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ABSTRACT

Obesity is recognized as a pro-thrombotic condition, yet the extent of coagulation activation across biomarkers remains unclear.
This meta-analysis evaluates the impact of obesity on parameters—D-dimer, fibrinogen, plasminogen activator inhibitor-1
(PAI-1), von Willebrand factor (vWF), factor VIII (FVIII), and endogenous thrombin potential (ETP)—in children and adults.
Methods: Sixty-four studies comprising 59,503 individuals were analyzed. Plasma biomarker levels were compared between
non-obese and obese groups using standardized mean differences (SMDs), with subgroup analyses.

Results: D-dimer was significantly elevated in adults with obesity (SMD 1.36, 95% CI 0.47-2.25, p=0.003) and children with
obesity (SMD 0.77, 95% CI 0.19-1.36, p=0.009), indicating increased fibrin turnover. Fibrinogen levels were markedly higher in
both adults (SMD 1.17, 95% CI 0.14-2.20, p=0.03) and children (SMD 1.43, 95% CI 0.93-1.92, p <0.0001). PAI-1 showed the most
pronounced increase in adults (SMD 2.30, 95% CI 0.1.51-3.09, p < 0.0001) and children (SMD 3.54, 95% CI 1.65-5.43, p=0.0002).
FVIII levels were modestly elevated (SMD 0.52, 95% CI 0.10-0.94, p=0.02), whereas VWF levels showed inconsistent changes.
ETP was significantly higher in obesity, in children (SMD 1.06, 95% CI 0.24-1.88, p=0.01) and adults (SMD 0.71, 95% CI 0.46-
0.97, p<0.0001). Gender-stratified data indicated higher PAI-1, fibrinogen, and ETP levels in females.

Conclusion: Obesity is associated with increased coagulation activation, suggesting a pro-thrombotic shift. These findings
support the need for age- and gender-specific research into obesity-related hemostatic alterations.

1 | Introduction and worldwide, with the associated burden projected to esca-

late in the coming years [1]. Obesity is not only associated with
The global rise in obesity represents a major public health traditional cardiovascular risk factors—such as hypertension,
concern due to its adverse effects on quality of life and life ex- type 2 diabetes, and dyslipidemia—but also with a prothrom-
pectancy. Excess body weight is now recognized as one of the botic state driven by complex metabolic and inflammatory pro-
leading causes of death and disability both in the United States cesses [2].
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The accumulation of adipose tissue, particularly visceral fat,
has emerged as a key contributor to the pathogenesis of throm-
botic vascular diseases. Beyond mechanical and metabolic
impacts, adipose tissue functions as an endocrine organ with
secretory activity that influences vascular homeostasis and
hemostasis. Dysregulation of this secretory profile can alter
coagulation pathways and enhance thrombogenicity [2]. These
effects are mediated in part by adipocyte-derived cytokines and
coagulation-modifying proteins.

Obesity increases the levels of several procoagulant factors while
concurrently suppressing fibrinolytic activity, thereby promot-
ing a hypercoagulable state [3, 4]. Notably, sex-specific differ-
ences in coagulation responses to obesity have been reported.
For instance, the Hoorn Study demonstrated that obesity and
abdominal fat were associated with increased thrombin gener-
ation in women, but not in men, suggesting sexually dimorphic
effects of adiposity on coagulation [5, 6].

Among the key biomarkers of coagulation and fibrinolysis, D-
dimer reflects both fibrin formation and degradation, serving as
a marker of thrombosis and fibrinolysis. Additionally, as inflam-
mation is typically associated with increased thrombogenicity,
D-dimer as well as other coagulation factors are associated with
inflammation. Elevated D-dimer levels have been consistently
observed in individuals with obesity, indicating ongoing coagula-
tion activation and enhanced fibrin formation and dissolution [7].

An important regulator of fibrinolysis is plasminogen activa-
tor inhibitor-1 (PAI-1), the primary inhibitor of tissue-type and
urokinase-type plasminogen activators (tPA and uPA). It is pro-
duced by multiple cell types including adipocytes, hepatocytes,
platelets, vascular smooth muscle cells, fibroblasts, and immune
cells. Under pathological conditions, tumor and inflammatory
cells also contribute to PAI-1 expression [8]. Elevated PAI-1 lev-
els in obesity may result from both genetic predisposition and
environmental or physiological factors such as inflammation,
hypoxia, age, BMI, and metabolic derangements. Increased
PAI-1 concentrations have been identified in individuals with
obesity compared with controls, implicating it as a mechanistic
link between adiposity and hypercoagulability [9].

An established marker of hypercoagulability is the endogenous
thrombin potential (ETP), which quantifies the capacity of
plasma to generate thrombin over time. It represents the area
under the thrombin generation curve and is particularly sensi-
tive to alterations in procoagulant and anticoagulant balance.
Priiller et al. demonstrated an association between trunk fat
obesity and increased ETP in asymptomatic adults [10]. Recent
advancements in thrombin generation assays now allow de-
tailed characterization of coagulation dynamics under varying
conditions, facilitating the assessment of how external factors,
including obesity, impact different components of the coagula-
tion cascade [11, 12].

In addition to adults, the adverse hemostatic effects of obesity
have also been observed in pediatric populations. Given that car-
diovascular risk factors often originate in childhood, early mani-
festations of altered hemostasis may have long-term implications.
Visceral adiposity in children has been associated with elevated
levels of fibrinogen, a key determinant of plasma viscosity and

erythrocyte aggregation. Elevated fibrinogen may impair micro-
circulatory flow, damage endothelium, and predispose to throm-
bosis [13, 14]. Importantly, fibrinogen levels have been shown to
decline in response to weight loss interventions such as caloric
restriction [15]. The biological mechanisms linking central obe-
sity to elevated fibrinogen likely involve hepatic synthesis stimu-
lated by pro-inflammatory cytokines—especially interleukin-6,
which is secreted in greater quantities by abdominal adipose tis-
sue in individuals with obesity [16, 17]. Other mechanisms may
include altered fibrinogen metabolism or clearance [18, 19].

Although the association of hypercoagulability with obesity has
been frequently proposed, a comprehensive evaluation of the
relationship between obesity and hemostatic activation is lack-
ing. Hence, we conducted a systematic review and meta-analysis
investigating obesity-associated alterations in six thrombosis-
related biomarkers: fibrinogen, D-dimer, PAI-1, von Willebrand
factor (VWF), factor VIII (FVIII), and endogenous thrombin po-
tential (ETP).

2 | Methods
2.1 | Search Strategy

Including data until February 2025, a comprehensive search
of worldwide web databases, including PubMed and Web of
Science, was conducted. The keywords utilized in the contin-
uous analysis were “obesity” OR “adiposity” AND “fibrinogen”
OR “thrombin” OR “D-dimer” OR “plasminogen activator in-
hibitor 1”7 OR “endogenous thrombin potential” OR “Factor
VIII” OR “von Willebrand Factor” OR “Factor VII” OR “Factor
XIIT” OR “Factor V" in addition to other pertinent keywords.
The search was performed using filters for “full text” or “free
full text.”

2.2 | Inclusion and Exclusion Criteria

The inclusion criteria were (1) studies assessing the levels of D-
dimer, fibrinogen, PAI-1, vVWF, FVIIL, ETP, FXIII, FVII, and FV
in obesity in children or adults. We excluded (1) studies without
a control group; (2) studies without standard deviation or cut-
offs or non-convertible units; (3) non-English articles; and (4)
letters, commentaries, case reports, conference abstracts, meta-
analyses, and reviews.

2.3 | Screening

Two reviewers (S.Z. and J.B.) independently reviewed titles and
abstracts for relevant articles based on inclusion and exclusion
criteria, after eliminating duplicates from the initial search. In
addition, manuscripts referenced in identified publications were
considered.

2.4 | Data Extraction

Using a data extraction sheet, two independent reviewers (S.Z.
and J.B.) extracted the following information from each study:
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(1) first author's name, publication year, and country of conduct;
(2) the demographic characteristics of the cases (sample size,
mean age, and gender distribution in each obese and control

group).

2.5 | Quality Assessment

The “Newecastle-Ottawa Quality Assessment Scale” (NOS) for
observational studies was used for the quality assessment of in-
cluded studies (https://www.ohri.ca/programs/clinical_epide
miology/oxford.asp). Two researchers (H.J.M. and J.B.) con-
ducted the quality evaluation individually and mainly included
the selection of cases, comparability of cohorts, and outcome
assessment. A score of 0-9 was assigned to each study. A study
with >6 was considered to be of high quality.

2.6 | Statistical Analysis

The meta-analysis was performed using RevMan 5.4 [20].
Heterogeneity was calculated by means of the inconsistency
index I? [21, 22]. Random effect meta-analysis was performed
to calculate the standardized mean difference (SMD) and 95%
confidence interval (CI). Whenever interquartile range was
mentioned instead of mean, the following formula was applied:
(Q3-Q1)/1349 [23].

2.7 | Publication Bias Assessment and Assay
Variability

Funnel plots and Egger's regression test were used to assess
publication bias when sufficient studies were available (>10)
[24]. Sensitivity analyses excluding studies with alternative or
unclear methods were conducted to assess the stability of the
results.

3 | Results

3.1 | Literature Search and Baseline
Characteristics of Included Studies

We included 6642 records from PubMed (n=2519, Figure 1)
and Web of Science (n =4123, Figure 1) based on the PRISMA
guidelines [25]. After removing 2267 (Figure 1) duplicates,
further records were excluded based on title and abstract
screening. We identified studies based on the following
criteria: studies related to outcome, English-written articles,
and studies including a suitable control group (Figure 1). We
included studies with the continuous variable “fibrinogen,”
“d-dimer,” “ETP,” “FVIIL,” “vWE,” or “PAI-1” in obesity (ran-
dom effect meta-analysis, Figure 1). Studies included were
conducted between 2002 and 2024 (Table 1). After thorough
review, 64 studies were found to be suitable for the present
analysis [7, 26-86].

All studies included in the meta-analysis were characterized re-
garding their study design, country of origin, number of partici-
pants, gender distribution, and age (Table 1). The overall risk of

bias is considered maximal moderate, as indicated by the high
NOS values throughout the studies (Table 2).

The included studies comprised overall 59,503 patients (56,992
adults and 2511 children) with obesity or normal weight. The
mean age of the adults was 44.7 years ranging from 24 to 73 years.
The mean age of children in included studies was 11.7 years and
well comparable (p=0.82, Figure S1). Studies were conducted in
Europe (n=37), North America (n=11), South America (n=3),
and Asia (n=38).

3.2 | Levels of Coagulation Activation Parameters
in Obesity

In 64 studies with overall 59,503 patients, the plasma levels
of biomarkers of coagulation activation D-dimer, fibrinogen,
PAI-1, vWF (antigen concentration), FVIII activity, or ETP were
analyzed and compared with controls in children or adults.
When applicable, subgroup analysis for gender-specific effects
was performed.

D-dimer levels were increased in adults (SMD 1.36, 95% CI
0.47-2.25, p=0.003, Figure 2) and in children (SMD 0.77, 95%
CI 0.19-1.36, p=0.009, Figure 2). When combining all 8 stud-
ies, D-dimer levels were elevated (SMD 1.05, 95% CI 0.53-1.57,
p<0.0001, Figure 2). The effect of obesity observed in children
versus adults indicates an at least partially different interaction
of obesity with the coagulation and inflammation system ac-
cording to age. Ceo 2012 is the only study in the adults which
showed a clear increase of D-dimer levels and also a study solely
investigating females in Brazil with a small cohort size [70]. A
low number of published manuscripts, especially targeting the
gender-specific aspect, was available. The heterogeneity among
the included studies was overall moderate to high in the groups
assessing D-dimer levels (I>=90%).

Like D-dimer, fibrinogen is associated with inflammation and
thrombosis [87]. As fibrinogen is a precursor of plasma D-dimer,
we next determined fibrinogen levels in relation to obesity. In
the pooled analyses of 43 studies assessing fibrinogen, fibrino-
gen levels were increased in adults (SMD 1.17, 95% CI 0.14-2.20,
p=0.03, Figure 3) and to a larger extend in children (SMD 1.43,
95% C10.93-1.92, p <0.0001, Figure 3), resulting in a total SMD of
1.27(95% C1 0.57-1.98, p < 0.0001, Figure 3). There were no clear
outliers among studies in this dataset. Gender-specific subanal-
ysis reveals that women in the two studies differentiating data
according to sex have higher fibrinogen values (SMD =0.39; 95%
CI 0.02-0.76, p=0.04, Figure 3) [36, 44]. Notable in Plaisance's
study, men with obesity had lower fibrinogen than their control
group [36]—a finding not observed by others. The heterogeneity
among the included studies was high in the groups assessing
fibrinogen levels (I?=100%).

Another factor regulating D-dimer is fibrinolysis. In the current
meta-analysis, 20 studies reporting PAI-1 levels in individuals
with obesity were included. PAI-1 was increased in eight of nine
studies including adults, resulting in an SMD of 2.30 (95% CI
1.51-3.09, p<0.0001, Figure 4). In 11 studies including children,
PAI-1 levels were tentatively increased in 2 and significantly in-
creased in 9 studies, resulting overall in an SMD of 3.54 (95%
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FIGURE1 | (a) Flow diagram summarizing the selection of eligible studies in adults based on the PRISMA guidelines. Sixty-four studies with
59,503 participants (adults and children) were included in our meta-analysis that measured levels of D-dimer, fibrinogen, plasminogen activator
inhibitor 1 (PAI-1), von Willebrand factor (vWF), FVIIIL, or endogenous thrombin potential (ETP) in adults and children. (b) Flow diagram summa-
rizing the selection of eligible studies in children based on the PRISMA guidelines. Twenty-five studies with 2511 participants (only children) were
included in our meta-analysis that measured levels of D-dimer, fibrinogen, plasminogen activator inhibitor 1 (PAI-1), von Willebrand factor (vWF),

FVIII, or endogenous thrombin potential (ETP).

CI 1.65-5.43, p=0.0002, Figure 4). When combining adults and
children, the SMD was significantly increased across studies
(SMD =3.75; 95% CI 2.75-4.75, p<0.0001, Figure 4). Notably,
three studies including adults, which could be included, as-
sessed only females. Gender-specific subanalysis showed in-
creased PAI-1 levels in females (SMD =10.2; 95% CI 7.29-13.12
vs. SDM =5.53; 95% CI 3.92-7.13, Figure 4) as compared with
men (n=1 study). Targeting children, studies revealed contro-
versial effects: Although one study describing PAI-1 levels in
girls with obesity indicated higher, yet the second study lower
PAI-1 levels in girls as compared with boys (Figure 4, n=2
studies). The heterogeneity among the included studies was high
in the groups assessing PAI-1 levels (I =99%).

FVIII and vVWF are both coagulation factors promoting clot for-
mation, thus indirectly contributing to D-dimer. The data of one
study involving vWF levels (antigen) in children was included,
revealing an SMD of 0.50 (95% CI —0.10, 1.11, p=0.1, Figure 5).
When analyzing the two studies including adults, vWF antigen
showed an SMD of 1.35 (95% CI —0.33, 3.03, p=0.12, Figure 5),
reflecting a tendency of increased VWF values in obesity.
Importantly, the two studies individually reported higher levels
of vWF in adults with obesity [88], but when combining the two
studies, the heterogeneity resulted in only tentatively increased
VvWF levels.

Assessing high FVIII activity has been linked to obesity and in-
sulin resistance [89]. Corroborating this, the total SMD of FVIII
activity in obesity was 0.52 (95% C10.10-0.94, p=0.02, Figure 6),
comprising the pooled data of three studies with adults and one
study with children. Notably, of the four included studies, only
one showed a clear SMD of higher FVIII activity in obesity [33].
Both vWF and FVIII reported in the included studies did not
show a clear trend of higher levels in obesity. The heterogeneity
among the included studies was overall moderate to high in the
groups assessing VWF antigen (I>=93%) and FVIII (I>=60%).

FVIII and vWF promote thrombin generation. ETP levels were
increased in all seven included studies involving adults and
children, with an SMD of 0.50 (95% CI 0.40-0.59, p<0.001,
Figure 7). In children, the SDM was 1.06 (95% CI 0.24-1.88,
p=0.01, Figure 7), and in adults, the SDM was 0.71 (95% CI
0.46-0.97, p<0.0001, Figure 7). The heterogeneity among the
included studies was moderate in the groups assessing ETP
(P=70%).

Despite this heterogeneity, the results overall indicate coagu-
lation activation in obesity, irrespective of age. The effect sizes
were relatively homogeneous. The only exception was the analy-
ses of fibrinogen levels by Plaisance, which showed lower levels
in males with obesity compared with controls. Although the
study numbers in the subgroups (children and gender-specific)

were rather small (1-6 studies), the pooling of the studies shows
a consistent trend, and the combined effect was significant for
all markers, with an increase of the pooled SMD for each marker
of coagulation activation. Although some adult studies showed
variability (such as Ceo 2012 in D-dimer levels), the overall
trends remained robust. The total effect sizes for each parameter
were statistically significant, further supporting the association
between obesity and a pro-thrombotic state. Of note, the associ-
ation of increased coagulation activation markers with obesity
was particularly pronounced in children. Collectively, obesity is
associated with a higher degree of coagulation activation, as re-
flected by increased levels of D-dimer, fibrinogen, PAI-1, VWF,
FVIII, and ETP.

3.3 | Risk of Publication Bias

Publication bias was assessed using funnel plots and Egger's
regression test when at least 10 studies were available. Funnel
plots for fibrinogen and PAI-1 values are shown in Figure S2-S4.
For fibrinogen in adults (n=27), Egger's regression test indi-
cated evidence of funnel plot asymmetry (p <0.001, Figure S2).
Egger's regression indicates statistically significant funnel plot
asymmetry, consistent with small-study effects in adult stud-
ies of fibrinogen. If we removed the two clear outliners, results
remain significant. For fibrinogen in children (n=16), Egger's
regression test did not indicate funnel plot asymmetry (p=0.21,
Figure S3). For PAI-1 outcome (children only; n=11, Figure S4),
Egger's test did not indicate funnel plot asymmetry (p=0.99).
For the remaining parameters, the small number of studies in
both adults and children precluded a meaningful statistical as-
sessment of publication bias.

3.4 | Sensitivity Analysis

Due to methodological heterogeneities, sensitivity analyses
were applied to figures for parameters fibrinogen, PAI-1 and
D-dimer. The other parameters were homogenous regarding
methods used. For Figures 2-4, sensitivity analyses were per-
formed and added to Figures S5-S8. In brief, alternative meth-
ods (Table S1) were excluded, then forest plots generated and
pooled effects were compared with the original analysis. For
D-dimer, sensitivity analysis revealed consistent SMDs com-
parable with the initial analysis, with an overall SDM of 1.49
(95% CI10.67-2.31, p=0.0004, Figure S5). PAI-1 remained sig-
nificantly increased in adults and children, resulting overall
in an SMD of 3.40 (95% CI 2.55-4.25, p<0.0001, Figure S6).
Although fibrinogen levels remained increased in children
and adults after removal of alternative methods (Figure S7),
the effect in adults was not significant after further removal
of all publications stating “n.a.” regarding method used
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TABLE1 | Overview of the included studies.
BMI in the Gender,
Included Mean age, obesity female,
Authors Country Study design patients, n years group n (%)
Firszt-Adamczyk, 2016 Poland Controlled before after study 60 40 >40 70
(only baseline data used)
Ceo, 2012 Brazil Cross-sectional 39 38 39 100
Michalska, 2013 Poland Cross-sectional 70 38 48.5 60
Kaye, 2012 Finland Population-based, longitudinal 28 25 30.5 42.9
study, multicenter
Targher, 2012 Italy Cross-sectional 90 47 26.7 0
Campello, 2014 Italy Cross-sectional study 60 47 32.2 50
Chitongo, 2017 UK Cross-sectional study 166 44 50.5 74
Gomez-Ambrosi, 2006 Spain Cross-sectional 1089 42 37.4 66
Wildman, 2012 USA Cross-sectional 714 68 29 100
Plaisance, 2020 USA Cross-sectional 61 30 39 and 34 50
Meisel, 2020 Germany Cross-sectional 3366 52 34 52
Mangg, 2012 Austria Prospective, observational study 206 33 27.8 71
Cazettes, 2012 USA Cross-sectional 63 58 314 48
Sola, 2012 Spain Longitudinal, clinical 134 33 46 76
intervention study
Nguyen, 2009 USA Cross-sectional 20,833 25 30-34.9 50
Tabassum, 2013 UK Cross-sectional 4289 55 33 and 34.7 60
Morcillo, 2023 Switzerland Cross-sectional 464 63 >30 48
De Oliveira, 2015 Brazil Cross-sectional 196 47 35.1 75
Moreira, 2013 Brazil Cross-sectional 49 73 28.6 95
Bibi, 2014 Germany Cross-sectional 1222 50 32.1 25
Van Dongen, 2015 Netherlands Longitudinal 348 38 28.4 69
Ilinci¢, 2016 Serbia Cross-sectional 75 35 40.8 68
Bilooka, 2021 Ukraine Cross-sectional 31 32 31.1 70
Mariani, 2018 Italy Cross-sectional 101 41 41 75
Polac, 2003 Poland Cross-sectional 41 31 >25 100
Samocha-Bonet, 2012 Israel Cross-sectional 65 42 41 75
Calori, 2010 Ttaly Population survey logitudinal 751 55 32.5 72
Strohacker, 2013 USA Population survey 738 55 359 47
Hoekstra, 2014 USA Population survey logitudinal 364 48 30.3 40
Rossi, 2020 Ttaly Cross-sectional 184 71 31.6 67
Espino, 2011 Chile Cross-sectional study 121 42 41 74
Lempesis, 2023 UK Cross-sectional study 15 56 34 100
Mohd Nor, 2018 Malaysia Cross-sectional 280 46 29 72
Pardina, 2012 Spain Interventional 56 24 48.8 70
(Continues)
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TABLE1 | (Continued)

BMI in the Gender,
Included Mean age, obesity female,

Authors Country Study design patients, n years group n (%)
Taskiran, 2010 Turkey Cross-sectional 86 51 >30 100
Villalpando, 2022 Mexico Cross-sectional 81 34 33.5 n.a.
Patel, 2016 UK Cross-sectional 100 42 27.4 50
Calderara, 2020 Switzerland Cross-sectional study 52 39 >35 n.a.
De Laat-Kremers, 2022 Italy Cohort study 22,546 55 >30 50
Balagopal, 2008 USA Cross-sectional study 13 16 99.1% tile 50
Semeraro, 2011 Italy Cross-sectional study 99 11 30.6 46
Stoppa-Vaucher, 2012 Switzerland Cross-sectional 50 11 29 41
Giordano, 2011 Italy Cross-sectional 99 10 29.9 46
Singh, 2013 USA Cross-sectional 43 10 28.7 60
Dallar Bilge, 2012 Turkey Cross-sectional study 83 11 28.3 68
Tsiroukidou, 2021 Greece Cross-sectional 63 11 29.8 42
Mangg, 2012 Austria Prospective, observational study 104 13 28 62
Halle, 2004 Germany Cross-sectional 197 12 25.9 54
Tirsi, 2014 USA Cross-sectional 102 17 37.8 66
Can, 2017 Turkey Cross-sectional 98 14 98.6% tile 65
Balagopal, 2002 USA Cross-sectional 12 16 36.6 100
Pérez, 2015 Puerto Rico Cross-sectional 101 15 30.7 44
Akinci, 2008 Turkey Cross-sectional 41 10 21.8 50
Valle Jimenez, 2007 Spain Case-control study 92 7 23.7 58
Fritsch, 2010 Germany Case-control study 90 12 27.4 50
Meyer, 2006 Germany Case-control study 52 15 30.6 53
Olza, 2014 Spain Case-control study 446 9 27 46
Cura-Esquivel, 2023 Mexico Cross-sectional analytical study 43 9 27 36
Rupérez, 2018 Spain Cross-sectional analytical study 384 8 >25 50
Roberts, 2013 USA Cross-sectional 33 13 33 60
Mantovani, 2011 Brazil Cross-sectional 86 10 98.2% tile 50
Wei, 2013 China Cross-sectional 60 11 >30 50
Cimenti, 2006 Austria Prospective 26 10 33.2 30
Siklar, 2011 Turkey Cross-sectional study 158 11 26.9 72

(Figure S8). Nevertheless, the pooled effect remained signif-
icant in all cases.
4 | Discussion

Obesity is a chronic low-grade inflammatory and hypercoag-
ulable condition, which is associated with an increased risk

of cardiovascular and thrombotic events. This meta-analysis
demonstrates consistently elevated markers of coagulation ac-
tivation in obesity, including D-dimer, fibrinogen, PAI-1, VWF,
FVIII, and ETP. Together, these findings underscore the pro-
thrombotic phenotype of obesity and point to potential underly-
ing mechanisms, such as systemic inflammation and endothelial
dysfunction. Importantly, several coagulation markers exhib-
ited age-dependent differences between children and adults.
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Same
method of
ascertainment

Comparability of
cases and controls

(Continued)

TABLE 2

Non-
Response

on the basis of the

Representa-

Is the case

Quality

Ascertainment for cases and

design or analysis

inition
of controls

Def

tiveness of Selection

definition

score

rate

controls

of exposure

for Age and Sex

the cases of controls

adequate?

max 9 star

max 1 star

max 1 star max 1 star

max 2 star

max 1 star max1star max]1star

max 1 star

Study design

Study

cross-sectional study

Patel, 2016

cross-sectional study

Calderara,2020

cohort study

de Laat-

Kremers,2022

prospective study

Cimenti, 2006

cross-sectional study

Siklar, 2011

cross-sectional study

Taskiran, 2010

[Correction added on 4 May 2026, after first online publication: Table 2 has been updated in this version.]
Note: Study quality was assessed using the Newcastle-Ottawa Scale (NOS), adapted for cohort, case—control and cross-sectional studies. The NOS evaluates three domains (selection, comparability, and exposure/outcome), with a

maximum of nine stars; higher scores indicate lower risk of bias. Up to two stars were awarded for comparability, reflecting adjustment for age and for sex or other relevant confounders. At the item level, “1” indicates that a criterion
was fulfilled (star awarded), whereas “B” or “C” indicate that the criterion was not met. Additional coding was applied for selected items: For selection of controls, “B” denotes hospital controls, and “C” indicates no description; for

definition of controls, “B” indicates that the source was not described; for non-response rate, “C” indicates that response rates were not reported or that non-response bias was not addressed.

The more pronounced increase in fibrinogen levels in chil-
dren compared with adults, in combination with the relatively
smaller increase in D-dimer levels, suggests age-dependent
differences in D-dimer dynamics between children and adults.
The distinct biomarker patterns observed across age groups
may reflect age-specific regulatory mechanisms governing fi-
brinogen turnover. Previous studies indicate that increased fi-
brinogen concentrations in children with obesity are primarily
driven by an enhanced fractional synthesis rates [26], whereas
the comparatively elevated fibrinogen levels in adult and elderly
populations appear to be more strongly influenced by reduced
breakdown or clearance [90]. Developmental differences in
hepatic function and protein turnover may therefore contrib-
ute to the divergent fibrinogen and D-dimer profiles observed
across age groups and should be considered when interpreting
biomarker elevations in pediatric populations. Although direct
quantitative comparisons between age groups are limited by
heterogeneity among studies, including differences in analyti-
cal methods, consideration of this variability within the groups
themselves provides important mechanistic insights. Notably,
comparison of children and adults suggests that increased fi-
brinogen levels do not necessarily translate into proportional in-
creases in D-dimer levels. Other factors, such as inflammatory
activity or differences in hepatic fibrinogen synthesis, may dif-
ferentially affect fibrinogen and D-dimer concentrations in chil-
dren and adults. Possible explanations for the disproportionately
higher fibrinogen levels observed in children with obesity, in the
absence of similarly increased D-dimer levels, include reduced
clot formation or age-specific differences in fibrin removal path-
ways. Indeed, higher PAI-1 levels in children suggest reduced
fibrinolytic activity, which would be expected to result in lower
D-dimer generation. Alternative, plasmin-independent path-
ways of fibrin degradation have been proposed [91]; however,
whether such mechanisms play a relevant role in pediatric popu-
lations remains to be determined. Although total fibrinogen was
the focus of the present meta-analysis, emerging evidence sug-
gests that y’ (gamma-prime) fibrinogen may represent a more
specific marker of thrombo-inflammatory risk, particularly in
obesity and inflammatory states [92-95]. However, the current
evidence base is limited, and available studies are methodolog-
ically heterogeneous and frequently lack appropriate control
data, precluding quantitative synthesis. Future studies employ-
ing standardized measurement and reporting of y’ fibrinogen
are therefore warranted to clarify its potential role and enable
meta-analytic evaluation.

Fibrin removal is a critical process for maintaining hemostatic
balance, and while the core fibrinolytic pathways are largely
conserved between adults and children, developmental differ-
ences exist in the regulation, efficiency, and activity of key com-
ponents. PAI-1 levels are typically higher in neonates, which can
result in relatively reduced fibrinolytic activity. Plasminogen
concentrations are lower in neonates but gradually reach adult
levels during childhood. Similarly, levels of the plasminogen
activators tPA and uPA are generally lower in neonates and in-
fants than in adults [96]. a2-antiplasmin levels are also reduced
in neonates, thereby affecting the regulation of fibrinolysis [97].
Collectively, these features contribute to a hypofibrinolytic state
in neonates and infants, which is consistent with the more pro-
nounced increase in PAI-1 observed in younger individuals.
However, the reasons why PAI-1 levels increase more strongly
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control
SD Total Weight

experimental
Study or Subgroup Mean SD Total Mean

Std. Mean Difference

Std. Mean Difference

IV, Random, 95% Cl Year IV, Random, 95% CI

1.1.1 adults

Taskiran 710,66 505.33 48 790.86 900.3 38 13.2%
Ceo 270 10 18 190 10 21 4.8%
Michalska 360 148 50 190 192 20 124%
Firszt-Adamczyk 182 8593 36 9544 0957 24 125%
Morcillo 449 2541 235 368 1681 229 142%
Subtotal (95% Cl) 387 332 57.0%

Heterogeneity: Tau®= 0.87; Chi*= 70.77, df= 4 (P < 0.00001); F= 94%
Test for overall effect: Z= 3.01 (P=0.003)

1.1.2 children

Balagopal 1227 12.6 7 637 129 6 39%
Semeraro 549 362 59 345 230 40 13.2%
Giordano 403.3 579 59 2499 159 40 13.3%
Stoppa-Yaucher 269 118 32 191 91 29 126%
Subtotal (95% CI) 157 115  43.0%

Heterogeneity: Tau®*=0.23; Chi*=12.26, df= 3 (P=0.007); F=76%
Test for overall effect: Z= 2.60 (P = 0.009)

Total (95% Cl) 544 447 100.0%
Heterogeneity: Tau®= 0.49; Chi*= 83.78, df= 8 (P < 0.00001); F= 90%

Test for overall effect: Z= 3.95 (P < 0.0001)

Testfor subaroup differences: Chi*=1.18, df=1 (P=0.28), F=15.3%

-0.11 [-0.54,0.31] 2010 -
7.84[5.90,9.78] 2012
1.04[0.49,1.59] 2013 -
0.95[0.40,1.50] 2016 -
0.37[0.19, 0.56] 2023 -

1.36 [0.47, 2.25] Rs:S

4.31[2.05,6.57) 2008 —_—
0.64 [0.23,1.05) 2011
0.33[-0.07,0.74] 2011
0.73[0.21,1.25) 2012
0.77[0.19, 1.36]

L X

1.05 [0.53, 1.57] *

10 -5 0 5 10
control obesity

FIGURE2 | Forest plot of the meta-analysis of standardized mean difference of D-dimer levels by study group (obesity vs. control group). CI, con-

fidence interval, df, degrees of freedom; SD, standard deviation.

in children than in adults, and the extent to which adipose tissue
contributes to this effect, remain to be elucidated.

One of the most striking findings of our meta-analysis was the
pronounced elevation of PAI-1 levels in individuals with obesity,
particularly in children. PAI-1, an important adipokine, is well
recognized for its pro-inflammatory properties [98]. As a potent
inhibitor of fibrinolysis that is predominantly secreted by adi-
pose tissue, PAI-1 represents a key mediator of obesity-associated
disturbances in hemostasis. Over the past two decades, clinical
studies have consistently demonstrated an association between
obesity and impaired fibrinolysis [9, 99]. Excess adipose tissue
contributes to increased PAI-1 production, thereby disrupting
fibrinolytic balance [100]. As noted previously, PAI-1 is partly
produced and released by human adipose tissue [98, 101], and
circulating levels correlate with measures of adiposity and fea-
tures of the metabolic syndrome [102]. Adipocytes from individ-
uals with obesity secrete approximately twice as much PAI-1 as
those from lean individuals [103]. Moreover, elevated PAI-1 levels
are particularly pronounced in subjects with abdominal obesity
[9, 104]. In this context, obesity-associated inflammation may
further exacerbate coagulation activation, as pro-inflammatory
cytokines promote fibrinogen synthesis, endothelial activation,
and dysregulation of fibrinolytic pathways, including increased
PAI-1 expression [105]. Together, these findings indicate that,
beyond enhanced coagulation activity, obesity-related alter-
ations in fibrinolysis may contribute to the prothrombotic phe-
notype observed in obesity.

The current meta-analysis reveals that childhood obesity is
characterized not only by increased fibrinogen and PAI-1 lev-
els but also by elevated endogenous thrombin potential (ETP),
which was nominally more pronounced than in adults. This
heightened coagulation response in children may be ex-
plained by developmental differences in hemostatic regulation.
Pediatric hemostasis differs fundamentally from that of adults,

with physiologically lower levels of anticoagulant proteins and
a greater dependence on thrombin generation for clot stability,
particularly during newborn and early childhood stages [106].
When combined with the pro-inflammatory milieu associated
with obesity, these physiological characteristics may amplify co-
agulation activation in pediatric populations.

It is well established that the clinical risk of thrombosis in-
creases with age, and that genetic or acquired risk factors, such
as factor V Leiden (FVL) or obesity, often clinically manifest
later in life [107, 108]. The present findings demonstrate that
coagulation activation is already detectable in children with
obesity, although it may not yet be clinically “unmasked” until
adulthood. Taken together, these observations support the con-
cept that obesity during childhood may confer an increased risk
of thrombotic disease later in life [109, 110].

Obesity is a chronic low-grade inflammatory state [111] and is
associated with increased levels of pro-inflammatory cytokines
[112]. All biomarkers assessed in the present meta-analysis are,
to varying degrees, linked to inflammatory processes, which
are commonly observed in obesity [111, 113]. Accordingly, el-
evated levels of D-dimer, fibrinogen, PAI-1, vWF, and FVIII
may, at least in part, reflect the chronic low-grade inflamma-
tion associated with obesity [113, 114]. Consistent with this con-
cept, D-dimer and vWF are known to be increased in chronic
inflammatory disease states [115-117]. Low-grade inflamma-
tion is more pronounced in women with obesity than in men,
as reflected by higher levels of C-reactive protein (CRP) and fi-
brinogen [37, 118]. In the limited number of studies available,
the parameters fibrinogen, ETP, and PAI-1 consistently showed
trends toward higher levels in women (or girls) compared with
men (or boys). This reciprocal interaction between inflamma-
tion and coagulation may therefore contribute to the increased
coagulability observed in females with obesity, which could
partly explain the higher risk of arterial and venous thrombotic
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
1.4.1 adults
Polac 436 1.06 20 26 048 21 21% 212[1.34,2.89] 2003 e
Gomez-Ambrosi 342 081 967 312 078 122 2.2% 0.37[0.18,0.56] 2006 r
Nguyen 377 003 3262 354 004 17571 2.2% 596 [5.89,6.03] 2009
Calori 274 048 43 271 066 708 2.2% 0.05[-0.26,0.35) 2010 T
Wildman 279 222 330 267 178 384 2.2% 0.06 [-0.08,0.21] 2012
Sola 321 051 67 251 037 67 2.2% 1.56([1.17,1.95] 2012 e
Kaye 34 089 14 32 081 14 21% 0.23[-0.52,097] 2012 T
Targher 3.22 05 45 24 04 45 2.2% 1.77[1.28,2.26] 2012 =
Cazettes 371 087 44 321 049 19  2.2% 0.64[0.09,1.19] 2012 =
Mangg 339 064 31 282 06 176 2.2% 0.94[0.54,1.33] 2012 -
Samocha-Bonet 333 077 30 294 048 35 22% 0.61[011,1.11] 2012 =
Moreira 344 079 21 298 078 28 21% 0.58 [-0.00,1.16] 2013 =
Strohacker 343 082 440 316 076 298 2.2% 0.34[019,049] 2013 "
Hoekstra 3N 1.2 96 316 2.39 268 2.2% -0.02[-0.26,0.21] 2014 1
van Dongen 3 07 174 28 0.8 174 2.2% 0.27[0.05,0.48] 2015 i
de Oliviera 347 087 145 341 052 51 2.2% 0.08 [-0.24,0.39] 2015 T
Campello 328 037 20 288 082 40  2.2% 056 [0.01,1.11] 2015 =
llingic 36 0.8 50 2.5 05 25 2.2% 1.52[0.98,2.06] 2016 -
Firszt-Adamczyk 3.2 0892 36 2986 0.7 24 22% 0.28 [-0.24,0.80) 2016 T
Chitongo 42 0.8 89 31 0.7 7 22% 1.45[1.11,1.79] 2017 -
Mariani 384 074 75 35 0.7 26 2.2% 0.46[0.01,0.81] 2018 ~
Meisel 33 0.8 1000 29 07 2366 2.2% 0.55([0.47,0.62] 2020 -
Rossi 315 067 61 293 0863 123 22% 0.34 [0.03, 0.65] 2020 i
Tsiroukidou 379 078 42 245 068 21 21% 1.77[1.15,2.38] 2021 -
Bilooka 439 016 10 33 009 21 1.7% 913[6.58,11.67] 2021 —_—
Morcillo 3177 058 235 2786 051 229 2.2% 0.71[0.53,0.90] 2023 =
Bibi 32 074 602 27 074 620 22% 0.68[0.56,0.79] 2024 =
Subtotal (95% Cl) 7949 23553 58.0% 1.17 [0.14, 2.20] g3

Heterogeneity: Tau®= 7.37, Chi*= 17674.76, df= 26 (P < 0.00001); F=100%
Test for overall effect: Z=2.22 (P = 0.03)

1.4.2 children

Halle 31 057 153 275 052 4 22% 0.62[0.28,0.96] 2004 .
Meyer 35 085 32 259 038 200 21% 1.26 [0.65,1.88] 2006 -
Valle Jimenez 283 0.08 46 225 0.06 46  2.0% 8.13[6.87,9.40] 2007 -
Akinci 242 141 21 227 178 200 21% 0.09[-0.52,070) 2008 T
Balagopal 353 025 7 164 007 6 1.2% 9.23[4.84,13.61] 2008

Fritsch 33 074 58 295 044 32 22% 0.53[0.09,0.97] 2010 =
Giordano 243 188 59 176 1.68 40  2.2% 0.37 [-0.04,0.77) 2011 =
Semeraro 2.44 05 59 186 048 40 2.2% 1.17[0.74,1.60] 2011 =~
Mangg 334 089 48 3M 0.1 56 2.2% 0.54[0.15,0.93] 2012 =
Dallar Bilge 364 069 51 32 083 32 22% 0.65[0.20,1.11] 2012 =
Stoppa-Vaucher 332 085 32 252 033 29 22% 1.51[0.94,2.08] 2012 =
Singh 321 045 21 307 0.6 22 21% 0.26 [-0.34,0.86) 2013 1=
Tirsi 3.61 09 62 282 039 40  2.2% 1.05[0.63,1.48] 2014 b
Pérez 3.94 0.7 48 245 047 53 2.2% 2.50[1.98,3.03] 2015 -
Can 373 088 55 263 047 43 2.2% 1.50[1.04,1.95] 2017 -
Tsiroukidou 3.789 0.784 42 245 0678 21 2.1% 1.76 [1.15,2.37] 2021 -
Subtotal (95% Cl) 794 544 33.4% 1.43[0.93, 1.92] ¢

Heterogeneity: Tau®= 0.90; Chi*= 221.50, df=15 (P < 0.00001); F=93%
Test for overall effect: Z=5.61 (P < 0.00001)

1.4.3 gender-specific

Tabassum women 339 069 584 291 072 584 2.2% 0.68 [0.56,0.80] 2013 -
Tabassum men 313 078 488 286 071 488  2.2% 0.36[0.24,0.49] 2013 K
Plaisance men 269 017 16 29 028 16  21% -0.88 [-1.61,-0.15] 2020 ==
Plaisance women 295 022 14 269 023 15 21% 1.12[0.33,1.91] 2020 =
Subtotal (95% CI) 1102 1103  8.6% 0.39[0.02, 0.76] ’

Heterogeneity: Tau®= 0.10; Chi*= 29.51, df= 3 (P =< 0.00001), F=90%
Test for overall effect: Z=2.08 (P =0.04)

Total (95% CI) 9845 25200 100.0% 1.27 [0.57, 1.98] L 2
Heterogeneity: Tau®= 5.91; Chi*=19172.93, df= 46 (P < 0.00001), F=100% 0 5 b 5 150
Test for overall effect: Z= 3.54 (P = 0.0004) control obesity

Test for subaroup differences: Chi*=11.24, df=2 (P=0.004), F=82.2%

FIGURE 3 | Forest plot of the meta-analysis of standardized mean difference of fibrinogen by study group (obesity vs. control group). CI, confi-
dence interval, df, degrees of freedom; SD, standard deviation.
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
1.3.1 adults
Taskiran 7353 3579 48 5714 3424 38 41% 0.46[0.03,0.89] 2010 ¥
Espino 1063 4.82 50 1426 114 7 41% -0.39[-0.75,-0.02] 2011 1
Pardina 160 15 34 75 10 22 38% 6.31[4.99,7.64] 2012 ==
Ceo 60 6 18 20 2 21 3.4% 9.06[6.85,11.27] 2012 =
Wildman 248 593 330 17.2 445 384 41% 015[-0.00,029 2012
Michalska 108 104 50 48 7.4 20 39% 6.14[4.98,7.31] 2013 s
de Oliviera 96.1 667 145 625 233 51 41% 0.57[0.25,0.89] 2015 ¥
Mhod Nor 57.82 4922 182 4374 30865 98  41% 0.32[0.07,057] 2018 "
Lempesis 39.8 43 6 248 2.4 9 35% 4.32[2.25,6.40] 2023 -
Subtotal (95% CI) 863 714 35.3% 2.30[1.51,3.09] ¢
Heterogeneity: Tau®=1.20; Chi*= 270.60, df= 8 (P < 0.00001); F=97%
Testfor overall effect: Z=5.72 (P < 0.00001)
1.3.2 children
Valle Jimenez 30985 239 46 2051 1.9 46 4.0% 4.80[3.98,5.61] 2007 -
Balagopal 21.4 124 7 484 077 6 1.3% 1463 [7.81,21.46] 2008
Giordano 413 592 59 282 25 40 41% 0.27 [[0.13,0.67] 2011 i
Semeraro 447 223 59 36.2 253 40  41% 0.36 [-0.05,0.76] 2011 r
Mantovani 58.5 71 61 29.2 6 25  40% 4.27[3.47,5.07) 2011 -
Wei 10553 202 30 10235 443 30 41% 0.91[0.38,1.45] 2013 -
Singh 37.3 18 21 256 15 22 41% 0.69[0.08,1.31] 2013 ~
Roberts 45 5 19 30 5 14 4.0% 2.93[1.91,3.95 2013 -
Olza 2866 132 223 1857 084 223 41% 910([8.48,9.73] 2014 =
Rupérez 2277 107 192 1689 081 192 41% 6.18[5.70,6.67] 2018 -
Cura-Esquivel 2761 105 22 1918 54 21 41% 0.98 [0.35,1.62] 2023 =
Subtotal (95% CI) 739 659 42.0% 3.54[1.65,5.43] &
Heterogeneity: Tau®= 9.56; Chi*= 1023.59, df= 10 (P < 0.00001); F= 99%
Test for overall effect: Z= 3.68 (P = 0.0002)
1.3.3 gender-specific
Plaisance men 383 42 16 189 2.4 16 3.7% 5.53[3.92,713] 2020 -
Plaisance women 359 1.7 14 17.5 1.8 15  3.0% 10.20[7.29,13.12] 2020 —r—
Subtotal (95% CI) 30 31 6.7% 7.70[3.13, 12.27] i
Heterogeneity: Tau®= 9.49; Chi*= 7.58, df=1 (P = 0.006);, F=87%
Test for overall effect: Z= 3.30 (P = 0.0010)
1.3.4 gender-specific children
Mantavani girls 58.2 1141 kil 479 6.9 13 41% 1.00([0.32,1.69] 2011 e
Mantovani boys 58.9 91 30 9 6.1 12 3.8% 5.84[4.37,7.31] 2011 e
Olza hoys 2686 173 119 1828 117 119 41% 5.79[5.21,6.37] 2014 -
Olza girls 3071 201 104 1889 1.21 104 40% 710([6.36,7.84] 2014 e
Subtotal (95% CI) 284 248  16.0% 4.92[2.03,7.81] G
Heterogeneity: Tau®= 8.46; Chi*= 168.31, df= 3 (P < 0.00001); IF= 98%
Test for overall effect: Z= 3.34 (P = 0.0008)
Total (95% CI) 1916 1652 100.0% 3.72[2.76, 4.67] ¢
Heterogeneity: Tau®= 5.72; Chi*= 2324.90, df= 25 (P < 0.00001); F= 99% =0 10 b 10 20

Test for overall effect. Z=7.62 (P < 0.00001)
Test for subaroup differences: Chi*= 8.58, df= 3 (P = 0.04), F=65.0%

FIGURE 4 |

control ohesity

Forest plot of the meta-analysis of standardized mean difference of PAI-1 by study group (obesity vs. control group). CI, confidence

interval; df, degrees of freedom; PAI-1, plasminogen activator inhibitor 1; SD, standard deviation.

events reported in this population. Beyond inflammation-driven
mechanisms, adipose tissue itself may directly contribute to co-
agulation activation. Adipocytes from individuals with obesity
have been shown to produce coagulation factor VII (FVII) [119],
and in mice fed a high-fat diet, expression of tissue factor and
factor VII is increased in adipose tissue [120]. These findings
suggest that adipocytes may modulate coagulation activity inde-
pendently of systemic inflammation by expressing and secreting
coagulation factors.

In line with this concept, factor XIII (FXIII), a coagulation fac-
tor not typically associated with inflammation, appears to be
increased in obesity. However, only two studies investigating
FXIII in individuals with obesity were identified, one of which
did not meet the inclusion criteria. In the remaining study,
Pedersen et al. reported significantly elevated FXIII levels in

individuals with obesity prior to bariatric surgery, with levels
decreasing after weight loss [121]. Corroborating these findings,
Kaye et al. examined monozygotic twins discordant for obe-
sity and observed higher FXIII levels in the twin with obesity
[31]. Although evidence is limited, these observations suggest
that obesity-associated hypercoagulability may not be solely
secondary to low-grade inflammation but may also involve
inflammation-independent alterations in coagulation factor
regulation.

Endothelial dysfunction is a central feature of obesity, link-
ing metabolic disturbances with vascular complications. The
endothelium plays a crucial role in the regulation of hemo-
stasis, in part through the release of vVWF upon activation. In
line with this, the present meta-analysis identified elevated
vWF levels in individuals with obesity, suggesting impaired
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Std. Mean Difference

Std. Mean Difference

IV, Random, 95% ClI Year IV, Random, 95% CI

Experimental Control
Study or Subgroup Mean SD Total Mean SD Total Weight
1.5.1 adults
Patel 14124 5536 50 11237 586.7 50 345%
Villalpando 1,292.8 3661 41 527 3144 40 33.0%

Subtotal (95% CI) 91 90 67.5%
Heterogeneity: Tau®=1.42; Chi*= 24.07, df=1 (P < 0.00001); F= 96%
Test for overall effect. Z=1.57 (P=0.12)

1.5.2 antigen (children)

Singh 1,057.4 1398 21 987.9 1308 22 325%
Subtotal (95% Cl) 21 22 32.5%
Heterogeneity: Not applicahle

Test for overall effect: Z=1.62 (P=0.10)

Total (95% CI) 112 112 100.0%
Heterogeneity: Tau®= 0.86; Chi*= 26.75, df= 2 (P < 0.00001); F=93%
Test for overall effect: Z=1.92 (P = 0.05)

Testfor subaroup differences: Chi*= 086, df=1 {P=0.35), F=0%

0.50[0.10,0.90] 2016
2.22[1.66,2.78] 2022

B
MR
1.35[-0.33, 3.03] | e B R TR—
| &
eI fi g
eGSR

0.50 [F0.10,1.11] 2013 T
0.50 [-0.10, 1.11] 1

1.07 [-0.02, 2.16]

2 - 0 1 2
control obesity

FIGURE 5 | Forest plot of the meta-analysis of standardized mean difference of vVWF antigen by study group (obesity vs. control group). CI, con-
fidence interval, df, degrees of freedom; SD, standard deviation; vWF, von Willebrand factor.

Control
SD Total Weight

Experimental
Study or Subgroup  Mean SD Total Mean

Std. Mean Difference
IV, Random, 95% CI Year

Std. Mean Difference
IV, Random, 95% CI

1.6.1 adults

Kaye 101 6.7 14 97 65 14 18.0%
Campello 109 371 20 78 208 40 23.9%
Morcillo 1325 348 51 1198 318 32 29.0%
Subtotal (95% CI) 85 86 70.9%

Heterogeneity: Tau*= 0.09; Chi*=4.10,df=2 {(P=0.13); F=51%
Test for overall effect: Z=2.78 (P = 0.006)

1.6.2 children

Dallar Bilge 109.2 1408 51 933 655 32 291%
Subtotal (95% CI) 51 32 29.1%

Heterogeneity: Not applicable
Test for overall effect: Z=0.59 (P = 0.55)

Total (95% CI) 136 118 100.0%
Heterogeneity: Tau®*=0.11; Chi*=7.44, df= 3 (P = 0.06); F=60%

Test for overall effect: Z=2.42 (P=0.02)

Testfor subaroup differences: Chi*= 2.68, df=1 (P=0.10), F=62.7%

0.59[-017,1.35] 2012 T =
1.12[0.55,1.70] 2015 —
0.37 [-0.07,0.82] 2023 T

0.68 [0.20, 1.16]

0.13[-0.31,0.58] 2012
0.13[-0.31, 0.58]

-
-

0.52[0.10, 0.94]

o+

-2 -1 0 1
control obesity

FIGURE 6 | Forest plot of the meta-analysis of standardized mean difference of FVIII activity by study group (obesity vs. control group). CI, con-

fidence interval, df, degrees of freedom; SD, standard deviation.

endothelial function and compromised vascular homeostasis.
Multiple obesity-related factors, including oxidative stress, re-
duced nitric oxide bioavailability, elevated free fatty acids, and
pro-inflammatory adipokines, are known to contribute to en-
dothelial dysfunction. In addition, hyperglycemia and insulin
resistance have been shown to enhance endothelial vVWF secre-
tion, thereby reinforcing the interplay between metabolic dys-
regulation, endothelial dysfunction, and coagulation activation.
Beyond vWF, dysregulation of other endothelial anticoagulant
pathways, such as thrombomodulin and the endothelial protein
C receptor (EPCR), may further contribute to obesity-associated
hypercoagulability [122].

Despite the overall robustness of this meta-analysis, several
limitations should be acknowledged. Substantial heterogene-
ity across studies, particularly for vWF and FVIII, suggests
that additional modifiers, such as sex, ethnicity, and comorbid
conditions, may influence coagulation activation in obesity.
Given the moderate to high heterogeneity (I?) observed across
outcomes, random-effects models were applied throughout the

analyses. Although SMDs were consistently reported together
with 95% CIs, the precision of effect estimates varied across out-
comes and subgroups, as reflected by wide CIs and high het-
erogeneity for several parameters. This variability, especially
in subgroup analyses with limited numbers of studies, should
be considered when interpreting the magnitude and reliability
of pooled effect sizes. In addition, many of the included studies
were cross-sectional or retrospective in design, which precludes
causal inference. Accordingly, the observed associations be-
tween obesity and biomarker elevations should be interpreted as
correlational rather than causal, and longitudinal or prospective
studies are required to clarify temporal relationships and un-
derlying causal pathways. Consistent with the American Heart
Association Scientific Statement [19], the biomarkers assessed
in this study reflect underlying inflammatory and hemostatic
pathways and should be interpreted as indicators of pathophysi-
ological processes rather than as isolated risk predictors. Among
the parameters analyzed, fibrinogen, PAI-1, and D-dimer have
been discussed as emerging biomarkers in pediatric popula-
tions. However, the concept of novel biomarkers should not be
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD _ Total Mean SD  Total Weight IV, Random, 95% ClI _Year IV, Random, 95% CI
1.2.1 adults
Campello 1,617 360.3 20 1,437 2157 40  27% 0.65[0.10,1.20] 2015 —
Chitongo 1,854 287 89 1,660 282 77T 7.3% 0.68 [0.36,0.99] 2017 -
Calderara 1,643 2431 12 1,366 2943 40  1.8% 0.96[0.29,1.63] 2020 —_—
Subtotal (95% CI) 121 157  11.9% 0.71[0.46, 0.97] 0
Heterogeneity: Tau*= 0.00; Chi*= 061, df=2 (P=0.74), F=0%
Test for overall effect: Z= 5.53 (P < 0.00001)
1.2.2 children
Cimenti 1,948.92 2647 13 1,421.33 1703 13 0.8% 2.30[1.27,3.32] 2006
Fritsch 1,630 275 58 1,342 348 32 38% 0.94 [0.49,1.40] 2010 =
Siklar 1,903.302 539 120 1,704.32 55587 38 56% 0.36 [-0.00,0.73] 2011 —
Subtotal (95% ClI) 191 83 10.3% 1.06 [0.24, 1.88] -
Heterogeneity: Tau®= 0.42; Chi*=13.61, df= 2 (P = 0.001); F=85%
Test for overall effect: Z= 2.55 (P = 0.01)
1.2.3 gender-specific
de Laat-Kremers men 1,764 430 5390 1,607 275 5390 38.8% 0.43[0.40,0.47] 2022 u
de Laat-Kremers women 1,858 452 5883 1,673 410 5883 39.0% 0.43[0.39,0.47] 2022 u
Subtotal (95% CI) 11273 11273 77.9% 0.43[0.41, 0.46] |
Heterogeneity: Tau®= 0.00; Chi*= 0.05, df=1 (P =0.82); F=0%
Test for overall effect: Z= 32.04 (P < 0.00001)
Total (95% Cl) 11585 11513 100.0% 0.50 [0.40, 0.59] 4
Heterogeneity: Tau®= 0.01; Chi*= 22.97, df= 7 (P = 0.002); F= 70% I t i

Test for overall effect: Z= 10.41 (P < 0.00001)
Test for subaroup differences: Chi*= 6.97, df=2 (P=0.03), F=71.3%

o4
=

-4 -2 0
control ohesity

FIGURE 7 | Forest plot of the meta-analysis of standardized mean difference of ETP by study group (obesity vs. control group). CI, confidence
interval; df, degrees of freedom; ETP, endogenous thrombin potential; SD, standard deviation.

restricted to thrombotic risk alone, but should be expanded to
encompass related processes such as inflammation, oxidative
stress, insulin resistance, and adipocyte dysfunction, as empha-
sized previously [19]. The elevation of coagulation markers ob-
served in obesity raises several clinically relevant considerations.
Although our findings indicate an association between obesity
and a hypercoagulable state, it remains uncertain whether these
biomarker alterations translate into an increased incidence of
thrombotic events. Most of the included studies were retrospec-
tive in design and involved relatively small sample sizes, which
limits causal interpretation. In addition, heterogeneity in lab-
oratory assays used to measure coagulation parameters likely
contributed to variability across studies. Sensitivity analyses
demonstrated that the main findings for D-dimer and PAI-1
were robust to the exclusion of studies using alternative mea-
surement methods. In contrast, for fibrinogen, attenuation of
the effect in adults following further restriction to studies with
clearly reported methods suggests that methodological hetero-
geneity may partially account for variability in effect estimates;
nevertheless, the overall direction of the association remained
consistent.

Evidence of funnel plot asymmetry for fibrinogen in adults sug-
gests that small-study effects cannot be excluded, whereas the
absence of asymmetry for other outcomes and age groups sup-
ports the overall robustness of the findings, albeit with limited
statistical power for some parameters. In addition, only studies
published in the English language were included to ensure clar-
ity and consistency of data extraction. Consequently, relevant
studies published in other languages may not have been cap-
tured and could not be included in the present analysis.

Future research should prioritize longitudinal studies to de-
termine whether obesity-associated coagulation abnormalities

persist over time and predict clinically relevant outcomes.
Several studies have demonstrated that lifestyle-induced or
surgically induced weight loss is accompanied by a reduction
in coagulation activation, suggesting a degree of reversibility
of these alterations. However, further studies are required to
clarify whether such improvements translate into a reduced
incidence of thromboembolic events and whether novel phar-
macological weight-loss interventions, such as GLP-1 receptor
agonists or combined GLP-1/GIP agonists, exert comparable
beneficial effects on coagulation activation. In addition, ac-
cumulating evidence indicates that obesity is a heterogeneous
condition and not all individuals with obesity exhibit similar
metabolic or thrombotic risk profiles. The concept of “meta-
bolically healthy obesity” (MHO) challenges the assumption
that all individuals with obesity are at equal cardiovascular
risk [123]. Elucidating how distinct obesity phenotypes influ-
ence coagulation activation may therefore provide important
insights into personalized risk stratification and targeted ther-
apeutic strategies.

In conclusion, obesity is associated with a prothrombotic state
characterized by increased coagulation activation and impaired
fibrinolysis. This meta-analysis provides robust evidence that
key hemostatic parameters, including D-dimer, fibrinogen,
PAI-1, vWF, FVIII, and ETP, are elevated in individuals with
obesity, with particularly pronounced alterations observed in
children. These findings highlight the potential importance of
early intervention in obesity management, as addressing obe-
sity at an early stage may help mitigate prothrombotic profiles
related to obesity and may prevent long-term thrombo-embolic
obesity-related risk. Future studies should focus on elucidating
the mechanistic pathways linking obesity and coagulation and
on exploring targeted preventive and therapeutic strategies to
address this growing public health challenge.
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difference of age of children among studies. Due to nonavailability of
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