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Introduction: Cardiovascular disease (CVD) remains a leading cause of death.
Autoimmune patients face heightened CVD risk due to chronic inflammation
and immune dysregulation. This systematic review and meta-analysis aim to
synthesize current evidence on the predictive value of advanced or novel
autoimmune biomarkers for the occurrence of CVD in middle-aged patients
with autoimmune diseases and without cardiovascular history or symptoms.
Methods: Abstract was registered prospectively (PROSPERO CRD42024611894)
and conducted an advanced, MeSH-based search (2004-2025) for studies on
autoimmune diseases in adults (18-65) without prior CVD, in various databases.
Pooled adjusted hazard ratios were generated using Stata 18, assessing
heterogeneity (Cochran’s Q, %), publication bias (funnel plot, Egger's test), and
risk of bias (ROBINS-I), with sensitivity analysis performed to confirm robustness.
Result: A comprehensive search in PubMed, Embase, and Medline yielded 3,975
records (after removing 237 duplicates), and after screening 2,488 titles/abstracts
and 896 full texts, 69 studies (34 for meta-analysis) with 46,493 participants were
included after excluding 188 with pre-existing CVD and 117 with insufficient data.
High-sensitivity C-reactive protein (hs-CRP) was consistently associated with
elevated CVD risk despite high heterogeneity and potential publication bias.
Similarly, lupus anticoagulant, sVCAM-1, and antiphospholipid antibodies
demonstrated strong predictive associations. In contrast, rheumatoid factor,
anti-CCP, ADMA, homocysteine, NT-proBNP, anti-dsDNA, and TNF-alpha
showed borderline significance or inconsistent results. These findings
underscore the potential of select inflammatory and immune markers for
enhancing CVD risk stratification and guiding targeted prevention strategies.
Conclusion: Integrating these biomarkers with traditional risk factors may
enable early detection of subclinical atherosclerosis in autoimmune patients,
pending further research.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/view/
CRD42024611894, identifier CRD42024611894.
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Systematic Review and Meta-Analysis of Cardiovascular Associated
Biomarkers in Adults with Asymptomatic Autoimmune Diseases

EMBASE

CVD Remains leading cause of death in
the world. Autoimmune patients are
more prone to CVD. Some Biomarkers
can Predict the occurrence of CVD
along with some risk factors.
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1 Introduction

Introduction needs some additional information about the
studied biomarkers throughout the manuscript, what are they
biologically, when have they increased and how to be used for
differential diagnosis as well.
researchers, and public health

organizations have invested significant efforts in mitigating the

Healthcare professionals,

impact of cardiovascular disease (CVD); however, it remains one
of the leading causes of illness and death worldwide (1). In adults
with autoimmune disorders, conventional risk factors such as
dyslipidemia, hypertension, and hyperglycemia may interact
synergistically with the chronic inflammatory state and immune
dysregulation inherent in these conditions, potentially increasing
the risk of cardiovascular disease (2). Given the significant

Abbreviations

CVD, cardiovascular diseases; ROBINS, I—Risk of Bias in Non-Randomized
Studies of Interventions; hsCRP, High Sensitive C-Reactive Protien; sVCAM,
serum levels of soluble vascular cell adhesion molecule-1; Anti-CCP, Anti-
cyclic citrullinated peptide; ADMA, Asymmetric Dimethylarginine; NT-
ProBNP, N-terminal pro b-type natriuretic peptide; Anti dsDNA, Anti-
double stranded DNA; TNF alpha, Tumour Necrosis Factor alpha; SLE,
Systemic Lupus Erythematous; RA, Rheumatoid Factor; hsTn, High
Sensitivity Troponin; GRADE, Grading of Recommendations, Assessment,
Development, and Evaluations; HR, Hazard ratios; Hcy, Homocysteine; IL6,
Interleukin 6; aPL, Antiphospholipid Antibodies; RF, Rheumatoid Factor;
aCL, Anti-Citrullinated Protein Antibody.
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cardiovascular burden in autoimmune patients, extensive research
now focuses on novel biomarkers and imaging techniques that
may offer more accurate outcome prediction and earlier disease
detection of CVD. This strategy empowers even those without
obvious risk factors to assess their risk early and adopt healthier
lifestyle habits which later prevents the risk by 30% (3).
Atherosclerotic cardiovascular disease significantly burdens the
general population, but chronic inflammation in autoimmune
patients further elevates their risk, underscoring the need for early
(4).
conditions like Systemic Lupus Erythematous (SLE), Rheumatoid
Arthritis (RA), or vasculitis, atherosclerosis is fueled by lipid
buildup, while immune dysregulation intensifies inflammatory
endothelial
accelerating damage to vascular endothelial lining (5).

detection and tailored management In autoimmune

dysfunction,
Thus,
autoimmune markers [Rheumatoid Factor (RF), high-sensitivity
(hsCRP), (LA),
homocysteine (Hcy), anti-cyclic citrullinated peptide (anti-CCP),
interleukin-6 (IL-6), asymmetrical dimethylarginine (ADMA),
stranded DNA (anti-dsDNA), vascular
(sVCAM-1), pro b-type
natriuretic peptide (NT-proBNP), antiphospholipid antibodies
(APL), tumor necrosis factor-alpha (TNF-a), fibrinogen, and

responses, oxidative stress, and

C-reactive  protein lupus  anticoagulant

anti-double soluble

adhesion molecule-1 N-terminal

anticardiolipin antibodies (aCL)] have been proposed as additional
tools to predict CVD in autoimmune patients (6-10). In brief, RF
is an autoantibody that binds to IgG, triggering inflammation and
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increasing CVD risk in autoimmune conditions. hsCRP reflects
systemic inflammation and helps assess CVD risk, particularly in
autoimmune patients. LA and aPL increase thrombotic risk, aiding
in the diagnosis of clotting events. Elevated Hcy levels disrupt
endothelial function and promote atherosclerosis, assisting in early
CVD detection in autoimmune disorders. Anti-CCP and anti-
dsDNA antibodies are markers for active autoimmune diseases
like RA and lupus, linking inflammation to endothelial damage.
IL-6 exacerbates endothelial injury, promoting atherosclerosis in
autoimmune conditions. ADMA signals early vascular damage by
inhibiting nitric oxide production. sVCAM-1 indicates endothelial
activation, aiding in early CVD detection. Elevated NT-proBNP
levels reflect myocardial stress in autoimmune patients. TNF-a
and Fibrinogen are inflammatory markers that contribute to
atherosclerosis and thrombotic risks, guiding treatment strategies
in autoimmune CVD. Together, these biomarkers are essential for
differential diagnosis, helping distinguish cardiovascular events
related to autoimmune inflammation from those caused by
traditional atherosclerotic processes. Similarly, the ability of
autoimmune markers to predict cardiovascular events has been
validated using widely recognized predictors, such as high-
sensitive troponin (hsTn), NT-proBNP (11, 12).

This approach underscores that autoimmune markers can be as
effective as conventional indicators in refining cardiovascular risk
assessment. Numerous studies have explored the potential of various
biomarkers to forecast cardiovascular disease and mortality in high-
risk autoimmune groups; however, most research has focused on
those already recognized as at increased risk. Understanding the
predictive value of autoimmune biomarkers requires considering the
intricate interactions among chronic systemic inflammation,
immune dysregulation, aging, and underlying disease activity. There
is limited guidance on whether these biomarkers can reliably predict
CVD and mortality in asymptomatic, middle-aged patients with
autoimmune conditions. Likewise, a systematic review and meta-
analysis in rheumatoid arthritis patients demonstrated that
A systematic review and meta-analysis in rheumatoid arthritis (RA)
patients demonstrated that biomarkers such as rheumatoid factor
(RF), when compared to cardiac biomarkers like high-sensitivity
troponin (hsTn) and B-type natriuretic peptide (BNP), effectively
predicted subsequent cardiovascular events by reflecting underlying
inflammation and myocardial injury. However, the study’s focus
was limited to RA populations (13). These findings suggest that
such biomarkers could significantly improve early detection of
elevated cardiovascular risk in autoimmune patients—risk that
conventional screening methods might overlook. Therefore, this
systematic review and meta-analysis aims to synthesize current
evidence on the role of advanced and novel autoimmune
biomarkers in predicting incident cardiovascular disease (CVD)
among middle-aged autoimmune without

patients prior

cardiovascular history or symptoms.

2 Methods

The review protocol was prospectively registered with
PROSPERO (14) (identifier: CRD42024611894). A comprehensive
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MeSH-based search across multiple databases, including PubMed,

Embase, and Medline, was conducted to identify studies
investigating ~ biomarkers—such ~as RF, hsCRP, lupus
anticoagulant, homocysteine, anti-CCP, IL-6, ADMA, anti-

dsDNA, sVCAM-1, NT-proBNP, APL, TNF-q, fibrinogen, and
ACL—in relation to autoimmune diseases like rheumatoid
arthritis, systemic lupus erythematosus, and vasculitis, and their
association with cardiovascular outcomes, including coronary
heart disease, heart failure, stroke, peripheral artery disease, and
CVD mortality. Data collection was performed from 01 January
2004 to 31 January 2025, following the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) reporting
guidelines (15). Detailed in the Supplementary Material, the
search parameters restricced by language (English),
publication date (01 January 2004 to 31 January 2025 Last Search
was done on 20 March 2025), and participant age (18-65 years),

were

and encompassed cross-sectional, case-control, and cohort studies.
Only studies involving patients diagnosed with an autoimmune
disease and with no prior history of cardiovascular disease were
considered. A flow diagram summarizing the study selection
process is provided in Figure 1.

2.2 Data extraction and quality assessment

Following the initial literature search, duplicate records,
conference abstracts, editorials, and letters to the editor were
excluded. Two independent investigators then screened article
titles and abstracts to assess eligibility for further review, with
inter-rater agreement evaluated and any discrepancies resolved
by a senior investigator. The inclusion criteria encompassed
studies involving individuals aged 18-65 diagnosed with an
autoimmune disease, with no prior or current history of
cardiovascular disease, focusing on case-control and cohort
study designs that examined emerging, novel, or advanced
biomarkers beyond traditional glucose and lipid profiles.
Conversely, studies were excluded if participants were older than
65, had any history of cardiovascular disease, or if the study
design comprised clinical trials, case reports, or meta-analyses.
After full-text and Supplementary Material review, 3,906 articles
were removed for not meeting the inclusion criteria. Data
extraction captured publication details, participant characteristics
and biomarker descriptions, cardiovascular outcomes, and the
authors’ conclusions. Study validity was assessed using the
Grading of Recommendations, Assessment, Development, and
Evaluations (GRADE) criteria (16).

2.3 Data synthesis and analysis

In our meta-analysis, we used the meta command in Stata 18.0
(Stata Corp LP, College Station, TX, USA) to generate pooled
summary estimates for the risk of incident cardiovascular disease
(CVD) for each biomarker, provided that at least two studies
offered eligible data for middle-aged adults without a history or
symptoms of CVD. Incident CVD was defined to include events
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FIGURE 1
Prisma flow diagram
such as myocardial infarction, coronary revascularization examined using the Risk of Bias in Non-Randomized Studies of

procedures, stroke, heart failure, cardiac arrest, peripheral artery
disease, or CVD-related death. We combined adjusted hazard
ratios (HRs) from studies that employed similar methodologies.
To evaluate the variability between study findings, we employed
both Cochran’s Q test and the I* statistic, with I? thresholds of
25%, 50%, and 75% indicating low, moderate, and high
heterogeneity, respectively. Based on the level of heterogeneity
detected, we selected either a fixed-effects or a random-effects
model, reporting the results with 95% confidence intervals.
Publication bias was investigated through the use of a funnel plot
synthesis along with Egger’s regression test to statistically assess
any asymmetry in the funnel plot. The risk of bias was further
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Interventions (ROBINS-I) tool. Finally, sensitivity analysis was
performed by re-running the meta-analysis after excluding the
study with the greatest weight to determine whether this removal
led to a reduction in heterogeneity.

3 Results
3.1 Systemic review

A comprehensive search of PubMed, Embase, and Medline
yielded 3,975 records, with 237 duplicates removed prior to
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screening. Of the remaining 2,488 titles/abstracts screened, 896
full-text articles were retrieved and 472 were ultimately assessed
for eligibility. After excluding studies with patients who already
had CVD (n = 188) and those with insufficient data (n =117), 69
studies were included in the review, with 34 contributing to the
meta-analysis. Ultimately, studies met all inclusion criteria with
a total sample size of 46,493 participants. These included 38
were Case Control Studies, 28 Cohort Studies, 3 case-control
studies (17-84). Most of the studies were rated Moderate in
GRADE analysis and the quality of the studies were Good.
The Biomarkers most commonly reported in these studies
were hsCRP (n=24), RF (n=6), IL-6 (n=6), Anti-CCP
(n=6), ADMA (n=6), Hcy (n=5), sVCAM-1 (n=5), NT-
proBNP (n=4), APL (n=4), Fibrinogen (n=4), TNF-alpha
(n=3) and ACL (n=2). Type of Study, Duration of Study,
GRADE, Quality of Study, Biomarker, whether or not CVD
Predicted, HTN, T2DM, Total Sample Population and what
were the Main Findings are tabulated in Table 1.

In addition, it was possible to perform a meta-analysis to
calculate the joint results of the hs-CRP studies predicting
incident CVD among adults diagnosed with autoimmune
disease without a prior CVD history or symptoms. The
confounder factors that were mostly used for adjustment were
age, gender, race and smoking status or traditional
cardiovascular risk factors such as hypertension, dyslipidemia
and diabetes mellitus. The systematic review summarized in
Table 1 highlights that numerous studies have investigated a
variety of biomarkers for predicting CVD in autoimmune
patients, yet none have emerged as definitively predictive. For
instance, Aiewruengsurat et al. (17) found only weak
correlations between cardiac biomarkers—such as hsTropT
and NT-proBNP—and cardiac structure and function in
rheumatoid arthritis (RA) patients, while Ajeganova et al. (18)
demonstrated that RF or Anti-CCP positivity combined with
high inflammatory markers like C-Reactive Protien (CRP) and
Erythrocyte Sedimentation Rate (ESR) increased CVD risk,
particularly in RA patients with early disease onset. Similarly,
Arnab et al. (19) reported that anti-CCP antibodies were
associated with markers of atherosclerosis and cardiac
dysfunction, and Bakry et al. (20) underscored the role of
cytokines, including IL-1B, IL-6, and IL-18, in the risk of
ischemic heart disease. Additionally, Bana et al. (21) and
Barbarroja et al. (22) provided evidence that elevated levels of
inflammatory and fibrosis markers, such as TNF-a and anti-
CCP titers, were linked with proatherogenic profiles in SLE
and RA patients, respectively. Other studies evaluated
biomarkers like ADMA, Symmetric Dimethylarginine
(SDMA), and sVCAM-1, which showed associations with
endothelial dysfunction, arterial stiffness, and myocardial
stress, though these relationships were generally modest.
Collectively, while many of these studies suggest that
individual biomarkers or panels of markers—ranging from
inflammatory cytokines to autoantibodies—can indicate an
increased cardiovascular risk, the overall evidence indicates
that they are not yet definitive predictors of CVD in

autoimmune populations.
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3.2 Meta-analysis

3.2.1 Analysis of hsCRP as a biomarker for
incident CVD

A total of 24 studies assesed the association between hs-CRP
and Cardiovascular outcomes among autoimmune patients
(Table 1) (18, 19, 21, 24, 26, 27, 32, 34-39, 42, 46, 49, 56, 58, 66,
68-70, 72, 76). All 24 studies showed that hs-CRP was related to
higher risk of CVD or incident of mortality. The ability of hs-
CRP to predict incident CVD among middle-aged adults without
a prior CVD history or symptoms was computed by performing
a meta-analysis. The meta-analysis included 24 studies that were
found with comparable continuous analysis, using an adjusted
hazard ratio per increment of 1 SD unit of the continuous
predictor variable (Figure 2A). The meta-analysis for the
predictive value of hs-CRP in incident CVD among adults with
autoimmune diseases initially demonstrated high heterogeneity [Q
(22)=110.86, p=0.00; I[*=96.55%; >=0.09; H>=29.00],
prompting the use of a random-effects model. Despite this
variability, the overall effect was highly significant (z=1543,
p=0.00). A funnel plot suggested possible publication bias, which
was supported by a significant Egger’s test (p=0.03), indicating
that smaller studies with null or negative findings may be
underrepresented (Supplementary Figure S1). To assess the
robustness of these results, a sensitivity analysis was performed by
removing the study with the highest weight. While heterogeneity
remained elevated [Q(23) = 112.03, p = 0.00; I* = 98.57%; 7* = 0.08;
H?=69.70], the pooled effect remained statistically significant
(z=16.30, p=0.00), reinforcing the main findings (Figure 2B),
Funnel Plot is in Supplementary Figure S2. Nevertheless, the
presence of substantial heterogeneity and signs of publication bias
warrant cautious interpretation and underscore the need for
further investigation into potential sources of variability.

3.2.2 Analysis of RF as a biomarker for incident
CvD

A total of 6 Studies were asses for the association between RF
and Cardiovascular Outcomes among autoimmune patients (17,
18, 34, 51, 56, 58). Figure 3A displays a forest plot summarizing
six studies that examined the association between RF and
incident CVD in adults with autoimmune conditions. Utilizing
a random-effects model (REML), the pooled HR was 1.35 (95%
CL: 1.08-1.69, p<0.01), indicating a 35% increased risk of
developing CVD with elevated RF levels. However, heterogeneity
was significant, as demonstrated by Cochran’s Q test [Q
(5)=32.46, p=0.00] and an I* value of 84.86% (z°=0.25,
H?=6.61), suggesting that most of the variation in effect sizes
stemmed from true differences among studies rather than
chance Figure 3A. The overall effect was statistically robust
(z=5.81, p=0.00), although the funnel plot (Supplementary
Figure S3) revealed potential asymmetry, hinting at possible
publication bias or the influence of outlier studies.

To assess the impact of potential outliers, a sensitivity analysis
was performed by excluding the study with the highest weight
(Figure 3B). This removal reduced the analysis to five studies
and substantially decreased heterogeneity [Q(4)=8.21, p=0.08;

frontiersin.org



10.3389/fcvm.2025.1598590

(ponunuop)

STAD Jo s103o1paxd jueoyrudis axe sarpoque

531 urdrjorpaes-nue jo suasard ayy pue uorsudladA
‘uonjendod [erouad

3} uey) (SJAD) SIUIAD JR[NOSBAOIPILD JO YSUI 1)edid
PIOJ-6 03 8 ue aaey syuanjed IS drewdy pade-o[ppIA

LLT

4!

01

S

440 “Apoquue H3[-oy

poon

Mo

SIedx /

Apmg
J1040)D)

T10c
‘Te 12 uossiduog

(€2)
‘Te 12 uossiduog

sjuaned (V) S projewnayt

ur aqgoxd sruadorayjeord pue Arojewrureyur o)

0} 9NQLIUOD pue UoneAndE 3)450)N3] Ajoword sgOD-Nuy
‘sI9yIeW

$S211S 2ATIEPIXO pue ‘AIojeuwrwejur onoquoiyord jo
uorssardxa paraj[e yIm padul| are sgOD-Nue jo s1an ySig

SL

1c

S

49D ‘dod-nuy

pood

Mo

sieaf 7

Apmg
J1040)D)

¥10T
‘e 32 elorreqreqg

(z0)
‘e 39 elorreqreg

‘sjonuod oy paredwod

syuanjed IS ur pajessd Apuesyrudis arom (1-dINIL

«§9) s1axrew stsoaqy pue (9-[ ‘GI-TI “8'9) sounjols)
*3SBASIP [RIpIEdOAUI

JO s1axTeUr A[Ied St 9ATdS Aeur S[AA] 6-JININ MOT
‘uoneande dunurwr SuroSuo Jo 3dUIPIAS Pamoys ((TAD)
9SEASTP TR[NISBAOTPIED [edrurdqns s syuaned g5 Sunox

6¥

V/IN

VIN

SaX

T-INVOA ‘€-undared
T-dNILL “-NAT “0-INLL ‘9-TI ‘d1-TI

Pooo

MOT

s1eaf g-¢

Apms
[euonoas
-$s01D)

€207 '[e 10 eueg

(12) e 30 eueq

‘syuaned yy ur suoneoridwod

SBIPILD NPT UBD UOISSIWAI PUL [0IJUOD ISBISIP 19139
"V UT 9SeasIp 1IBaY JTWIAYDST 10J SI0)D8J YSLI

1ofewr axom Ayantsod 1y pue (82-SV ) A1ande aseasiq
's[o13uod 0} paredwoo g1-J pue

9~ *g1-TI Jo s[4 1oySry Apueoyruss pey syuaned vy

08

V/IN

VIN

SaX

(44D) urajoxd aanoear-p
‘T-TI ‘9-TI ‘g1-(T1) upMmI[IIuU]

poon

MOT

SIedX §'7

Apms
[euonoas
-$s01D)

L10T 'Te 1 Anjeg

(07) 'Te 30 Anyeg

'syuaned aanedau-gnD-niue o) paredwod safyord

Ie[noseA pue SeIpIed asiom pey sjuaned aanisod-gnD-nuy
“Suruayoryy [erpreotrad ppwa

pue uonpunysAp drjoiserp jo aduseadrd 12)eaI1n) UOTIIRI}
U01O3(0 TR[NOLITUDA O] JOMOT 'S[AAd] YSH PUe JYD
JOUSTH “(I9XIBW SISOII[ISOIIYJE) SSIUNIIY) [BIPIUI-BLUTIUT
P1OIED PIseaIdU] YIIM PIJRIDOSSE I SAAPOque JDD-NUY

08

V/IN

VIN

SIX

d¥O8Y ‘dOO-nuy

pood

9JRIdPOIN

Ied% |

Apmys
—:mﬁOﬁ—Uuw
-$S01D)

€107 '[2 30 qeury

(61) 'Te 1 qeury

‘syuared 1ap[o
ur Apremnonaed ‘sowodino urra)-Suo pasordwr Lranoe
95EaSIP pue sIN[Iew AIOJeWUIRjUI UT UONONPaI A[Teq

'G9 a8e 210J2q 19su0 VY Yum syuaned ur Ayrperrour
PUE YSL QAD 1248y yim pajeroosse a1om (ST ‘d¥D)
sirew Arojewrwepur ySry pue Aanisod vdov 10 1

1872

€S

(44

S

4I0SY Apoquuy 1OV ‘A

poon

9JRIdPOIN

s1eaf O

Apmg
11040

€102
‘Te 12 eaouedaly

(81)

‘Te 12 erouedaly

‘sanfeA /9 1yS1y yim pajeposse sem Suidy

TINAT PaseaIdour 0] pajnqriuod

asn (JIYSN pue amssaxd poo[q J1[o3sAs se yons s101oe
TINAT asearour Aewr Jdoxysy 1oySiy pue VDV 2A1IsOJ
‘2/d pue

IINAT Uim uone[dizod aanisod yeam e pamoys Jdorrsy
"3SESIP IB[NISEAOIPIED JI9A0 JNOYIM sjuaned vy ur
uonpuny/Auwojeue serpred pue (JNgoid- N pue [do1ysy)
SIIBWOI] JeIpIed UI9M]9q PUNOJ 9IIM SUOTIB[IIIOD eI A\

66T

0T

SaX

dNgoxd-IN ‘T

dox], aansuag Yy “Apoquuy TOV I

pood

ABIIPON

s1eak /0

Apmys
[euonoas
-$s01D)

€20 e @
Jemsguonimary

(1) e »

u.@.:.—wmdhm.ﬂhgw_<

frontiersin.org

06

U et al.

Apnis
Apnis jo Jo
adA|

a)dwes
1e101  Wdcl NL1H

payoipaid
dAD J9)iewolg

Apnis jo
Aeno 3avyo | uoneing

Jea\/aweN
103y

sbuipuy uiepy

(= RIIEIETEN

‘papnoul siaded ye jo Alewwns T 379VL

Frontiers in Cardiovascular Medicine



10.3389/fcvm.2025.1598590

(panupuo))

*SISOID[DSOIdYIE PIIOILd 0} PAYUI[ ST T-NVDA
Y Ul uonounysAp [eI2YIopUs DUINJUT S10J0e]

[SII IB[NOSBAOIPIED [EUONIPEI-UOU PUE [BUONIPEI) Ylog
‘uondunysAp [erpylopus jorpaid

Apuapuadapur Y, J5 MO[ pue 10}d€j PIOJeUrnayr ‘9-[
'S[oNU0d 0} paredwod sIyIeW

uonduNysAp [eIPYIOpUS Jo s[aAd] ySiy 11qryxa syuaned vy

1418

€T

SaX

D-ANL Pue ‘9-T[ ‘I-TI
‘DID-SY “T-IWVTH ‘T-IWVOII ‘T-IWVOA

pood

9JeIdPOIN

Iedx 1

Apmys
11040D

S00T
Te 12 uTassa(

(62)
Te 19 urssaq

‘syuanjed

VY ur uorssa1501d SISOIS[ISOIYIE [EITUIIQNS PUE NSLI
IR[NDSEAOIPIED (JIM PIJBIDOSSE ST [-INVDAS PIICAIT VY Ul
uonpunysAp remnasea ur pajesrdur st Sureudis-suery 9-1

LTC

V/N

V/N

SO

9-TI ‘T-INVOAS

poon

9)eIIPOIA

1eaf 1

Apmg
[euonoas
-$$01D)

1202 e 10 satae(

(82) 'Te 12 sataeQq

*SoUI0INO0
Ie[noseAoIpIed as1aape pajdrpaid Apuspuadopur HAT
(%11) HAT

INOYIM 2501} 0) paredwod (9T¢) SIUIAD IR[NISLAOTPIED
Jo ysur 1aySry Apuedyrudis v peq HAT Ym sjuaned
“Knanisod vaov

pue 93e 1op[o A31s2q0 YIM pajerdosse A[Suors sem HAT
‘syuaned

(V) SHUIYLIE PIOJRWNAYI JIWAIA[SOULIOU DAISUOULIOU
Jo 99T ur Juasaxd sem (HAT) AydonodAy remornuaa 3307

1ve

V/IN

VIN

SaX

d4OsY VdOV

pood

MOT

SIedX /¢

Apmsg
[GLCISREN
-ss01)

0202 'Te 3@ yjorp

(£2) Te 1 gor

uondunysAp [erpylopud ySnory sgAD

PUE SISOII[SOIIYIE PIJLI[IOE 0} JINQLIU0D Aew YNV
‘aSeuwrep

uedio pue (sa10s ([YAATS) Xopul AIANDY aseastq IS
ySty <8'9) £31A10€ 3SBISIP YIIM 218[0110 S[AS] VINAY YSTH
‘syuaned TS UT (STAD) SIUSAD IB[NISBAOIPIED

Im pajerdosse Apuesoyruds are S[PAS] VINAY Bwse[d

€€

SO

BUPSP-TIUE ‘QUI2ISAOOWOH]
quem8eoonue sndn ‘qYDSY ‘VINAY

poon

9)eIIPOIA

SIBdX £'9

Apmys
[euondas
-$S01D)

S00¢
Te 32 yunng

(97) e 12 Yunng

“UOTSSTWDI

9seasIp 2)1dsap SYSLI TB[NOSLAOIPIED JAUSIY (JIM Pajedosse
Sem IoWIp-(J Pue J¥D-SY N[ s1axTewr snoquroryjord
pue £IOJEWWEUI JO UOIBAI[D JUI)SISI SJUIAD
Ie[nosesorpIed Jo 103o1paid juspuadapur AJuo oty sem a3y

901

1L

SaX

dIOsY

poon

9)eIPOIN

SIedX G

Apmg
[euonoag
-ss01)

120T
‘e 39 2a1moI0g

(s2)
‘Te 12 23Imo10g

‘sauet) o13019[ds0I e

A[1e3 0 $AINQLIUOD A[PNI] UONRUIBUT JTUOIYD S S
‘sjonuod Ayjjeay pue sjuaned ysg Uaomiaq JUSIAIP
ApueoyruSts jou nq syusned vy ur 10ySry sem LINID
‘sponuod Ayypeay 03 paredwod (N 12mof)

uonouny [erppyopua pairedwr pamoys syuanjed Yy pue ysq

06

V/N

V/IN

SaxX

dd0

poon

Mo

SIBdL G

Apmg
[euonoag
-ss01)

Apns

810T e 10 uadng

(¥2) Te 30 walg

frontiersin.org

07

U et al.

o)dwes
1e1ol Wdel NL1H

pa1dipasd
dAD

Apnys jo
Anenp 3avyo

Apnis jo Jo
uoneing | adAL

Jeaj/aweN
Jjoyny

sbuipuy uiepy

JaxJewolg (= RIIEYETEN

panunpuo) T 379V.L

Frontiers in Cardiovascular Medicine



10.3389/fcvm.2025.1598590

U et al.

(panunuo))

S[oA9]

QI0-5Y 1y81y pey YNQ-sp-nue aanisod yim sjuaneq
"SISOII[OSOIdYIe [edIuIpdqns pue 3_\,_”—0.& 9SBISIp I0J

IayTeur [njasn e aq Aew DY Sunestpur ‘YIS S [[om
Se ‘LINI PUEB S[PA3] JYD-SY UIM}dq UONR[AII0D JANISOJ

sbuipuy urepy

9)dwes

12101 WdZl NL1H

pa1dipaid
dAD

JxJewolg

Apnas jo

Aneno 3avyo

Apnss jo
uoneing

Apnis
JO
adA]

Jea\/aweN
Joyny

panunuo) T 379V1L

‘sjonuod 0) paredwod [JN] paseardur Apmg
PUe S[43] gYD-sY 12y8ry Apuesyrudis pey sjuened 415 SL V/IN V/IN SoX VNQ-sp-Bue ‘g4D-s4y Po0D | 9JeIOPON | SIBIX GG 310Y40D | Z10T e 32 BI_YD | (9€) T8 12 eyD
syuaned
IS ur [enmoe afewrep 10 L1A1IoR 2s€ISIP YIM A[Id2IIp
jou Inq a[yod pidi[ paraife Ue YIM 3)e[1I0D S[2AI] AOH Apmg
S (QAD) 9SBISIP JB[NISBAOIPIED PUE ‘[ENIDdE [euonoag 6102 (s¢)
afewep ‘AJIATIOR ISLASIP YIIM SIIR[DII0D JYD-SY PajeAd[T 651 6 6¢ SIX Aoy «di-sy PooD) | 2JeIPOIN | SIBIX 6'T -$SOID) | ‘[e 12 OUIPIEIdD) | ‘[e )9 OUIPIEIdD)
53] (1-v ody-nue) [-y ujordodrode
‘SYI 2y Jo Aiqe 2ano1paid ayy aaoxduwr -nue pue (TqT-x0) ujordodr
jou prp nq juesyrudis arom JI-X0 pue JNgoid-IN Ayrsuap-mo[ paziprxo (INgord-IN)
‘9.1 49 1A1 opndad onemineu urerq—oxd [euru)-N
Ay} pue [8°0 03 70 WoI DNV Y} Sulseadur ‘GOYIN 10§ (1Y) 1030%] PIOJEWNAYI ‘SAPOQIIUE
Aypiqe aanorpard (SYI) 91008 MSII Te[NISLAOTPIEd 1edk-0T (dDD-nue) apndad pajeurnnn Apmg
weydururer ayy pasoxdur Apuesyrudis -y ody-nuy 811 91 c¢ SIX S1PA>-niue (YD) urjoid aAnoeaI-) PooD) | 21eIdPON sIedX 6 11040D) | 10T T8 32 PPUL] | (7€) Te 32 PPuL]
‘SJU2Ad Te[nosesorIpIed jsureSe 1090 aAnd2301d
® pamoys urndse pue (DDH) aumboioyosxorpAy jo asn
‘Supjows pue ‘Ajranisod
Tde “uoIsualIadAy apNUT SJUIAD AD) I0J SI01IBJ ST (V1) uemSeoonuy sndng
*S}0Y0d (1-dHTq) WSI-D31 1-wej01dodh1H
uedstpwy pue ueadonyg yioN 03 pareduwod syuared z-e19g ‘WS1-H3] urdijorpre) Apmg
IS UBI[EI] UT SJUIAD TR[NOSBAOTIPIED JO IDUIPIOUT JOMOT £0S 91 101 SIX «(1de) Apoqnuy pidrjoydsoydnuy Poon) | 2JeI9PON | SIBAX 9T J10Y0D) | 80T 'T& 12 ouese] | (¢€) ‘Te 1o ouese]
stserzosd ur yeay renosea parreduwr Apmg
10J IIBWOI] © St JATIS ABW PUE UOTBWWER[UT [RI[2YIOPUD [euondag 1202 (z¢)
Te[noseA (IM pajerdosse A[§uons st 911 pue 07100 8¢ VIN VIN SoK dIOSY VLI-II 9-T1 ‘0TTOD PoOD | 9JBIPON | SIBIX G'T -SSOID | e 39 IMeqRU[T | TR 39 IMeqRU]
“SII IR[NDSEAOIPIED MO[ SB PIYISSE[d 50U} UT
uaAd ‘sanberd prjores yIm sajePII0d TUII-SH [qeIdRle
‘syuaryed Apmys
(1S) snsojewayAra sndn oTura)sAs ur SISOIAISOIAY L [euonoas
[ed1urdqns YIm pajerdosse Apuapuadapur st [UIA-SH 18 V/N 0z SIX LUI>-SH poon MOT|  SIBIX F'T -$S0ID) | L10T 'Te 12 pIeAl | (1€) e 19 pIeAlq
*Am(ur [erjayIopua 0] SI0INQLIIUOD dATIIE OS[E INq
uondPUNYSAp Jo sToIeW 3q ATuUo J0U Lewr soururdreAylowiq
'SSOUJINS [BLId)IE pUER UOTOUNISAp
TeI[PYIOPUS JR[NISEAOIDTW PUE SIONILWOI] IS}
U9MI3q SUOTIBIDOSSE $ajeqIaoexa peo| Lrojewrweyur ySiH
‘uoneWWRUT Apmys
orwayss y3ry yum syuaned yy ur uonounysAp Ienosea [euonoas 10T (0£)
M pajeposse ApueoyruSis ore YINQV PUe VINAS| 98T VIN | VIN 3k VINGS ‘VINAV PooD | 2)edPOIN | SIBIX ¥ -$5010) | “[& 19 SE[MONIWI(T | ‘[¢ 19 SEOLIWI(]

EPIIEYETEN!

frontiersin.org

08

Frontiers in Cardiovascular Medicine



10.3389/fcvm.2025.1598590

(panunuo))

‘aAAD Sunorpaid 10§ 1exIRWONQ

153q ST JYDSY "syuaned FTS UL SISOIDSOIAYIE [edTUIPANS
Sunorpaxd 10§ 1o3IRWOIQ € SE 9AIdS eI UBdOpPUY
*SISOII[ISOIAYJE [BITUI[OQNS

ur a[o1 s,uedopud unsadns ‘N> pue s[pPAd] UedOpUd
U22M)2q UONE[21100 dA1Isod Y *S[oxjuod 0} pareduiod
TS M sjudned UT paaIdsqo e S[2AJ] Ued0pud IaYSIH

88

V/N

V/IN

SaX

uBdOpUD ‘qYDSY

pood

9JRIdPOIN

SIBAX G0

Apmg
[euonO3s
-ss01)

ST0T T8 12 1T

(zv) Te 1 11

‘suonjendod 7S Ysu-ySry ur uonuasaid pue

Surroyruowr pajadie) jo aoueyroduur a1y a10ds19pun sSurpury
asay ], 'syudned aanisod-Tde ur ysur ADSY Supnpax
903532 2A192)01d ® sey uridsy “YsLI Ie[ndseAoIpIed
aseanur Apueoyrudis “Aianisod sqe adin 10

aqnop Surpnpur ‘sapyoxd ysu-ySry ST uey) suonemosse
128uons Sumoys sad£jost H3] yIm ((1dDzge) sarpoquue
ury01dodf[3 zg-nue pue (THe) sarpoquue urdrjorpreonue
4q pamoyioy ‘syusned FTS ur GAOSY Sunorpaid
1ayrewolq isaduons ayy st (y1) JuemSeoonue sndng

€LST

LT

L1T

SIX

1de quemseoonuy sndng
‘1dSz-e399-nuUy IOV ‘VNASP-BUY

poon

9JRIdPOIN

s1eaf ¢

J10Y0D

ST0¢ Te 32 Suenyy

(1%) Te 32 Suenyy

“1omod

aanpa1pad Suons Surmoys ‘708°0 Sem Xapur-)) s [apour Y],
‘a8esn aumboro[ydLxopAy pue

Aw_u_.uﬁ—uu& JEOEU\;O\:: SNOoaUEIND IpNOUT STOJJBJ 9AI)I3]0Id
*SP1021)10200N[3

9s0p-yS1y pue ‘Op< josuo e ade ‘uorsuarradAy

Sunjows “Topuad afeur apnpuT s1030ey YSII JuedyruSig
‘padofaaap sem (FTS) snsojewaLio

sndny orwa)shs M syuaned ut (SgDD) SIUIAI
IB[NISBAOIQDId) PUE IB[NOSLAOIPIED I0J [9pOur dATOIpaId v

66€T

[Uig4

SO

juemSeoonue
sndng 1dSz-e1eq-nuy 1OV

poon

9)eIIPOIA

SIBX 18

11040D

70T Te 12 Sueny

(07) Te ¥° Suenyg

‘sywaned q7$ ur WAD 10§

mpoedur ssof axe ‘Gunjouws 3dadXs ‘S10)0€j NSLI [BUOTIIPEL],
‘TNAD Jo s103o1pard

Jueoyrudis axe Jge pue ‘qYDSY ‘T-INVDAS I sIjrewrorg
*£)1[e)I0W [[EI2A0 JO sI10301paId

Suons are aseasip [eL1d)Ie pue SAd[ D unelskd ySiy

80T

L

SIX

O-uneIsk) pue Ide ‘T-WVOAS ‘d¥O-sY

pood

9JRIdPOIN

SIeX €71

Apmg
J1040)

(4514
‘Te 12 uossjeIsno

(6€)
Te 19 =Omm.wwumﬁmu

STAD 10J sYSLI a[qerrea moys sjuanjed 1S jo sdnoidqng
"AAD PRYRPI-FTS Ul [eroard

a1e wa)sAs uonenSeod pue WNIPYIOPUd 3Y) JO UOHBANOY
“(HAD) S1U2Ad Je[NOSseAOIpIed Jo s10301paxd jueoyrudis
dIoM m«ﬂu&@&uOn—EOhr—u Jo aduasqe pue AmeMhmE OMNEN@
1122 [erpPyiopua ‘sarpoquue prdrjoydsoydnue aanisod 93y

81

V/IN

9L

SIX

‘9TI ‘uefounqy ‘didsy (1-INVOAS)
-3[ND3[OUI UOTSAYPE [[20 Je[NISEA
J[qnjos pue ‘(JMA) I010eJ PUBIGI[IM
uoa (Tde) sarpoqnue pidrjoydsoydnue

pood

9JRIdPOIN

SIBdL G'6

Apmg
J10Y0D)

600T
‘[e 19 uossjeIsnoy

(8¢)
Te 19 =Omm.wwumﬁmv

*SISOII[ISOIdYJB PIJeId[aIde pue
aredor repnosea parredurr yam pajeroosse st uagouriqry pue
IDSY NI SIN[IBWOI] YIM WY Ul UOHRWWE[UI JTUOIYD)
“(XIV ‘AMd) $231pul ssaujjns eriale pue (¢1-11

‘ddD) SISIeW UOHRWWER[JUI USIMISQ UONR[IIIOD JANISOJ
'S[PAd] JT-T1 PUe ‘€YTL

‘SO 19Y31y pue s)uNod [[92 +HED 1omo[ pey sjuaned vy

0s

V/N

VIN

SaX

uadouniqr ‘YD-sY

poon

9JeIdPON

SIedX T

Apms
[euonO3s
-ss01)

¥10T T8 39 oD

(£€) "Te 32 o[nD

frontiersin.org

09

U et al.

Apns
o)dwes
1erol Wdel NL1H

padipasd
dAD

Apnis jo
Anenp 3avyo

Apnis jo
uoneing

Jeaj/aweN
Joyny

sbuipuy uiep

JaxJewolg (= RIIEYETEN

panunpuo) T 379V.L

Frontiers in Cardiovascular Medicine



10.3389/fcvm.2025.1598590

U et al.

(panupuo))

‘uondunysip

TeI[YIOPUD JO SINIBWIOIQ Pasealdul [IIM pajerdosse

ST (1T F T 21008 87SVA) VY Ut Ayanoe aseastp ySig
"V Ul uonewiwejul pue

(07D J-0SI-8) $SA1IS JALBPIXO UIIMII( UONR[ILIOD JATISO]
‘S[PA3] DZIDJ-0SI-8

44D pue (07IDd-0s1-8)

sbuipuy uiepy

o)dwes

1e101  Wdadcl NL1H

dAd

JaxJewolg

Apnys jo

Aneno  3avyo

Apnis jo
uoneing

Apns
jJo
adA|

Jeaj/aweN
Jjoyny

panunpuo) T 379V.L

pue YINQV Paread]d jo 10301paid juspuadapur ot st $YD 0z utpueSejsoxd-osi-g pue oururdre-| Apmg
*s[013u0d 0) paredwod “(VINGS) dutuidref{yiowrp ornawwAs [euondas 7102 (8%)
syuaned Wy ur pajead] Apuedyrudis ore SPAd] VINQY 001 V/IN i SAX | (VINAQV) QUIUISIe[A)oWIp SLIIWWAS Y poon Mo Iedx | -sS01D) BCRERUIIRISS| RCRERUIIRINS |
'S9JBT JUAAD Te[nosesorpied 1oydiy jo1paxd
(TAV'T) Xopul owmoA [erije o[ pue (INAT) Xoput ssewr
TR[NDLIUAA 1J3] PajeAd[q-aSewrep pue ssaxs [erpIesofur
a)edIpur LUL-SY pue JNgoId- TN oNI[ SIDIBWOIg SHLIY)Ie
PIOJEWNAYI UT SINI[EULIOU]E [BUOTIUNJ PUE [BIN)ONIS LUL-SY NQV ‘dNgoxd Apmg 120C (L¥)
OBIPIED (M PIJRIDOSSE dIE SINIRWOIq Sune[ndI) sSe 18 0L1 S9X | -LN I5d VITISYINL ‘€X.1Ld ‘6dINd PooD | jeIopON ST MoyoD | °[e 12 1yseAeqoy] | [e 12 1ysedeqoy
*SISOIS[ISO0IdJe I0] ‘D
3stx je Inq sagoid prdiy rewrrou ym syusned gIS saynuapr -S{ pue YST NI[ SI{Iew A1ojeururefur
VINQV-ouasard wmnmpes Areuorod pue ‘osn suostupard pue “(FD ‘€D) S[2Ad[ Judw[dwod
quawra[durod Mo[ ‘YN Sp-1ue AJoruyle uedsLaury ‘AN-TIUE “wWS-nue ‘YNJSp Apmg
UBDLIJY (JIM PIJRIDOSSE I8 S[PAJ] VNV Paread[q 002 V/N V/N SO -nue (VINQV) dutuidreidyjowrq PooD) | 31eIdPON SIBdX G J10Y0D) | £00T e 12 Tueny | (9F) e 12 Tueny
‘AAD PIM TS UT PAJLAI[d JIOUT AIIM.
(syuemBeoonue sndn ‘TYDsY “S2) s1ayrew A1ojeurureuy
‘sponuod 0) paredwod qAD ym syusned g ur
PaAI2SqO sem (TJATD) SSIUDIY} LIPIW-BWNUT PTjOIed JOYSTH ‘syuemBeoonue sndn| [ora)sajoyd Apmg
“TQ'TXO pue ‘sapadA[Sin durajsoowoy TAH ‘saprradk[Sin uraskoowoy [euondag
unday o sy 1oySy Apueoyrudis pey g AD ym syuaned 1S 8/ 9 67 SaxX “(1aTx0) 1AT paziprxo ‘undoy poon MO SIBdX 6L -ss01D) | 91T Te 32 Axrey | (G) ‘[e 30 Axreyy]
VY UI UOTONPaI YSLI J[NISBAOIPIED 10§
SIUSWIILAT) [BUOIIU2ATO0D Judwa[dwiod Aewr safeydoroeur
ur Surpeof [o1)sa10y> Sunafre sarderay) PAON
‘uorssaidoid sisorapsorayje
pue DD udsamiaq drysuonerar ay) Aempowr A[qeIoAey
sunje)s pue so130[01q A[IYM ‘s109Jje A[qeIOABJUN JUOSIUPI]
(V) snuylIe projewnayl ur uoissardoid sisorsosorayje Apmg 20T (¥%)
A1euo10d Y)IM pajerdosse are D ur saduey) 001 81 V/N S DVD DTID ‘dID-SY 14 PooD) | 21eIdPON sIedx / J0yo) | e 32 seznodiey | e 3o seznodiey
"yS1y a1e SPAJ] TUL2-SY UayMm A[erdadsa
“QSBASIP AATIINIISO-UOU/2AISUIXD-UOU Yim sjuaned ur anberd
2AnPNISqo/AAISUB)Xa 0) uorssardord syrpard v [gDeg-nuy
“UOTJeN[BAD SISOIIISOIAYJE ATRU0IOD dAISEAUT-UOU JpmS Lewr Apmg €202 (¢¥)
pue 2>ussaxd anbeyd Lreuo1oo jo uonorpard saaoxdwr [uyd-sy 4! =4 1L sax V31 1dDzg-nue ‘qID-sY 10 Poon) | ajeIapoN SIedL / y0yo) | e 32 seznodiey | e 39 seznodiey

(= RIIEYETEN

frontiersin.org

10

Frontiers in Cardiovascular Medicine



10.3389/fcvm.2025.1598590

U et al.

(panunuo))

*SISOQUIOIY) [BLID)IE JO
A103STY & pUE ‘SNY[[OW $3}oqeIp ‘FUD[OWIS DIUOIYD ‘XIS d[eW
LM PIJRIDOSSE ST JYDSY PIILAI[ 3seasp [edrSo[ojeway
pue ejaEysonIsnw ‘sniso1ds A[[eradsa ‘AI1anoe aseasip
TS UM 2J8[2110D S[AA] JYDSY (A'TS) snsorewayi£ra sndny
oruwrd)shs aaroe ym syuaned Jo 94// UT 9[qeINAAP ST TYDSY

68T

0T

SIX

diosy

Poon) | ajeIspoN

SIBdL €0

Apmg
J10Y0D)

€10T e 3° O

(9€) "Te 1@ Yo

*AMJJ? Jo s103o1pard

JuedoyruSis a1om sapLIadA[3Ln) pue ‘UoneInp aseasip 8y
‘UONRINp ISBISIP IJIOYS YIIM 350Y) 0} paredwod A MdJo
19y31y paKqIyxe s1eak 0T UonEINp VY M Sjudned
vy moyym Jurde

URY) SSIUHNS JB[NOSEA 0) JIOW SANLIFUOD VY JO JedA yoey
(AMdpP) ssaupns

Ie[noseA paseadur Jo 10301paxd e s1 uoneInp aseasp vy

901

V/N

V/N

SO

(d00-nuy) apndad pajeurnnp
S1PAd-nue (1Y) 1030€] projewrnays
(gSH) 21eI UOHBIUIWIPaS LI0IIL1d
“(d9D) uroid aanoear-) (saprradA[din
O-TAH -1dAT To13Is3[0yd

[e101) spidi] wnids (AMdJP)

Aypoaa aaem aspnd [eroway 0) priore)

PooD) | 21eIPOIN

Iedx 1

Apmg
[euonoas
-$$01D)

L10T
‘e 13 opedIa]y

(€9)
‘Te 39 OpedIdN

‘anberd pnjoxes jo s1oyo1pard Suons
210M SPPAJ] YVHMLS Yy pue ‘p/Su $¢2 spas undsy
cuonpuny TaHId ydry ‘sreak gp< a8y -aouasard anberd

JO Sppo paseardur p[oj-gz & pey d[yord ysu-ySiy e ym
syuaneg-syuaned TS ur uorssardord pue souasaxd anberd
PLIOIED JO SPPO Paseardur pajoIpaid s1030€f MSII [EUONIPEI)
pue s1jrewolq Suruiquod ayoid SIOIATY IH-YSY vV

(UE

St

S

DIDSY ‘S[2A3] duraishoouroy
‘OIVEM.IS) MVAML 2[qn[os euwsed
anday ‘(1auid) TaH Arorewrweyurolg

Poon) | ajeIspoy

SIBdX G'7

Apmg
J1040)D)

¥10T
IV 12 UoyRUDy

(z9)
‘Te 13 uoyRUDIN

Ayreyrour 1o Ayiprqrowr qAD Joysiy

M pajerdosse Apuedsyrudis Jou a19M Y pue gDD-Nuy
'SIWO2INO (JAD YIM pajerdosse A[Suons atom Ajr1anas
ured jurof pue (9-[ YUN0d DM ) SISNILW UOHEWUIR[U]
frerrowr qAD pue 9yons

‘AHD Surpnpur ‘SawodNo IBNOSLAOIPILD JO YSII 1Yy
PIOJ-G'C 03 -G'T B 9ARY Y YIIM Uawom ﬂmwﬁmmcﬁwsumcm

8866

V/IN

VIN

SaX

9

~I1 pue “(Junod [j20 poojg AMYM) DIM
(10308, projewnayy) Iy ‘(dpndag
parew[OI) APAD-NUY) JOO-NUY

poon Mo

SIedx 01

Apmg
J1010D)

S10T
‘e 30 Aoxoey

(19)
e 39 AR

‘uorsua)radAy

10 ‘s33qeIp ‘Buryours NI SI0)OBJ YSLI JB[NISLAOIPILD
[eUOnIpeI} puE SAPOQUUE JOD-TIUE UM

UONBIDOSSE OU ST 213U ] (%89 "SA %7 1) shudned aanedau
-dDD-nue uey) Jer Aierow reqofs 1oysry e pey syuoned
aams0d-dDD-NUY *(§9°5—£T'T IO %S6 ‘85T WO) syuoned
VY Ul (QHI) 2SEISIP JIBAY JIWAYDST JO YSLI PISLIIIUT

Ue [)IM PIJBIDOSSE dIE SAIPOqUUE JDD)-TUB JANISOJ

LE6

6

LST

SaX

dOO-nuy

pooH MOT

sIedx G

Apmg
11040D)

600C e 30
o3uoT-zado

(09) e @
o3uo-zadoT

‘syuaned 2GS Ul SjUAAd

IB[NOSBAOIPIL) 25NPal 0) £321e1)s J[qRYIPOW € SE dAIdS Aewr
uoneurweyur SuIssaIppy siso1d[dso1aye Jo juawdo[aadp
2} pue uONOUNYSAp [RIPYIOPUS 0 SANQLIUOD

UOTYM ‘UOTJRUIWR[UI JTW)SAS JO3[J1 S[IAS d¥D YSTH "ysut
(AAD) 2SBISIP JB[NISBAOIPIED 0 IIBWOIQ AIOJetwejur
aanorpaid e se ajox sy SunySiySiy ‘syusned (o§S) s1so1d[ds
STW2)SAS UT SISOII[DSOIAY)E [eITUIPANS JO YSLI PISLIIOUT U
M pajenosse Apuesyrudis st ([p/Sw 6'0<) d¥D PaIeAd[q

sbuipuy urep

€19

9)dwes

1e101 Wdcl NL1H

i

061

SO

pai1dipaid
dAD

(44D) urajoxd aanoear-)
‘(@) uoneIR[Ip pajerpaw-moy ‘(LINT
CLINIY) SSaUNDIY) BIPIWI-BWIUT [BIOWIS)

PUE PIIOIED IPNIOUT PISSISSE SINTRWOIG

JaxJewolg

poon Mo

Apnas jo

Anenp 3avyn uoneing

SIBdX T

Apnis jo

Apmg
[euondag
-ss01)

Apnas

jJo
adA]

¥coT
e 10 MMoer

Jeaj/aweN
Joyny

panunuo) T 379VL

(6%)

e 10 Mmoer

(=IIEYETEN

frontiersin.org

11

Frontiers in Cardiovascular Medicine



10.3389/fcvm.2025.1598590

U et al.

(ponunuop)

‘sarderayy Surdprpowr-prdip Surpnpur ‘suonuaArajur

sbuipuy urey

9)dwes
1erol Wdecl NL1H

padipaid
dAd

JaxyJewolg

Apnis jo

Anenp 3avyo

Apnis jo
uoneing

Apnas
Jo
adA|

snnaderayy parofrey ur dpy ues syusned jo uonesyneng sao1pur oruagorayje pue Apmg
ATS[ (IATA “1A'T “IAH) sepued prdy ‘onex [euond9g 610¢ (19)
ur st AD 10§ Iaxreworq jueoyrudrs e st oner [yody:gody 79 V/N V/N sax | Tyody:godyiuemSeoonuy sndn ‘qyD Po0D | 21eIPOIN SIBdX €T -SSOID | °[B 19 UOSUIqOY | [e }9 UosuIqoy
‘SNYI[[OW $2)2qRIP PUE ‘UOTRINP ISeISIp ‘Sisouerp
TS e 95e IOPO [IIM PIIRIDOSSE ST SSIUYTIS [ELIDIIY
*SISOIA[ISOIAY)E
P1IOIEd Y)IM PIIR[ALIOD JOU I8 SIN[IBWOI] S, Apmg
IS U SSAUPTIS sarpoqnue prdijoydsoyd [euondas
[EHI9)TE JO SISNTRWOL] dIe S[IAJ] SUIIsAo0WoyY pue YINAY (441 ¢ 9¢ 9K -nuy Qumisioowol ‘VINQVY ‘diD Poon | eIPON SIedX 71 -$s01D) | 0107 Te 32 eusdd | (09) Te 19 euIdd
‘UOTIUNJ [RIPYIOPUS UT SjudwdAoIdwT pue S[aAd]
JINE UT sUONONpal 1uedyrudis Yiim pajeroosse sem [011U0d Apmg
9seasIp parordur] "UONeIe[Ip PI)BIPIW-MO]) paredur [euon2aS
pue sapnedoidtu [erpyiopus pajesd|s pey syudned 41§ 4 4 71 S9K | gOdHs pue ‘IDIA ‘T-INVIA ‘dYOsY pood Mmoq s1eak 60 -$SOID) | 10T T8 12 IfIed | (6S) Te 12 IjIeq
o101 2a129301d € SunsadSns
‘uaouriqy pue YST I SIONTEW UONEBWWEJUI pue
S[9AJ] Y-UIMJa,] UIIMIIQ PIAIISO JIIM SUOTJRIDOSSE ISIIAUL Apmg
“Knanisod ydOV pue [euonods ¥20T
I YIIM PIJRIDOSSE 1M S[AAI] (1.SD) UNBISAILR) PAIRAI[T 661 €T 81T Sax Iy ‘uaSouriqy ‘qyD poon MOT SIBdX F -$s01D) ‘Te 19 sarwred | (8S) Te 19 sarweq
'sjuanjed y ur YSU AD
jsureSe ajo1 aa13a101d © pamoys satpoque T TXO-NUY
S (AD) Ie[NOSBAOIPIRD
pasuanpur Apuedyrudis YST pue uoneINp ISLISI
"TY0OS pue
LIAT PIIOIed Paseardur y)m paje[ariod Ayanisod goo-nuy *(4SH) 22ey uoneIUUIPas 21401 LI Apmg
*S[01)U0D 0} 'saTpoqnue JIX0-NUY ‘(TATX0) [euondas 910T
paredwod syuaryed Y Ur pajead]d a1am J'TX0 pue YOS 19 V/N Pl sax TAT PIZIPIXQ sdpoqiue JDD-NUY Poon) | ajeIapoN IedL | -ss01) ‘e 32 YeMON] | (£S) 'Te 32 YeMON
syuaned WY Ut YSUI QAD
paseadur ay) urejdxa A[[ny Jou op SI10}0eJ YSLI [BUONIPEI],
‘sisouerp
VYy ie uﬂw—d\rwhﬁm 210U are uﬁ.——..nmw uh.@wﬂ @ﬁm o&Oﬁw
‘stsougerp [onuod 610C (99)
I19}J€ PUE 210J2q YSLI TB[NOSEAOIPILD $590%a aaey sjuaned vy | ¢8T€T 169 V/IN sax dOD-nue T ‘4D poon) | ajeIapoN s1eak ¢ -ase)) | “[e 32 nosoydnyIN | Te 32 nosoydnyIN
‘auole snsojewaylLIs sndny oruraisAs
0} paredurod aseasIp JIB[NOSEAOIPIED [EITUIPANS JO AJIIIAIS
pue 2ouosreadrd 1oySiy yam pajenosse st snuydou sndng
‘syuenjed snuydou sndny ur uonoajep
Amfur ferpresofw £prea 10y L)1anisuas syoe[ GIAD Apmg
spuydou [euondag
sndny ur Lmfur [erpresofur Jo 1oxIewr JANISUIS € ST [ UL -SH 0S V/N V/N SaX | DD ‘LUL-SH ‘VNASP-DUue ‘dDsy PooD) | 31eIdPON Iedx T -ssox) | 120T e 30 ISeN | (SS) ‘[e 30 IseN
syuaned Wy UT YSUI AD JO uonewnsaropun fenusjod
Sunyeorpur vy ur xopered prdif oy M pajerdossy
“IOVIN 10 Apiqedes uonorpard paj sey pue syjeap ¥ LUIA-SH ‘dNgOoid-IN Apmyg 20T (#9)
AD sp1paid Apuspuadopur H1 1-v urjoxdodijode-nuy wupl 9¢T 995 SX | ‘@IDSY OI[ 1-v ujordodijode-nuy PooD) | 21eIdPON SIedX ¥'F J1040) Te 32 urSuon ‘Te 32 urSuon

Jea\/aweN
Joyny

S IEYEIEN]

panunuo) T 379VL

frontiersin.org

12

Frontiers in Cardiovascular Medicine



10.3389/fcvm.2025.1598590

U et al.

(ponunuop)

's10301pa1d JueoyTuSis urewal sajpqerp

pue ‘uorsua)radAy xas ‘9fe ayI[ $1010€) NSLI [RUONIPEI],
"avO/AAD Jo st 3y} saseal>ul

ApueoyruSis s1eak 0M) I9A0 AJIATIOR ISBISIP JUIISISID
VY ur (qQvD) dseasip L1a)re Areuoiod pue

AAD Jo ysur pasearout 1o1paid Lewr JNOD Jo S[ad] YStH

(354

4!

99

SaxX

44D ‘dDO-Buy

poon

9JeIdPOIN

sIedx $T

Apmyg
J1010D)

€20T 'Te 12 TPPAY

(89) 'Te 30 1PPAY

"SI SISOII[ISOIAYIE PISBAIOUT J0J S10J08) dANIIpard

aTe S[OA] YD PajreAd[d pue “Kyanisod vAOV ‘d9H ‘ATl
*SISOIS[DS0IY)e

eJIUI> pUB [EIIUIIQNS JO YSLI dY) SIONPAT UOISSTWY
'S12A G> JO UOTRIND JSEISIP B )M

syuedpnaed ur Apremonted vy ur SISOIa[ISOIAYIE [EITUI
PUe [edIUIPQNS JO 9UIPIOUT pue ddudeAdrd pasearduy

178

86

SO

d¥OsY

poon

9)eIAPOIA

SIBdX ¢

Apmys
Teuondas
-$s010)

610C
Te 19 mpsNY

(£9)
Te 32 mpsmy

‘IO pareAdP

M pajerdosse Apueoyrudis a1om (sajaqerp ‘uorsualiadAy
QUIOIPUAS JT[0qeIaUr) SI0}D.) NSLI AD) [BUONIPeI],

"SJUIAD AD) PUE SISOII[OSOIdYJE [EDTUIIQNS

I0q M pajerdosse (1'5< 7Sy ) Aanoe aseastp Y3
‘syr0dax

1eqo[3 03 paredwod (96°9) SIUIAI IB[NISBAOIPIED JO AI0ISTY
pue (%971) SISOI[ISOIYIE [edTUTIQNS JO doud[eAdId MOT

9LTT

PST

8¢S

SO

ASH ‘YO VOV ‘Jd

poon

9)eIIPOIA

Iedx 1

Apms
[euonoas
-$$01D)

L10T
e 12 msny

(99)
Te 1 mpsny

*SSOUJJT)S TR[NOSBA UT 10JOPJ [EINLID © sk ‘safueyd
[eamjonns uey) Joyjel ‘woneuwrwepur 1sa38ns sfurpuy ay,
'9-TI PUE QYD ‘S[9AJ] [0I21SI[OYD ‘UOTeINp

9SEASTP [JIM PIJLIDOSSE ST SSAUJTIS [RLIJIE PAsLaIdU]
*SIS019[2s019Y)e Jo Juspuadapur

‘s[01u0d 0) pareduwod saseasrp A1ojewrurejur dSIUOIYd
yum syuaned ur paseardur Auedyrudis s1 sSUNS [eLIIY

98T

61

SIX

9-11 Pue 44O

pood

9JeIdPOIN

Ied% |

Apnys
[euonas
-$S01D)

S00T
‘Te 30 uewoy

(59) T 12 urwOy

‘syuanied W UT YSLI Je[NOSBAOIPIED

[e2TUIIQNS 10J IANILUWIOI B PAIIPISUOD 3q P[NOd 9-T[
*(82-SV ) ANAIIOR 2SBASIP IIM 9JB[21I0D pue

sjonuod 0y paredwod syuened vy ur 1oySIy axe s[oA3[ 9-T1
(d40-SH

‘ANgOId-1N) s1jrewolq pue (YOS ‘SY) s1o1paid
N[SLI IB[NOSBAOIPILD [JIM S3Je[21100 A[pAntsod 9-1

09

V/IN

VIN

SaX

6TOXD
pue ‘q4D-SH ‘dNgo1d-LN ‘9-11

pooo

BIIPON

SYIUOI £°0

Apmg
[euonoas
-$s01D)

¥coT
‘e 30 ueySoy

(#9)
‘e 30 ueySoy

‘sautpopm$ 600¢ 01 paredwod saurfppng

9107 Sursn 1omo[ sem dduaresdrd uondunysdp orjoiserq
‘uonounysAp

Temornuaa s syuaned ur 1oySy arom s[aAd] dNFOId- N
‘uonouNJsAp IeMOLIUaA Jo 10301paxd 1sa8uons ay) sem a8y
*3SBASIP TR[NOSBAOIPIEDd UMOWY Jnoyiim sjuaned vy

JO 9%,T ul Jud[eAdId sem UONIUNJSAP TL[NOLIIUSA [edTUI[IqNS

sbuipuy urepy

61¢

9)dwes

12301  Wdel N1H

(4}

54

SIX

padipaid

dnd

(asa)

9)e UONBJUIWIPIS 2)A00IYIAIS pue
{(@¥D) uroxd aandear-D (LuLsy) L
uruodoxy Ayanisuas-ySry ‘gNgoId- 1N

JxJewolg

poon

Apnis jo

9JRIdPOIN

Aneno 3avyo

SIedX ¢

Apnis jo
uoneing

Apmg
[euonoag
-$$01D)
Apnis
ile}
adA]

020t
‘Te 12 sanSupoy

Jea\/aweN
Joyny

panunuo) T 379VL

(€9)
‘Te 12 sanSupoy

CPIIEYETEN!

frontiersin.org

13

Frontiers in Cardiovascular Medicine



10.3389/fcvm.2025.1598590

U et al.

(panunuo))

syuaned WY UI MSH ((JAD) SBISIP IB[NISLAOIPILD
Paseardur ajedrpur Aewr SIOIBWIOI(] 9S3Y] JO S[IAI] PIJeAd[q
*SISOIS[ISOIAYJE [ETUIOQNS YIM Yy Sunyul] ‘T-INVDI

Pu® ‘T-DIN ‘ST-TI I SIN{IBWOI] $303)5e 3seISIP VY

111

V/IN

VIN

S

T
“INVOA PU® ‘T-INVOI ‘CY-IN.L ‘T-DIN
91-11 “‘curxenuad ‘OdN ‘AT 9-1I

pood

9JRIdPOIN

SIBdX G

Apmg
J1040)D)

610C
‘Te 39 ua1d1apog

(s2)
‘Te 39 ua131apog

*S[01U0d 0) Parediiod SJUIAD Ie[NOSLAOTPIED

10J OTJeI PIBZEY PIsLdIdUT P[oJ-7'F € a0e) sjuened TS
'$10)0€J YSLI A3 a1 S[aAd] IaxTewolq ySiy pue uorsualadAH
‘sjuanjed IS UT SJUIAD

Te[noseaorpied spipaid A8uons 2103s §IDIATIA YSTH

L6¥

06

S0T

SO

IOy
SIVEMIS Qumiskrowoy unda “TAH

poon

9)eIIPOIA

s1eax 01

Apmg
J1010D)

120T T 12 s33exg

(vL) e 1 s38eyg

‘sjuaned Y UI JUSWSSISSE

YSUI Te[NOSeAOTpIed 10J IdIewr [enuajod e st VINAY

YSLI IeTNOSLAOIpIED

paseadur aAey suopenp aseastp 1afuof ym syuaned vy
‘aoneInp

3SBASIP pue VNV YIM paje[ar1od ApaneSau st (A
*dnoi3 jonuood ay) ur

ueyy syuaned vy ur 1oydry Apuesyrudis are s[PAS] VINAY

69

V/IN

VIN

SaX

dOO-Buy Iy YSH ‘d¥O VAV

Pooo

BIIPON

s1eak 11

Apmg
J1010D)

910T
Te 39 Ynnuag

(€2)
Te 39 Ynnuas

‘sjonuod

pue sjudned Sy U2MIDq S[AAI] [- [ UT DUIIP ON
‘UOTIUNJ JR[NISEA

UO S)O9JJ2 [BDYIUIQ PIMOYS SIUSWILdI) V- NI -DUY
sjuened (Sy) snidpuods Sursopdyjue ur wsijoqelour
aprxo omru pairedurr 1sa33ns s[pAd] VINQY pasea1duf

98

V/N

V/N

SO

A4S ‘YOsY ‘1-14 ‘VINAV

pooo

9)eIIPOIA

SIBdX 80

Apmg
[euondag
-ss01)

600T 'Te 30 Leg

(TL) 'Te 19 1reg

s

(AD) Temoseaorpred 1aydry 1oy ym Jurusipe ‘syuoned
IS ur pasunouoxd arowr a1om suoneId)[e Jemoses Alreq
'sjuanjed W uey) S[aAd] T,

JoMO[ PUE S[PAS] L, PUE [-INVOIS 1oys1y pey syusned 775
V¥ yim asoy) o) paredurod safgord

IIBWOIq IB[NISeA JOUNSIP pake[dSIp HTS YIIM USWOA

85S¢

€l

LL

S

“(dL) 1030¢)

anssy pue (JALL) UMpOwoquioiy}
(T-INVOAS) T-3[mo3jour

uoIsaype [[30 Ienosea (1-INVDIS) 1
-3[ND3[0W UOISIYPE IR[N][32IUI S[qN[OS

poon

9JRIdPOIN

SIedX 9T

Apmg
[euondag
-$S01D)

10T 'Te 19 sojues

(12) 'Te 32 sojues

‘syuaned Wy ur uondounysAp [eIPYIOpUd 03 AINQLIU0d Aew
UOTJRWIWRUT dTUd)sAs druoIyd Jey 3sa88ns surpuy ay,
'$10308) YSH ((JAD) Se3sIp

Ie[NOSLAOIPIED [eISSE[ Jo Juapuadapur sT uonerdosse sIy ],
‘syuaned

VY UI S[PAS] VINAY M pajerdosse Apanisod st (44D
pue ST Aq painseawr) usaping AIOJRUITRUT dAT)E[NTIND)

102

(431

SO

440 ‘VINav

poon

9)eIIPOIA

sIedx 9

Apmg
J1010D)

¥10c
‘e 12 oopues

(0£) "Te 32 oopueg

*LINI paseaiour
Jo s101paxd Juapuadapur uons are [-dDN pue VAV
"SISOId[dsOIa e

priores jo ysiur 1oySry e yiim pajerosse st ‘odjousd

o/ ay Apremonred ‘wsrydiowdjod HgIsT—V T-dDIW
(L) SSOWDIY} RIPIWI-RLWIIIUT PIIOIRD PISLIIDUT HIM
Ppare[aa10d Apuesyrudis are YoIygm ‘S[onuod ueyy [-JOW
PUE ‘TIO-SY ‘VINAV Jo S[243] 1oySiy moys syuaned 15

sbuipuy uiepy

0s

9)dwes

1elo0l  Wdacel

V/IN

VIN

SaX

1-dOW ‘¥ ‘VINAV

JaxJewolg

pood

Apnas jo

BIIPON

Aneno 3avyo

sIedx [

Apnss jo
uoneing

Apmg
[euonoas

-$501)
Apnis
jJo

adA|

110C
‘e 30 Auepeeg

Jeap/aweN
Joyny

‘e 32 Auepeeg

(69)

(= RIIEYETEN

panunuo) T 379VL

frontiersin.org

14

Frontiers in Cardiovascular Medicine



10.3389/fcvm.2025.1598590

U et al.

(panuzuo))

‘sageydomew

ur sasuodsar Lrojeuwrwrepjur-oxd saonpur H3y 1-y ody-nuy
'6~dININ PU® “TQ'T PIZIPIXO ‘8- JO S[2A3]

1oyS1q yym pajeosse st D8] 1-v ody-nue 10§ Lrantsoq

sbuipuy urey

9)dwes

12101 Wdecl NL1H

padipaid

dand

JayJewolg

Apnis jo

Anenp  3avyo

Apnis jo
uoneing

Apnis
JO
adAL

Jea\/aweN
Joyny

panunuo) T 379VL

(V) SHUYME PIOJeWNIYI UT SJUIAI JB[NISLAOIPIRD YD ‘eydre-INL Apmg 0102 (28)
Jofew jo 10o1paxd Juspuadapur ue st HI] -y ody-nuy €€l 91 134 sk ‘9-11 *O31 1-v umjordodijode-nuy PoOD | 2JRIPON | SIBAL ST 370700 | 'Te 32 IDTWNI[IMA | T8 32 IDTWNI[MA
suonemdod ysiI-ayerpauriojur
ur Aeradsa ‘wonesynens ysir pasoxdur Apuesyrudis
(S¥) 21098 sy wreySuturery 3y} 03 A5H Jo UONIPPY
"SJU2AY QHD PU® JAD JO JSH pasearout Apmig 10T (18)
m pajeosse Apuedsyrudis st A pue gYDSY pIeAd[q 099¢ 6L 8987 SIX JuI)sA>0WOH ‘TYDSY PooD) | 21eIdPON SIedX 9 JI0Y0D) | [e 10 BUUBIOIA | ‘[B 19 BUUBIOIA
*SISOIIISOIIYJE PUB UONDUNISAP [EIPYIOPUd
Ajes ur yINQV Suneoridunn 94D YIm pajeorrod
Appanedau pue A[3uoxs a1om s[PAd] VINQY 1oySiy
“I0A0IOJA] "SOTU0D 0} pareduwiod SSAUNDIY) LIPIUI-BUITIUT Apmys
PIIOIED PISLIIIUT PUE ‘DATISIT MOJJ ATRUOIO0D PIONPAT ‘S[IAI] VINAY [0nu0d>
VINaV ewseld saysy Apueoyrusts pey syuaned vy Aey 0S VIN VIN SOX ‘@YOsY ‘dur1sA0woy qOD-NuY Po0D | 9JeIOPON | SIEdIX 9'T -9s8D) | 600T Te 33 [PHNL, | (08) Te 19 [P,
“SLI TB[NOSEAOIPIED SUIYSIAY 1By} UOTJLAT)OR JR[NOSEA
PUE dUNUIWT PajeurpIood e JurAlIp ut afo1 1 urrodssiapun
Surpuiq 101dada1 9] 1A UOTEANOR [RI[PYIOPUD pue
sisoydode a1foouowr s103311 YN ASP-3] ‘04314 urSISOTAN
pasueyus Suniqryxa syrydonnau pue safyord Arojewureur
1PUNSIP SUIMOYS $9)AO0UOW YIIM—SISOII[ISOIJe
pajerspaooe pue ‘erwapidisdp osruadorayjeord Apmg
cuondunysAp [erPYIopua 03 payurf are syuaned o711 ‘g ody v ody ‘qy [euondas
TS ur 2oudysisiad pue Kranisod Apoquue yNAsp-nuy 08 VIN VIN $9K |  DJ dDTg-DUY VNASP-DUE ‘QIOSY Poo9 | 9reIpoN SIBdX 6 -SSOID) | 1Z0T ‘Te 19 SIALLT, | (6£) TTe 12 SIALL],
‘dnoid
1oy ur Surpeor-ysod paaredwr Apuesyrudis jou sem AT uorssardxa unoaas-4 pue
*sponuod ut A[uo Apuedyrudis paseardur s[PAd] T-TVd «(D.L-9) urnqodoquioy-ejaq ‘Surpuiq
‘syuanjed 1S ur (Surpurq usSouriqry) uaSouriqy «(1-1Vd) T-I0JIqIyul I0jeAr}oR Apmg
uoneande 1aple[d pue (1 MA) UondUNJsAp [erpylopus uaSourwserd {(JMA) 10198] PULIGIIM [euondag
JO SID[IRW paseardul erwaursiowoyradAy anoy Vid V/N V/N SIX UuoA ((JINLI) UOHE[IP PIJRIPIW-MO[) poon) | ajeIapoN Iedf | -$SOID) | GZ0T ‘Te 32 wie], | (/) ‘Te 39 we],
*S[OIJUOD PUE $358D U2OMJIq SIN[IBWOI] IAYJ0 pue
SIIRW AIOJRWIWIR[JUT UT SOOUDIDMIP JUedYTUSIS 2I9M I,
'sponuod 0) pareduros juemndeoonue Apmg
sndn[ pue “JqTXO Jo s[43] 1oydry ‘erwaprdisAp ¢(ssawyoriyy juemnSeoonue sndn [onuo) 1002 e 3@ (£2) T 1
RIPOW-BWUNUL) TJA] PISEAIdUT PRY JAD YIM S3sed JTS 8L ¢ V/N SAX | ‘@YDSY ‘uadouniqr] ‘YNASp-nuy ‘AOH PooD) | 21eIdPON SIBIX 6T -ase) uossunuaag uoss3unuaAg
*SUOTIEDYIO[ed IR[NISeA
M pajenosse A[pAntsod a1om $331oqeIp pue asn SUOSTUPII]
‘SUOTIedYIo[ed TenoseA [im sjuaned ur pajeaspd
Apueoyrudis a1om s[ead] gody pajeurnim-nue pue [ ‘D ‘uadouriqy pajeurnnm Apmg
'syuaned yy Ut A)I[elIour asned-[[e paseardur -IJUe ‘UNUSUIA Pajeul[[nID-Hue [euondag
UM pajerosse A[Juapuadopur o1omM SUOTIEIYID[BD JBNISE A 906 8¢ 19 sax | gody pajeurnno-nue 0-INJI, b-TI PooD) | 21eIPON SIedX G -$S0ID) | GTOT T8 12 MO[OS | (9/) Te 12 MO[OS

S IEYEIEN]

frontiersin.org

15

Frontiers in Cardiovascular Medicine



U et al.

Main findings
(0.57 £0.051 mm) and lower FMD percentages compared

RA patients exhibited significantly higher IMT

Higher levels of IR and anti-CCP were positively correlated

with increased IMT and negatively correlated with FMD.

SLE patients had elevated apoptosis and tissue degradation

biomarkers compared to controls.

TRAIL receptor 2 is significantly associated with CVD in
The association between inflammation biomarkers and

SLE after adjusting for Framingham risk factors.
CVD was not significant.
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12 =0.00%, 72 =0.00, H = 1.00]. Under these revised conditions,
the pooled HR was attenuated to 1.12 (95% CI: 0.93-1.33) and
the effect became borderline or non-significant (z=2.19,
p=0.03). The corresponding funnel plot (Supplementary
Figure S4) appeared more symmetrical, indicating that the
removed study had a disproportionate influence on both the
overall effect size and the initial heterogeneity.

In detail, the initial results suggest that elevated RF may
predict an increased risk of incident CVD in autoimmune
populations, as evidenced by a significant HR of 1.35. However,
the high heterogeneity (I> =84.86%) raises concerns about the
consistency of this association across studies, implying that
differences in study design, population characteristics, or
measurement techniques might be driving the effect (Figure 3B).
The sensitivity analysis further reveals that the predictive
strength of RF is largely dependent on a single, heavily weighted
study. When this study is excluded, the association weakens
(HR =1.12) and loses clear statistical significance. These findings
indicate that while there is an initial association between RF and
CVD risk, its utility as a strong and consistent predictive
biomarker is limited, warranting further research with more
homogeneous data to better define its predictive value.

3.2.3 Analysis of anti-CCP as a biomarker for
incident CVD

A total of 5 Studies were asses for the association between RF
and Cardiovascular Outcomes among autoimmune patients (19,
34, 50, 56, 68). Figure 4A presents a forest plot of four studies
examining the association between Anti-CCP and CVD in
adults with autoimmune conditions. Using a REML, the pooled
HR was 1.55 (95% CI: 0.90-2.21, p<0.01), indicating a 59%
increased risk of CVD in individuals with elevated anti-CCP.
Heterogeneity was evaluated using Cochran’s Q [Q(4) =45.11,
p=0.00] and found to be substantial (I*=91.82%, 7°=0.47,
H?=12.22), suggesting that most variability in effect sizes
stemmed from genuine differences across studies rather than
random error. The test of the overall effect was statistically
significant (z=4.64, p=0.00). However, the funnel plot
(Supplementary Figure S5) showed possible asymmetry, raising
concerns about publication bias or an outlier study influencing
the pooled result.

A sensitivity analysis (Figure 4B) was conducted by removing
the study with the highest weight, reducing the dataset to three
studies. This exclusion slightly lowered heterogeneity [Q
(3)=29.68, p=0.00; I*=90.28%, 7°=0.00, H>=120] and
maintained a statistically significant pooled effect (z=5.23,
p=0.00). The corresponding funnel plot (Supplementary
Figure S6) appeared more symmetrical, indicating that the
omitted study had a notable impact on the overall estimate.
Despite this change, heterogeneity remained high, highlighting
the variability among the remaining studies. Collectively, these
findings suggest that anti-CCP may be associated with an
increased risk of incident CVD in autoimmune populations, but
the pronounced heterogeneity underscores the need for caution
in interpreting the pooled effect and emphasizes the importance
of additional research to elucidate potential sources of variation.
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FIGURE 2
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(A) Forest plot of studies for hsCRP Biomarker prediction of CVD among adults having Autoimmune diseases without a prior CVD history or
symptom. (B) Forest plot of Sensitivity Analysis of studies for hsCRP Biomarker prediction of CVD among adults having Autoimmune diseases
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3.2.4 Analysis of IL-6 as a biomarker for incident
CvD

A total of 5 Studies were asses for the association between RF
and Cardiovascular Outcomes among autoimmune patients (21,
28, 32, 38, 57). Figure 5A displays a forest plot of five studies
evaluating the association between IL-6 and incident CVD
among adults with autoimmune conditions. Using a random-
effects REML model, the pooled HR was 1.19 (95% CI: 1.06-
1.32), suggesting that elevated IL-6 levels were linked to a 19%
increased risk of developing CVD. Heterogeneity was minimal,
as indicated by Cochran’s Q [Q(4) =6.49, p=0.16] and low I?
(0.62%), along with 72=0.00 and H?=1.01. These statistics
imply that the included studies produced largely consistent
estimates. The funnel plot (Supplementary Figure S7) appears
relatively symmetrical, indicating no obvious publication bias or
outlier effects in this initial analysis.

A sensitivity analysis was conducted by removing a
potentially influential study (Figure 5B). Under these
conditions, the pooled HR increased to 1.76 (95% CI: 0.95-
2.56), while heterogeneity rose to moderate levels [Q
(3)=29.58, p=0.16; [*=43.26%; 1>=0.30; H>=1.76].
Although the test of the overall effect remained statistically
significant (z=4.27, p=0.00), the confidence interval now
narrowly encompasses 1, suggesting a less robust association.
The updated funnel plot (Supplementary Figure S8) remains
mostly symmetrical, implying that publication bias alone
does not account for the observed findings. Nonetheless, the
shift in effect size and heterogeneity highlights the impact of

Frontiers in Cardiovascular Medicine

individual studies on the pooled result, underscoring the
need for cautious interpretation and further research to
clarify IL-6’s predictive role in CVD among individuals with
autoimmune disease.

3.2.5 Analysis of LA as a biomarker for incident
CvD

A total of 4 studies were assessed (26, 33, 40, 41). Figure 6A
shows a forest plot of four studies assessing the association
between LA and incident CVD among adults with autoimmune
conditions. Employing a random-effects REML model, the
pooled HR was 2.49 (95% CI: 1.80-3.42), indicating a more
than twofold increased risk of CVD for individuals testing
positive for LA. Heterogeneity was considerable, as evidenced by
Cochran’s Q [Q(3)=26.46, p=0.00] and an I* of 91.87%
(t*=2.32, H*=10.23), suggesting that true differences across
studies, rather than random error, contributed substantially to
the wvariability. The test of overall effect was statistically
significant (z=3.04, p=0.00). Inspection of the funnel plot
(Supplementary Figure S9) indicates potential asymmetry,
which may point to publication bias or a disproportionately
influential study. A sensitivity analysis (Figure 6B) was
performed by removing the study with the highest weight,
reducing the dataset to three studies. Under these conditions,
the pooled HR rose to 3.07 (95% CI: 1.25-4.83) and remained
statistically ~ significant (z=3.23, p=0.00) (Figure 6B).
Heterogeneity = declined somewhat but remained high
[Q(2)=9.92, p=0.01; I*=81.89%, 7°=2.07, H>=5.50]. The
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FIGURE 3
(A) Forest plot of studies for RF prediction biomarker of CVD among adults having autoimmune diseases without a prior CVD history or symptom. (B)
Forest plot of Sensitivity Analysis studies for RF prediction Biomarker of CVD among adults having Autoimmune diseases without a prior CVD history
or symptom.

updated funnel plot (Supplementary Figure S10) appeared more
balanced, though the small number of included studies limits
firm conclusions about publication bias. Taken together, these
findings suggest that LA may be strongly associated with an
increased risk of CVD in autoimmune populations.

3.2.6 Analysis of Hcy as a biomarker for incident
CvD

A total of 4 studies were assessed (26, 35, 74, 81). Figure 7A
presents a forest plot of four studies evaluating the association
between homocysteine and incident CVD among adults with
autoimmune conditions. Using a random-effects REML model,
the pooled HR was 1.51 (95% CI: 0.96-2.06). Although the test
of overall effect (z=5.38, p=0.00) suggests significance, the
confidence interval includes 1, indicating a borderline or non-
significant finding at the conventional 5% level. Heterogeneity

Frontiers in Cardiovascular Medicine

was substantial, as indicated by Cochran’s Q [Q(3)=17.39,
p=0.00] and an I* value of 82.16% (r*=0.20, H”=5.80),
suggesting that genuine differences across studies, rather than
random error, contributed to the observed variability. The
funnel plot shows moderate asymmetry, which may reflect
publication bias or an outlier study influencing the
overall estimate.

A sensitivity analysis was conducted by removing the study
with the highest weight, resulting in three studies for the revised
analysis (Figure 7B). Under these conditions, the pooled HR
(95% CI: 1.59-1.90), and heterogeneity
dropped markedly to negligible levels [Q(2)=0.19, p=0.63;
I?=0.00%, 7*=0.00, H*=1.00]. The corresponding funnel plot

appeared more symmetrical, implying that the excluded study

increased to 1.72

had a substantial impact on both the original effect size and
heterogeneity. Overall, while these results suggest a possible
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(A) Forest plot of studies for anti-CCP biomarker prediction of CVD among adults having autoimmune diseases without a prior CVD history or
symptom. (B) Forest plot of Sensitivity Analysis of studies for Anti-CCP Biomarker prediction of CVD among adults having Autoimmune diseases

association between elevated homocysteine and increased CVD
the
confidence interval and the small number of studies underscore

risk in autoimmune populations, initial borderline
the need for further research to confirm and clarify this
relationship. Funnel Plots are in supplementary files with

Supplementary Figures S11 and S12.

3.2.7 Analysis of ADMA as a biomarker for incident
CvD

A total of 5 studies were assessed (26, 46, 69, 70, 72).
Figure 8A presents a forest plot of five studies examining the
association between ADMA and incident CVD in adults with
autoimmune conditions. A REML model yielded a pooled HR
of 1.59 (95% CI: 0.99-2.06), indicating a borderline significant
association (Figure 8A). The test of the overall effect was

statistically ~significant (z=5.25, p=0.00), although the
confidence interval included 1, suggesting caution in
interpretation. Heterogeneity ~was extremely high, as

demonstrated by Cochran’s Q [Q(4) =352.59, p=0.00] and
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I>=99.85% (z* = 0.34, H* = 660.83), implying that much of the
variation in effect sizes was attributable to genuine differences
across studies rather than random error. The funnel plot
(Supplementary Figure S13) displayed noticeable asymmetry,
which may point to publication bias or the presence of an
influential outlier. A sensitivity analysis (Figure 8B) was
conducted by removing the study with the highest weight,
reducing the dataset to four studies. Under these conditions,
the pooled HR was 1.80 (95% CI: 1.08-2.58), and although
heterogeneity decreased, it remained considerable [Q
(3)=35.06, p=0.00; I*=88.45%, 7>=0.38, H>=8.66]. The
overall effect (z=4.27, p=0.00) remained significant, and the
updated funnel plot (Supplementary Figure S14) appeared
more symmetrical, suggesting that the omitted study had a
notable impact on both the pooled estimate and the observed
distribution of effects. Overall, the pooled HR from five studies
159 (95% CI 0.99-2.06),
significant association between elevated ADMA and incident

was indicating a borderline

CVD among adults with autoimmune conditions.
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FIGURE 5
(A) Forest plot of studies for IL6 biomarker prediction of CVD among adults having autoimmune diseases without a prior CVD history or symptom. (B)
Forest plot of studies for sensitivity analysis of IL6 Biomarker prediction of CVD among adults having Autoimmune diseases without a prior CVD
history or symptom.

3.2.8 Analysis of anti-dsDNA as a biomarker for
incident CVD

Only two studies were analyzed (26, 46). Figure 9 shows a forest
plot of two studies examining the association between anti-dsDNA
and incident CVD among adults with autoimmune conditions.
Using a random-effects REML model, the pooled effect size was
1.10 (95% CI: 0.71-1.50). Heterogeneity was moderate, as
indicated by Cochran’s Q [Q(1) =1.69, p=0.19] and 1> =40.92%
(e =0.05, H>=1.69), suggesting that some of the variation in
effect sizes was due to true differences rather than chance.
Although the test of the overall effect (z=5.43, p=0.00) appears
statistically significant, the confidence interval overlaps 1,
implying that the pooled estimate is borderline or non-significant
at the conventional 5% level. The funnel plot (Supplementary
Figure S15) is based on only two studies, limiting any meaningful
assessment of publication bias. Consequently, with such a small
whether anti-dsDNA

meaningfully predicts CVD risk; further research with additional

evidence base, it remains unclear

studies is warranted to clarify its potential role as a biomarker.

Frontiers in Cardiovascular Medicine

3.2.9 Analysis of sVCAM-1 as a biomarker for
incident CVD

A total of 4 studies were analyzed (21, 28, 38, 39). Figure 10A
shows a forest plot of four studies investigating the association
between sVCAM-1 and incident CVD among adults with
autoimmune conditions. Using a random-effects REML model,
the pooled HR was 2.24 (95% CI: 1.14-3.91), with a non-
significant Cochran’s Q test [Q(3) =4.82, p=0.19] and moderate
heterogeneity (I*=34.29%, t°=0.25, H>=1.52). The test of the
effect (z=5.26, p=0.00)
significant association, suggesting that higher sVCAM-1 levels

overall indicates a statistically
may be linked to an increased risk of CVD in these populations.
The funnel plot (Supplementary Figure S16) does not show
marked asymmetry, though the small number of studies limits
robust conclusions regarding publication bias.

A sensitivity analysis (Figure 10B) was conducted by removing
the study with the highest weight, leaving three studies in the
model. Under these conditions, the pooled HR increased to 2.81

(95% CI: 1.39-22), with a slightly higher but still moderate
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FIGURE 6
(A) Forest plot of studies for lupus anti-coagulant biomarker prediction of CVD among adults having autoimmune diseases without a prior CVD
history or symptom. (B) Forest plot of sensitivity analysis of studies for Lupus Anti-Coagulant Biomarker prediction of CVD among adults having
Autoimmune diseases without a prior CVD history or symptom.

heterogeneity [Q(2) =3.26, p=020; I*=4196%, 1°>=0.69,
H?=1.72]. The effect remained statistically significant (z=3.38,
p=0.00), indicating that no single study fully accounted for the
observed association. The updated funnel plot (Supplementary
Figure S17) also shows no obvious pattern of asymmetry.
Overall, these findings suggest that sVCAM-1 may serve as a
of CVD
although further research with larger sample sizes is warranted

potential predictor in autoimmune populations,

to confirm these results and explore sources of heterogeneity.

3.2.10 Analysis of NT-proBNP as a biomarker for
incident CVD

Only 3 studies were assessed (17, 34, 47). Figure 11 displays a
forest plot of three studies assessing the relationship between NT-
proBNP and incident CVD in adults with autoimmune
conditions. A random-effects REML model yielded a pooled HR
of 3.92 (95% CI: 2.77-5.581), with the test of the overall effect
(z=4.46, p=0.00) indicating statistical significance. However,
heterogeneity was high, as reflected by Cochran’s Q [Q(1) =1.34,
p=0.25] and I*=25.62% (v*=0.37, H* = 1.34), suggesting that
the substantial variability in effect sizes was driven by true
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differences among the studies rather than random error. The
funnel plot (Supplementary Figure S18) shows some asymmetry,
raising the possibility of publication bias or the influence of
an outlier.

3.2.11 Analysis of anti-p2 glycoprotein as a
biomarker for incident CVD

Only 4 studies were analyzed (33, 38-40). Figure 12A shows a
forest plot of four studies examining the association between Anti-
B2 glycoprotein antibodies and incident CVD in adults with
autoimmune conditions. A random-effects REML model
produced a pooled HR of 2.57 (95% CI: 2.45-2.69), indicating a
substantially elevated risk of CVD for individuals testing positive
for aPL. Heterogeneity was moderate, as demonstrated by
Cochran’s Q [Q(2)=0.11, p=0.99] and I*=0.00% (z*>=0.00,
H?>=1.00), suggesting that true differences across studies
contributed to the observed variability. The test of the overall
effect (z=42.89, p=0.00) confirmed statistical significance, and
the funnel plot (Supplementary Figure S19) did not reveal
marked asymmetry, though the limited number of studies
restricts firm conclusions about publication bias.
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FIGURE 7

diseases without a prior CVD history or symptom.
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(A) Forest plot of studies for homocysteine biomarker prediction of CVD among adults having autoimmune diseases without a prior CVD history or
symptom. (B) Forest Plot of Sensitivity Analysis for studies for Homocysteine Biomarker prediction of CVD among adults having Autoimmune

A sensitivity analysis (Figure 12B) was conducted by excluding
Gustafsson et al. 2009, leaving three studies in the model. Under
these conditions, the pooled HR decreased to 2.38 (95% CI:
0.28-4.48), and heterogeneity decreased notably [Q(2)=0.07,
p=097; I’=0.00%, 7>=0.00, H>=1.00]. The overall effect
(z=2.20, p=0.03) remained significant, indicating that Anti-p2
glycoprotein continued to show a strong association with
incident CVD even after removing the influential study. The
corresponding funnel plot (Supplementary Figure S20) appeared
more balanced, reinforcing the idea that the omitted study
accounted for much of the initial variability. These findings
suggest that Anti-B2 glycoprotein may be a potent predictor of
CVD in autoimmune populations, although further research
with larger datasets is warranted to confirm its role and clarify
sources of heterogeneity.

3.2.12 Analysis of fibrinogen as a biomarker for
incident CVD

Only 3 studies were analyzed (37, 38, 58). Figure 13A presents
a forest plot of three studies examining the association between
fibrinogen and incident CVD in adults with autoimmune
conditions. A random-effects REML model yielded a pooled
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effect size of 1.39 (95% CI: 0.47-2.31), with the test of overall
effect (z=2.96, p=0.00)
However, the confidence

suggesting statistical significance.

interval crosses 1, indicating a
finding at the
conventional 5% Heterogeneity was substantial, as
indicated by Cochran’s Q [Q(2)=10.81, p=0.00] and
I? = 82.00% (z* = 0.44, H* = 5.56), suggesting that true differences

among studies account for most of the observed variability. The

borderline or potentially non-significant

level.

funnel plot (Supplementary Figure S21), with only three data
points, provides limited insight into potential publication bias.

A sensitivity analysis (Figure 13B) was conducted by
removing the study with the largest weight, leaving two studies
in the meta-analysis. Under these conditions, the pooled
hazard 1.79 (95% CI. 1.18-2.39), and
heterogeneity dropped to negligible levels [Q(1)=0.87,
p=0.35 I’=0.00%, 7>=0.00, H*=1.00]. The overall effect
(z=5.81, p=0.00) remained significant, and the updated
funnel plot

ratio rose to

(Supplementary Figure S22) appeared more
study had a
substantial influence on both effect size and heterogeneity.

symmetrical, indicating that the excluded

Despite these findings, the small number of studies and the
initial high heterogeneity underscore the need for further
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(A) Forest plot of studies for aDMA biomarker prediction of CVD among adults having autoimmune diseases without a prior CVD history or symptom.
(B) Forest plot of studies of Sensitivity Analysis for ADMA Biomarker prediction of CVD among adults having Autoimmune diseases without a prior
CVD history or symptom.

FIGURE 9
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(A) Forest plot of studies for anti-dsDNA biomarker prediction of CVD among adults having autoimmune diseases without a prior CVD history
or symptom.
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FIGURE 10

(A) Forest plot of sensitivity analysis for studies for sVCAM- | biomarker prediction of CVD among adults having autoimmune diseases without a prior
CVD history or symptom. (B) Forest Plot of Sensitivity Analysis for studies for sVCAM- | Biomarker prediction of CVD among adults having
Autoimmune diseases without a prior CVD history or symptom.
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FIGURE 11
Forest plot of studies for NT-ProBNP biomarker prediction of CVD among adults having autoimmune diseases without a prior CVD history or
symptom. Sensitivity Analysis could not be performed because of a samller number of studies.
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(A) Forest plot of studies for Anti-132 glycoprotein biomarker prediction of CVD among adults having autoimmune diseases without a prior CVD
history or symptom. (B) Forest plot of studies of sensitivity analysis for Anti-f32 glycoprotein biomarker prediction of CVD among adults having

research to clarify fibrinogen’s role as a predictive biomarker for
CVD in autoimmune populations.

3.2.13 Analysis of anti-cardiolipin as a biomarker
for incident CVD

Only 5 studies were analyzed (33, 38-41). Figure 14 presents a
forest plot of five studies evaluating the association between aCL
incident CVD in adults with autoimmune
conditions. A random-effects REML model for IgG yielded a
pooled HR of 2.57 (95% CI: 2.45-2.69), indicating that elevated
aCL levels may be linked to nearly double the risk of developing
CVD. Heterogeneity was [Q(4)=0.40, p=1.00;
I*=0.00%, 7°=0.00, H*=1.00], suggesting consistent findings
across the included studies. The test of the overall effect
(z=42.59, p=0.00) The
sensitivity analysis was done by removing the study with highest
Weightage, with that remains four studies, which showed nearly
similar pooled HR of 2.52 (95% CIL 0.29;4.75) making the
outcomes consistent (Figures 14A,B). aCL was also analyzed for
IgM, having five studies, with the pooled HR of 2.04 (95% CI,

antibodies and

minimal

confirmed statistical significance.
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0.47; 2.31) and sensitivity analysis showed increase of HR to 2.16
(95% CI, 0.11; 4.22). These findings suggest that there is strong
correlation between aCL antibody biomarker for predicting the
CVD in autoimmune Populations (Figures 14C,D). All funnel
plots for risk of bias in publication is in Supplementary Figure S23.

3.2.14 Analysis of TNF-alpha as a biomarker for
incident CVD

Only 2 studies were analyzed (21-61, 63-76). Figure 15 presents
a forest plot of two studies evaluating the association between TNF-
alpha and CVD in adults with autoimmune conditions. A random-
effects REML model produced a pooled HR of 2.03 (95% CI: 1.09-
4.24), suggesting that elevated TNF-alpha levels may be associated
with roughly twice the risk of developing CVD. Heterogeneity
was substantial, as indicated by Cochran’s Q [Q(1) =4.42] and an
I? value of 77.38% (r>=2.08, H>=4.42), implying that true
differences between the two included studies account for much of
the observed variability. The test of the overall effect (z=2.08,
p=0.07) statistical which
somewhat conflicts with the confidence interval excluding 1; this

indicates borderline significance,
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FIGURE 13
(A) Forest plot of studies for fibrinogen biomarker prediction of CVD among adults having Autoimmune diseases without a prior CVD history or
symptom. (B) Forest plot of studies of sensitivity analysis for fibrinogen biomarker prediction of CVD among adults having autoimmune diseases
without a prior CVD history or symptom.

discrepancy may reflect the small number of studies or rounding.
Moreover, the funnel plot (Supplementary Figure S24) cannot be
reliably interpreted with only two data points. Consequently,
although these preliminary findings point to a possible
association between TNF-alpha and CVD risk, additional research
with larger samples is needed to confirm its predictive value and
to clarify the source of heterogeneity.

Overall, hs-CRP, LA, sVCAM-1, and aPL antibodies emerged
as more consistently associated with incident CVD in adults with
autoimmune conditions, suggesting their potential utility in risk
prediction. Other markers—such as IL-6, NT-proBNP, and
fibrinogen—also showed some promise but were often limited
by small sample sizes or substantial heterogeneity. In contrast,
biomarkers like RF, anti-CCP, ADMA, homocysteine, ACL, anti-
dsDNA, and TNF-alpha
significance  or

demonstrated either borderline

insufficient evidence to draw definitive
conclusions, underscoring the need for larger, more robust

studies to clarify their predictive value.

3.3 Risk of bias

The Risk of Bias was done by ROBINS-I. Overall, the included
studies showed a generally low to moderate risk of bias. Specifically,
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confounding and missing data emerged as notable domains with
moderate risk in several studies, while the classification of
interventions, measurement of outcomes, and selection of
reported results were predominantly at low risk. No studies were
rated at serious or critical risk in any domain, indicating that the
methodological quality was generally acceptable. However,
caution is warranted when interpreting findings affected by
moderate bias, particularly regarding confounding and incomplete
data. These results also underscore the importance of rigorous
study designs and thorough reporting to reduce potential biases.
Risk of bias summary is in Supplementary Figure S25 and for

individual study Supplementary Figure S26.

4 Discussion

The results of this systematic review and meta-analysis provide
important evidence regarding the relationship between several
biomarkers and the risk of CVD events and mortality in middle-
aged asymptomatic adults with autoimmune diseases, most notably
hs-CRP, lupus anticoagulant, sVCAM-1, and aPL antibodies. These
findings align with previous reviews that highlighted inflammatory
and thrombotic markers

in predicting cardiovascular risk,

including in individuals without a prior history of CVD or with
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(A) Forest plot of studies for IgG anti-cardiolipin (aCL) biomarker prediction of CVD among adults having autoimmune diseases without a prior CVD
history or symptom. (B) Forest plot of studies of sensitivity analysis for IgG anti-cardiolipin (aCL) biomarker prediction of CVD among adults having
autoimmune diseases without a prior CVD history or symptom. (C) Forest plot of studies for IgM anti-cardiolipin (aCL) biomarker prediction of CVD
among adults having autoimmune diseases without a prior CVD history or symptom. (D) Forest plot of studies of sensitivity analysis for IgM Anti-
Cardiolipin (aCL) biomarker prediction of CYD among adults having autoimmune diseases without a prior CVD history or symptom.
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FIGURE 15
(A) Forest plot of studies for TNF-Alpha biomarker prediction of CVD

or symptom.

among adults having autoimmune diseases without a prior CVD history

subclinical disease in autoimmune diseases (85). Although other
biomarkers, such as NT-proBNP, IL-6, and fibrinogen, also
showed potential associations, the evidence for them was generally
more variable or limited by small sample sizes and heterogeneity.
Taken together, this suggests that incorporating certain biomarkers
into risk stratification protocols for middle-aged, asymptomatic
individuals with autoimmune disease may help detect early
atherosclerotic changes (86).

Atherosclerosis itself is recognized as a chronic, systemic, low-
grade inflammatory process that promotes gradual lipoprotein
deposition in arterial walls from an early age (87). Initially, the
disease progresses silently, often escaping clinical detection.
However, as atherosclerosis advances, plaques can become
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unstable, leading to severe cardiovascular events—particularly in
older individuals (88). Consequently, early identification of at-risk
patients through validated biomarkers could play a critical role in
preventing or delaying CVD onset in this vulnerable population (89).

The evaluation of cardiovascular risk has traditionally relied on
established factors, including a family history of premature ASCVD,
smoking habits, age, primary hypercholesterolemia, elevated blood
glucose, and hypertriglyceridemia. Conventional risk models—
such as the Framingham Risk Score (90), Systemic Coronary Risk
Evaluation—SCORE (91), and the Atherosclerotic Cardiovascular
Disease—ASCVD Risk Estimator (92)—are primarily designed to
estimate the 10-year probability of a first fatal cardiovascular
event in apparently healthy populations. However, these methods
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may not adequately capture risk in certain cohorts, particularly
those  with Our
demonstrates that incorporating biomarkers, including hs-CRP,

autoimmune  disorders. meta-analysis
lupus anticoagulant, sVCAM-1, and antiphospholipid antibodies,

can significantly enhance the predictive accuracy for
cardiovascular events and mortality in middle-aged, asymptomatic
individuals with autoimmune diseases.

In line with recent evidence that the integration of imaging tools
and serum biomarkers may enhance risk stratification, our findings
support the potential use of these biomarkers in refining CVD risk
assessment beyond classical risk factors (93). While traditional risk
models remain valuable, their limitations in identifying subclinical
atherosclerotic ~ disease—especially in  intermediate-risk  or
autoimmune populations—underscore the need for adjunctive
measures (94). By detecting early inflammatory and thrombotic
changes associated with atherosclerosis, these biomarkers may
facilitate earlier intervention through lifestyle modification or
targeted therapy, potentially mitigating progression to unstable
plaque formation and fatal cardiovascular events (90).

Although biomarkers hold considerable promise for enhancing
cardiovascular risk assessment, their general use is limited by a lack
of specificity for CVD. Inflammatory markers can be nonspecifically
elevated in various conditions—for instance, during rheumatic flare-
ups or acute infections—thereby reducing their diagnostic accuracy.
In autoimmune diseases, however, persistent inflammation,
immune dysregulation, and impaired endothelial function accelerate
atherosclerosis, ultimately increasing the risk of cardiovascular
events. Our analysis reveals that biomarkers such as hs-CRP, lupus
anticoagulant, sVCAM-1, and antiphospholipid antibodies are
significantly associated with incident CVD in middle-aged
These

biomarkers effectively reflect the intricate relationship between

asymptomatic patients with autoimmune conditions.
autoimmune processes and vascular damage, suggesting their
potential utility in detecting subclinical atherosclerosis at an
early stage.

It is essential, however, to interpret these biomarkers within
the broader clinical context since they are not exclusively
indicative of CVD risk. This caveat is reflected in current
American and European guidelines on primary CVD
prevention, which advocate for the use of hs-CRP alongside
traditional risk factors to improve risk stratification (95). In
autoimmune populations—where conventional risk assessment
risk—the

biomarkers could enhance risk prediction and guide clinical

tools may underestimate integration of these
decision-making (96). Nevertheless, further research is needed to
refine their specificity and to develop a comprehensive
multimodal approach for predicting CVD in these patients.
Several clinical trials have underscored the link between
autoimmune conditions and atherosclerosis. The TRACE-RA trial
(Trial of Atorvastatin in Rheumatoid Arthritis) demonstrated that
statin  therapy can slow the progression of subclinical
atherosclerosis in rheumatoid arthritis patients, supporting the
notion that inflammation control may reduce vascular risk in
autoimmune populations (97). Moreover, although the CANTOS
trial focused on patients with prior myocardial infarction, its

findings—using canakinumab to reduce residual inflammation—
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highlight the critical role of inflammation in atherosclerosis,
implying that targeted anti-inflammatory therapies might similarly
benefit individuals with autoimmune diseases (98). In addition, the
JUPITER trial, which evaluated the efficacy of rosuvastatin in
apparently healthy individuals with elevated hs-CRP, reinforces the
value of incorporating inflammatory biomarkers into risk
assessment protocols (99). This approach could be particularly
advantageous for autoimmune populations, where systemic
inflammation is a key driver of CVD development.

Research into advanced biomarkers continues to evolve, aiming
to improve cardiovascular risk prediction beyond traditional risk
factor screening. While previous studies in older populations and
individuals with a history of CVD have shown that markers such
as hsTn and NT-proBNP are associated with higher rates of CVD
events and mortality, our findings suggest that in middle-aged
asymptomatic individuals—especially those with autoimmune
conditions—biomarkers such as hs-CRP, lupus anticoagulant,
sVCAM-1, and antiphospholipid antibodies
with CVD  (100).

biomarkers reported in the literature exhibit modest hazard ratios,

show robust

associations incident Although many
even these incremental increases in risk prediction could enhance
existing models when integrated with traditional risk factors. This
approach offers the potential for low-cost screening tools that
facilitate early detection of subclinical atherosclerosis and provide
critical opportunities for preventive intervention, such as lifestyle
modifications or targeted therapies, in populations that might
otherwise be underestimated by current risk assessment strategies.

Many of the biomarkers reported in the literature for
autoimmune populations have shown elevated HRs for CVD
outcomes, although these HRs are generally modest and leave
some uncertainty regarding the additional predictive value beyond
traditional risk factors. Nonetheless, identifying subclinical CVD
with
conditions remains a critical objective in primary care, as early

in asymptomatic, middle-aged patients autoimmune
detection can open opportunities for lifestyle modifications and
timely therapeutic interventions. In this context, biomarkers
represent promising, low-cost screening tools that could enhance
risk stratification and more accurately classify autoimmune
patients who might otherwise be underestimated by conventional
risk assessment models.

Recent research in autoimmune cohorts has focused on
integrating these biomarkers with classical CVD risk factors—such
as blood pressure, age, smoking status, gender, body mass index
(BMI), and lipid measures—to improve overall risk prediction
(101). For instance, studies have demonstrated that incorporating
hs-CRP and fibrinogen into risk models significantly enhances
CVD prediction compared to models relying solely on traditional
factors (102). Similarly, research by McGranaghan et al. in
autoimmune populations found that the addition of metabolomic
biomarkers further improved risk prediction over classical risk
factors alone (103). Moreover, in our study, three investigations
that combined both hs-CRP and NT-proBNP in autoimmune
cohorts reported enhanced risk assessment compared to the use of
individual biomarkers or traditional models (104). Collectively,
these findings highlight the promise of multimodal risk prediction
strategies in more effectively identifying autoimmune patients at
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heightened risk for CVD, thereby facilitating earlier intervention and
more tailored preventive care. Teixeira et al. utilized advanced
proteomic techniques to identify and validate a panel of
biomarkers—such as hsCRP, autoantibodies, and inflammatory
mediators—that are associated with cardiovascular risk in
autoimmune diseases (85). Their findings support the integration
of these novel biomarkers with traditional risk factors to enhance
risk prediction models, thereby complementing and reinforcing the
evidence in our meta-analysis.

A major limitation of our work is the considerable
heterogeneity observed among the studies, which varied in
protocols, follow-up durations, and statistical adjustments for
potential confounders. While our results indicate that hs-CRP,
sVCAM-1, and aPL

consistently associated with incident CVD in adults with

lupus anticoagulant, antibodies are
autoimmune conditions, suggesting their potential utility in risk
prediction, other markers—such as IL-6, NT-proBNP, and
fibrinogen—showed promise but were hampered by small sample
sizes or substantial heterogeneity. In contrast, biomarkers like RF,
anti-CCP, ADMA, homocysteine, ACL, anti-dsDNA, and TNF-
alpha exhibited either borderline significance or insufficient
evidence to draw definitive conclusions. Although we conducted
comprehensive searches across all relevant databases, these
methodological limitations and the variability among studies
underscore the need for larger, more robust, and standardized
investigations to confirm the predictive value of these biomarkers
in this specific population.

5 Conclusion

Atherosclerosis originates early in life as a subtle, chronic
inflammatory process that eventually leads to clinical CVD and
heightens the risk of acute coronary events. Our systematic
review and meta-analysis indicate that certain serum biomarkers
may enhance risk assessment in middle-aged, asymptomatic
individuals with autoimmune disorders. Specifically, hs-CRP,
lupus anticoagulant, sVCAM-1, and antiphospholipid antibodies
consistently correlate with future CVD events, suggesting they
could be valuable for detecting subclinical atherosclerosis. Other
markers, including IL-6, NT-proBNP, and fibrinogen, have also
shown potential, although their predictive capabilities are often
constrained by small sample sizes and significant variability
among studies.

Despite exhaustive searches across several databases,
inconsistencies in study methodologies, variations in follow-up
periods, and differing adjustments for confounding factors—
such as statin usage, body mass index, and lifestyle behaviors—
make it difficult to reach definitive conclusions. Consequently,
more prolonged and larger-scale investigations are essential to
confirm these findings and fine-tune risk prediction models.
Ultimately, the integration of these biomarkers with traditional
risk factors could lead to more effective early detection and
preventive measures, potentially alleviating the overall burden of
CVD in this particularly vulnerable autoimmune cohort before

broad clinical guidelines are established.
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