking fibrin clot characteristics to stroke, and were therefore not
included as confounders. Microvascular complications were not
considered a confounder, since they are not a causal risk factor for
stroke. Furthermore, microvascular complications are strongly
driven by HbA1c and overweight, which were both included as
confounders. Statistical Analysis System 9.4 was used for all
analyses of baseline characteristics and ORs. Missing data were
addressed by including a subcategory “unknown” in the analyses.

Correlations between fibrinogen variants (fibrinogen αE, fibrin-
ogen γ′, and sialylated fibrinogen) and fibrin clot characteristics
(Vmax, MA, clot lysis, OHP, diameter, and density) in stroke cases
and diabetes controls were assessed using Spearman’s rank
correlation coefficient (rS) due to predominantly nonnormally

Fig. 1 Flowchart of selection of 144 cases with ischemic stroke and 144 matched diabetes controls, reproduced with permission from Journal of
Thrombosis and Haemostasis.26 DD2, Danish Centre for Strategic Research in Type 2 Diabetes; DDDA, Danish Diabetes Database for Adults.
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Table 1 Enrollment characteristics and fibrinogen levels of T2D patients in cases (with stroke) and controls (without stroke)

Variables Cases (n¼144) Controls (n¼144) p-Value

Age at DD2 enrollment (y) 66.0 (60.0–73.0) 66.5 (60.0–73.0) 0.99

Time from diabetes to DD2 enrollment (mo) 11.0 (3.0–25.5) 8.0 (2.0–22.0) 0.12

Sex (female) 63 (43.8) 63 (43.8) 1.00

WHR (women/men) <0.001

Low: �0.80 � 0.95 cm 16 (11.1) 18 (12.5)

Moderate: 0.81–0.85/0.96–1.00 cm 14 (9.7) 39 (27.1)

High: >0.85> 1.00 cm 114 (79.2) 87 (60.4)

BMIab (kg/m2) 30.1 (26.2–33.8) 29.7 (26.3–33.9) 0.95

Alcohol intake (women/men) 1.00

<14 units/21 units weekly 133 (92.4) 133 (92.4)

>14 units/21 units weekly 11 (7.6) 11 (7.6)

Physical activity in the year prior to enrollment 0.14

Mainly sedentary 22 (15.3) 16 (11.1)

Light exercise at least 4 h/wk 97 (67.4) 90 (62.5)

Moderate/heavy exercise at least 4 h/wk 25 (17.4) 38 (26.4)

Smokingab 0.33

Smokes daily/occasionally 25 (22.7) 15 (15.2)

Ex-smoker 41 (37.3) 37 (37.4)

Never smoked 44 (40.0) 47 (47.5)

HbA1cab (%) 6.6 (6.2–7.2) 6.4 (6.0–6.8) 0.03

Blood glucoseab (mmol/L) 7.1 (6.5–8.3) 7.3 (6.7–8.1) 0.50

High BP (systolic> 140 or diastolic> 90mmHg) 0.49

No 70 (60.9) 68 (65.4)

CRP (mg/L) 2.3 (1.0–4.8) 1.9 (0.7–3.4) 0.04

Total cholesterolc (mmol/L) 4.4 (3.9–5.3) 4.7 (3.6–5.6) 0.49

LDL cholesterolc (mmol/L) 2.3 (1.7–2.8) 2.1 (1.6–2.8) 0.54

HDL cholesterolc (mmol/L) 1.3 (1.0–1.6) 1.3 (1.0–1.5) 0.74

Triglyceridesc (mmol/L) 1.7 (1.2–2.2) 1.5 (1.1–2.2) 0.45

Antidiabetic drugs 123 (85.4) 114 (79.2) 0.16

Insulin 8 (5.6) 7 (4.9) 0.79

Metformin 121 (84.0) 112 (77.8) 0.18

Lipid-lowering drugs 106 (73.6) 105 (72.9) 0.89

Statins 106 (73.6) 105 (72.9) 0.89

Acetylsalicylic acid 53 (36.8) 58 (40.3) 0.54

NSAIDs 109 (75.7) 109 (75.7) 1.00

Any CVD (IHD, atherosclerosis, HF, or VTE) 42 (29.2) 31 (21.5) 0.14

Microvascular complications 29 (20.1) 13 (9.0) <0.01

Total fibrinogen (g/L) 3.55 (3.13–4.14) 3.44 (2.90–3.90) 0.04

Fibrinogen αE (µg/mL) 8.95 (7.65–11.15) 8.55 (6.90–10.65) 0.06

Fibrinogen αE (% of total) 0.26 (0.22–0.31) 0.25 (0.21–0.29) 0.63

Fibrinogen γ′ (µg/mL) 638 (556–768) 626 (480–764) 0.27
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distributed variables. GraphPad Prism version 10.2.3 (GraphPad
Software) was used, and p<0.05 was considered statistically
significant.

Results
Fibrin Clot Characteristics at Enrollment
The fibrin fiber density in clots made from plasma of stroke cases
was significantly lower than in diabetes controls (4.2 [3.7–4.7] vs.
4.5 [4.0–4.9]�1022 Da/cm3, p-value: 0.01). The remaining clot
variables were comparable between the two groups (Fig. 3).

Fibrin Clot Characteristics and Stroke Risk
Fig. 4 presents the ORs of ischemic stroke risk for T2D patients
based on tertiles of clot characteristics. Overall, 95% CIs for the
observed crude and adjusted ORs were relatively broad and most
often included 1.0, denoting limited precision of risk estimates
and association results that only reflected tendencies. Adjusted
ORs showed that Vmax, MA, OHP, and fiber diameter were
associated with a tendency of increased stroke risk in both the
middle and highest tertiles, with ORs of 1.6 (95% CI: 0.7–3.3) and

1.3 (0.6–2.9) for Vmax and higher yet imprecise ORs of 1.9 (0.9–
3.8) and 1.5 (0.7–3.1) for MA, 1.7 (0.8–3.4) and 1.5 (0.7–3.1) for
OHP, and 1.4 (0.7–3.0) and 1.4 (0.6–3.2) for fiber diameter.
Adjusted ORs for fiber density and clot lysis were associated
with a tendency toward reduced stroke risk in both the middle
and highest tertiles, with ORs of 0.7 (0.4–1.3) and 0.7 (0.3–1.5)
for fiber density and 1.0 (0.5–1.9) and 0.6 (0.3–1.5) for clot lysis.
Crude and adjusted estimates did not differ much (Fig. 4).

Correlations Between Fibrinogen Variants and Fibrin
Clot Characteristics
Overall, we observed moderate to strong consistent correlations
of fibrinogen and absolute levels of fibrinogen variants with fibrin
clot characteristics in stroke cases and diabetes controls, while
relative levels of fibrinogen variants did not correlate with clot
characteristics (Supplementary Table S1).

There were positive correlations of fibrinogen and absolute
levels of sialylated fibrinogen with MA, Vmax, OHP, and diameter,
and negative correlations with clot lysis and density in both study
groups. The correlations of absolute levels of fibrinogen γ′ and
fibrinogen αE with fibrin clot characteristics showed the same
pattern, although less strong with lower rS values, and were
stronger in stroke cases and diabetes controls than in blood
donors for MA, OHP, diameter, and density.

The correlations between MA and absolute and relative levels
of the three fibrinogen variants are visualized in Fig. 5 as an
example.

Discussion
This nested case-control study included patients with newly
diagnosed T2D, followed prospectively for stroke development.
Baseline fibrin clot characteristics were compared between 144
pairs of diabetes patients with stroke and their matched controls
without stroke, and the OR was used to describe the relationship
with risk of ischemic stroke. Correlations between fibrinogen
variants and fibrin clot characteristics were also investigated.
Our main results are that baseline fiber density was lower in

Table 1 (Continued)

Variables Cases (n¼144) Controls (n¼144) p-Value

Fibrinogen γ′ (% of total) 18.0 (15.6–20.7) 18.1 (15.2–20.3) 0.87

Sialylated fibrinogen (AU) 1.32 (1.16–1.50) 1.18 (1.06–1.45) <0.01

Sialylated fibrinogen (AU/[g/L]) 0.37 (0.34–0.40) 0.36 (0.33–0.39) 0.22

Abbreviations: AU, arbitrary unit; BMI, body mass index; BP, blood pressure; CRP, C-reactive protein; CVD, cardiovascular disease; DD2, Danish Centre for
Strategic Research in type 2 diabetes; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; HF, congestive heart failure; IHD, ischemic heart disease;
atherosclerosis as diagnosed with ICD-code-I70; LDL, low-density lipoprotein; NSAIDs, nonsteroidal anti-inflammatory drugs; T2D, type 2 diabetes; VTE, venous
thromboembolism; WHR, waist-hip ratio.
Note: Data are presented as median (25–75 percentiles) or counts (percentages). Baseline characteristics and fibrinogen levels were previously reported in
Daugaard et al.26
aFor cases only available in 65% (blood glucose), 86% (BMI), 72% (smoking), and 76% (HbA1c).
bFor diabetes controls, only available in 68% (blood glucose), 88% (BMI), 65% (smoking), and 69% (HbA1c).
cMeasurements available for n¼ 65 to 112.

Fig. 2 Clot-lysis curve and the derived variables. The dotted line
represents the coagulation curve, and the solid line represents the lysis
curve. AUC, area under the curve; MA, maximum absorbance; OD,
optical density; OHP, overall hemostasis potential.
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Fig. 3 Fibrin clot characteristics at baseline in T2D patients presented as a scatter dot plot. Stroke cases (n¼144) are shown as red dots and
diabetes controls (n¼144) are shown as black squares, with a horizontal blue line as the median. (A) Vmax, (B) maximum absorbance, (C) clot lysis,
(D) overall hemostasis potential (OHP), (E) diameter, and (F) fiber density.

��p � 0.01. The following outliers are removed from controls: fiber
density 13.3 and 13.2�1022 Da/cm3, and from cases: fiber density 9.4, 9.7, and 16.2�1022 Da/cm3, and fiber diameter 0.31 µm. OD, optical
density.

Fig. 4 Forest plot of odds ratios for stroke risk for T2D patients based on fibrin clot characteristics. OR is presented with (95% confidence intervals)
and as crude and adjusted for smoking, high blood pressure, CVD (ischemic heart disease, atherosclerosis, congestive heart failure, and venous
thromboembolism), WHR, HbA1c, physical activity, and alcohol consumption. Grey bars represent odds ratios in the second tertile and black bars
the third tertile (compared to the first tertile). Lowest tertile: Vmax: 0.34 to 0.77 OD/minute; MA: 0.32 to 0.68 OD; clot lyse: 1 to 39.2%; OHP: 33.0 to
68.2 OD

�
minute; fiber diameter: 0.06 to 0.13 µm; fiber density: 2.6 to 4.1�1022 Da/cm3. Middle tertile: Vmax: 0.77 to 0.98 OD/minute; MA: 0.68 to

0.83 OD; Clot lyse: 39.2 to 51.9%; OHP: 68.2 to 86.8 OD
�
minute; fiber diameter: 0.13 to 0.14 µm; fiber density: 4.1 to 4.8�1022 Da/cm3. Highest

tertile: Vmax: 0.98 to 1.81 OD/minute; MA: 0.83 to 1.44 OD; clot lyse: 51.9 to 85.6%; OHP: 86.8 to 159.7 OD
�
minute; fiber diameter: 0.14 to 0.31 µm;

fiber density: 4.8 to 16.2�1022 Da/cm3. MA, maximum absorbance; OD, optical density; OHP, overall hemostasis potential.
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stroke cases than in diabetes controls and tended to be
negatively associated with risk of stroke development. Vmax,
MA, OHP, and fiber diameter at baseline tended to be positively
associated with the risk of developing ischemic stroke in
T2D patients. We observed a consistent association between
absolute, but not relative, levels of fibrinogen variants and clot
properties.

As reported in the literature, fibrin clots made in vitro from
plasma of patients with acute ischemic stroke produced denser
fibrin clots than healthy controls, as measured by fibrin clot
compaction and permeability.12,33 In addition, it was suggested
by scanning electron microscopy (SEM) experiments on in vitro
clots from five stroke patients that fibrin clot density was higher
compared to controls.34 The three mentioned studies all reported
on fibrin clot density, whereas in our study, we measured fibrin
fiber density. Clot density and fiber density do not necessarily
correlate, since the fibers within a clot may be different from the
clot as a whole. It is therefore important to distinguish between
these two variables when comparing results.

Our results indicated that plasma from recently diagnosed
T2D patients who later develop stroke produces clots with lower
fiber density than plasma from diabetes controls. These clots
with less dense fibers might have an increased risk of emboliza-
tion, giving rise to future thrombi and stroke. This is in accor-
dance with results showing that clots formed from AF patients
with previous stroke had higher lysability than clots from AF
patients without previous stroke,35 although we could not
confirm effects on clot lysis in the present study. Overall, this

suggests that low fiber density in the years prior to stroke
increases the risk of ischemic stroke.

The tendency of positive association between fiber diameter
and stroke risk observed in our study can be explained by the fact
that thick fibers in a permeable network degrade more easily than
thin fibers in a dense network due to increased permeability and
availability and binding of fibrinolytic enzymes to the fiber
surface,36 thereby increasing the risk of embolization. We ob-
served a weak association between baseline MA and future stroke
risk, which is in line with reported correlations between MA and
both fiber diameter and fibrinogen concentration.31 In other
studies, MA was reported to be higher in the acute phase of
ischemic stroke12 and in the convalescent phase after stroke34

compared to controls.
We have previously shown that absolute, but not relative,

levels of three fibrinogen isoforms (fibrinogen αE, fibrinogen γ′,
and sialylated fibrinogen) are associated with risk of ischemic
stroke in recently diagnosed T2D patients.26 One of our study
aims was therefore to investigate the correlation between
these three fibrinogen isoforms and fibrin clot characteristics.
Correlation analyses showed consistent associations between
absolute, but not relative, levels of the fibrinogen variants and
all measured clot characteristics in stroke cases and diabetes
controls. This may indicate that high plasma levels of naturally
occurring fibrinogen variants produce more pro-thrombotic
fibrin clots.

Until now, the relation between fibrinogen variants and fibrin
clot characteristics has been investigated in purified systems

Fig. 5 Correlations (rs) between absolute and relative levels of fibrinogen variants andmaximum absorbance (MA) visualized as scatterplots. (A, B)
fibrinogen γ′, (C, D) fibrinogen αE, (E, F) sialylated fibrinogen. Stroke cases (n¼144) are shown as red dots, and diabetes controls (n¼144) are
shown as black squares.
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comparing the variants with normal fibrinogen.20,21,23,37,38 Thus,
fibrinogen αE showed reduced fibrin polymerization rate (Vmax)
compared to normal fibrinogen, when analyzed by turbidity
measurements. Moreover, Mosesson et al used SEM imaging to
detect thinner fibrin fibers made of fibrinogen αE compared with
fibers made of normal fibrinogen.20 These effects could be
explained by the lack of a negatively charged polymerization
pocket in fibrinogen αE.39 Cooper et al showed that clots made
of purified fibrinogen γ′ had reduced fibrin fiber diameter, high
density, reduced polymerization rate, and decreased MA com-
pared with the more common isoform γ/γ fibrinogen.21

In vitro studies have shown decreased MA and either higher37

or lower38 fiber density in clots made of purified fibrinogen with a
high content of sialic acids compared to clots made of fibrinogen
with a low content of sialic acids. Clots made of fibrinogen
depleted of sialic acids had a higher fiber diameter compared to
normal fibrinogen.23 Further, it has been suggested that sialic acids
lead to increased net negative charge of fibrinogen and thereby
increased electrostatic repulsive forces between fibrin monomers,
resulting in prolonged fibrin polymerization rate.22,24,25

Overall, we expected these variant-specific effects observed in
purified systems to be reflected in the associations between
relative variant levels and clot properties in plasma. However,
only the absolute variant levels are significantly with clot proper-
ties. The reason for these contradictory results is unknown, but it
illustrates that it is difficult to compare in vitro studies of purified
proteins with in vivo studies of plasma. The observed associations
might simply reflect well-known associations between total fi-
brinogen and clot properties.

One of the methodological strengths of this study is that T2D
patients were followed prospectively in Danish registries, allowing
full follow-up of all participants, and stroke cases were matched
with diabetes controls. Participants were recently diagnosed with
T2D (<4 years before study inclusion), leaving the metabolic
disturbances in the body at aminimum. Despite the obvious need,
no standard approach is available for turbidity measurements.
However, it is recommended that operators are well trained and
that tPA is added just prior to the addition of thrombin and CaCl2
to avoid inactivation of tPA by inhibitors.40 These suggestions
were met in this study, since one experienced technician per-
formed the turbidity measurements by following the protocol
from Sjøland et al with modifications.8

The study also has limitations. During the years 2010 to 2021,
most plasma samples in DD2 were mailed overnight at ambient
temperature to the biobank due to logistical reasons in the
nationwide DD2 setup.28 According to the Clinical and Laboratory
Standards Institute, plasma stored for more than 4hours should
be frozen.41 We performed a pilot study (n¼10) and found that
storage of plasma overnight at room temperature did not affect
the variables of the fibrin clot characteristics, except thatMA levels
were significantly reduced (median reduction of 4.2%; Supple-
mentary Table S2). This indicates that lower levels of MA are
reported in this study than if the samples were handled according
to CLSI. We previously reported a similar effect on fibrinogen αE.26

In addition, plasma samples were only centrifuged once (platelet-
poor plasma), with the risk of release of plasminogen activator

inhibitor type 1 (PAI-1) from platelet remnants into plasma.
However, plasma levels of PAI-1 are most likely not of major
importance for our results due to the high concentration of t-PA
added to induce clot lysis. Thus, even though samples from cases
and controls were, on average, handled identically, we cannot rule
out that overnight storage and single centrifugation of plasma
might have affected the results. Further, degradation of fibrinogen
and measures of fibrin clot properties during freezing for up to
15 years cannot be ruled out, as long-term stability of these
variables has never been tested. However, a potential effect will be
comparable in both groups. The sample size calculation was based
on plasma fibrinogen γ′ as described elsewhere.26 We may have
made type II errors in the interpretation of the results for fibrin clot
properties, and we did not perform subgroup analyses in, for
example, patients with thromboembolic stroke or in women and
men separately. Finally, the amount of plasma was very limited,
and confirmation of the findings by additional methodology was
not possible.

Conclusion
Fiber density was lower in patients with T2D who, over the next
few years, developed stroke compared to matched diabetes
controls, who did not develop stroke. Fiber density tended to
be negatively associated with risk of ischemic stroke, while Vmax,
MA, OHP, and fiber diameter tended to be positively associated
with risk of ischemic stroke. In our study, including 144 stroke
cases and 144 matched diabetes controls, fibrin clot character-
istics assessed by turbidimetry were not clear and convincing
predictors of future ischemic stroke in recently diagnosed patients
with T2D, and larger studies are needed. Total fibrinogen and
absolute, but not relative, levels of the three fibrinogen variants,
fibrinogen αE, fibrinogen γ′, and sialylated fibrinogen correlated
with measures of clot characteristics in T2D patients.

What is Known About this Topic?

• Fibrin clot characteristics can be studied in vitro by turbidity
and can serve as biomarkers in the understanding of develop-
ment of ischemic stroke in e.g. patients with type 2 diabetes
(T2D)

• Fibrinogen variants associate with development of ischemic
stroke in T2D.

What Does this Paper Add?

• Fibrin fiber density tended to be negatively associated with
stroke risk in T2D

• The clot characteristics Vmax, MA, OHP and fiber diameter
tended to be positively associated with stroke risk in T2D

• Absolute levels of three fibrinogen variants correlated with clot
characteristics in T2D.
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