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Abstract. Background: HDL is decisive for reverse cholesterol transport, enabling the removal of cholesterol from macrophages
in atherosclerotic plaques. Although HDL-C has long been allied to CVS protection, recent evidence suggests that
CEC may more accurately reflect HDL's functional efficacy. However, studies exploring the relationship between
CEC and CAD risk have produced inconsistent results. Objectives: The association between CEC and CAD risk
was assessed, along with its potential to predict MACE, including cardiac mortality, all-cause mortality, and non-
fatal MI, in this systematic review and meta-analysis. Material and methods: A comprehensive search of PubMed,
Scopus, Web of Science, and The Cochrane Library was conducted to identify studies published up to January 2025.
Observational studies comparing CEC levels between individuals with and without CAD were included. Results:
Twenty-three studies met the inclusion criteria. The pooled SMD of - 0.40 (95% CI: -0.53--0.26), with a p-value <
0.0001, revealed significantly lower CEC levels in CAD patients compared to non-CAD individuals. Higher CEC was
strongly allied with a reduced risk of CAD — OR = 0.57; 95% CI: 0.48-0.67, P < 0.00001, and a pooled risk ratio (RR)
of 0.64; 95% Cl: 0.48-0.86, p = 0.003. Impaired CEC was associated with an increased risk of cardiac mortality —
OR =3.94; 95% CI: 2.63-5.90, p < 0.00001, and all-cause mortality — OR = 2.84; 95% CI: 2.01-4.00, p < 0.00001.
However, insignificant association was found between CEC and non-fatal MI (OR = 3.47; 95% CI: 0.41-29.22, p
= 0.25). Conclusion: This meta-analysis underscores the probability of CEC as a biomarker for the assessment
of CVS risk. Higher CEC levels are linked to a reduced risk of CAD, cardiac mortality, and all-cause mortality, but
no significant relationship was observed with non-fatal MI. Future research should prioritize standardizing CEC
measurement methods and investigating its therapeutic potential for preventing atherosclerotic CVS disease.
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Pe3siome.

Kntouosu aymu:

BbBeaeHue: [lunonpotenHnTe ¢ Bicoka nmbTHOCT (HDL) ca oT peluaBalLo 3HayeHue 3a 06paTtHus TPaHCMopT Ha Xonec-
TEporna, kato no3BonsBaT OTCTPaHABAHETO Ha XonecTepona oT Makpodarute B aTepOCKNEpOTUYHUTE Nnaku. Bunpeku
ye HDL xonectepona (HDL-C) otaaBHa ce cBbp3Ba ChbC 3aLuuTaTa Ha CbpAeyHO-Cb0BaTa CUCTEMA, NOCMEAHNTE AaHHM
covar, Ye crnocobHoCTTa 3a u3BexaaHe Ha xonectepona (cholesterol efflux capacity — CEC) moxe fa oTpassisa no-To4HO
yHKunoHanHata ecukacHocT Ha HDL. MpoyysanusTa, ncneasaiy Bpbakara mexay CEC u pucka ot kopoHapHa ap-
TepuanHa 6onect (KAB), obaye gasat npoTueopeumsin pesyntatu. Lien: B To3n cuctematnyeH npernes v MeTaaHanms
Belwe oueHeHa BpbakaTa Mexay CEC u pucka ot KAB, kakto 1 noTeHumansT My aa npegckassa MACE, BKNouMTENHO
CbpAeYHa CMBPTHOCT, CMBPTHOCT OT BCUYKM NMPUYMHI U HedaTaneH muokapaeH wHdapkt (MU). MaTtepuan n metoam:
Belue npoBeaeHo n3vepnatenHo TopceHe B 6asute PubMed, Scopus, Web of Science 1 The Cochrane Library, 3a aa ce
naeHTUdMLMpar npoyysanus, nyonukysanm oo sHyapy 2025 r. Bsxa BKNoYeHN HabnogaTenHy npoyyYBaHus, CpaBHSBaLLM
Hueata Ha CEC mexay nuua cbe u 6e3 KAB. Pesyntatu: [lsageceT u Tpu NpoyyBaHUs OTroBapsixa Ha Kputepuute 3a
BkmnioysaHe. 06wwoto SMD ot - 0,40 (95% CI: -0,53--0,26), ¢ p-cToitHocT < 0,0001, nokasa 3Ha4YNTENHO NO-HUCKW HUBA Ha
CEC npw naumentn ¢ CAD B cpaBHeHwe ¢ nuua 6e3 CAD. Mo-Bucokute CEC Bsixa CUHO CBbp3aHu C HaManeH puck ot
CAD-0OR =0,57; 95% Cl: 0,48-0,67, p <0,00001 1 06eauHeHo cboTHoLeHNe Ha pucka (RR) ot 0,64; 95% Cl: 0,48-0,86,
p = 0,003. HapyweHata CEC belue cBbp3aHa C NOBULLEH pUCK OT CbpaeyHa cMbpTHOCT — OR = 3,94; 95% Cl: 2,63-5,90,
p < 0,00001, 1 cMbpTHOCT OT BCWyKM npuumHn — OR = 2,84; 95% CI: 2,01-4,00, p < 0,00001. Bbnpeku ToBa He beLue yc-
TaHOBeHa 3Haunma kopenaums mexay CEC u Hedatanima MU (OR = 3,47; 95% Cl: 0,41-29,22, p = 0,25). 3aknioueHue:
To3un meTaaHanus nogyeptaea BepositHocTTa CEC pa 6bae 6ruomapkep 3a oueHka Ha pucka ot CC3. IMo-BUCOKUTE HUBA
Ha CEC ca cBbp3aHy ¢ HamaneH puck ot BC, cbpagyHa CMbPTHOCT M CMBPTHOCT OT BCUYKM MPUYMHIA, HO He € Habnoaa-
BaHa 3Hau4uMMa Bpbaka ¢ HechaTaneH M. Bbaelwmte uscneasanus Tpsibsa Aa fagaT NPUOPUTET Ha CTaH4apTU3MPaHETOo
Ha meToauTe 3a u3mepsaHe Ha CEC 1 npoy4BaHETO Ha TepaneBTUYHMS My NOTEHLMan 3a NPEBEHLMS Ha aTepocKnepo-
TUYHUTE CbPAEYHO-CHA0BN 3a60NsBaHMS.

CrnocobHOCT 3a M3BEXAaHE Ha Xxonecteporn, CbpAe4yHO-CbA0B PUCK, NTUNONPOTENHM C BUCOKa NITbTHOCT, TMNONPOTENHU C

HUCKa NITbTHOCT

Anpec

3a kopecnoHaeHuns:  e-mail: drvinodkumarsingh85@gmail.com

INTRODUCTION

High-density lipoprotein (HDL) is essential in
protecting against atherosclerosis by promoting cho-
lesterol clearance from macrophages embedded in
arterial plaques [1]. Although reduced HDL levels
and increased low-density lipoprotein (LDL) concen-
trations are recognized as key contributors to cor-
onary artery disease (CAD), interventions aimed at
lipid regulation remain a focal point of ongoing re-
search [2, 3]. Notably, reducing LDL levels has only
been effective in preventing approximately one-third
of cardiovascular (CVS) events in CAD patients. Al-
though reduced HDL cholesterol (HDL-C) levels are
indicated as an autonomous risk aspect for athero-
sclerotic cardiovascular disease (ASCVD), evolving
evidence advocates that merely increasing HDL-C
concentrations does not consistently confer protec-
tion against atherosclerosis [4]. Data from multiple
cohort studies have indicated that HDL-C levels may
display a plateau effect or, in some cases, an ampli-
fied risk association with CAD at higher concentra-
tions [5-7]. Several clinical and observational articles
have recognized a contrary relation between HDL-C
and ASCVD [8, 9]. The main atheroprotective role
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of HDL is intermediating reverse cholesterol trans-
port, which enables the extraction of cholesterol from
macrophages within atherosclerotic plaques and its
subsequent delivery to the liver for processing. This
process reduces foam cell formation, a critical factor
in atherosclerosis progression.

Cholesterol efflux capacity (CEC) is defined as
the ability of HDL particles to accept cholesterol from
macrophages during the initial step of reverse cho-
lesterol transport. It reflects HDL’s functional quality
rather than its circulating quantity. CEC is therefore
considered a functional biomarker of HDL, providing
insight into its protective role in reducing atheroscle-
rotic burden. Importantly, rather than HDL-C levels
alone, improved CEC and overall HDL functionality
are believed to play a more critical role in reducing
ASCVD risk [10].

Studies on patients with genetically higher levels
of HDL-C and apolipoprotein A-I (apoA-I) have yield-
ed inconsistent findings regarding CVS disease risk
reduction [11, 12, 13]. Additionally, clinical articles
examining therapies aimed at increasing HDL-C lev-
els, e.g. niacin and cholesteryl ester transfer protein
(CETP) inhibitors in combination with statins, have
failed to show substantial CVS advantages [5]. The
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relationship between CEC and future CVS events
remains inconsistent, with some studies reporting a
positive correlation and others indicating an inverse
association. Li et al. [14] detected a direct associa-
tion between CEC and CVS risk in patients with stable
CAD, while Rohatgi et al. [15] found an inverse cor-
relation in individuals without CAD. Also, a case-con-
trol study demonstrated that higher CEC was allied
to a reduced likelihood of developing coronary heart
disease. [16] Given these conflicting findings, this sys-
tematic review and meta-analysis aim to comprehen-
sively assess the association between CEC and CVS
outcomes, as well as its possible role as a therapeutic
aim in ASCVD prevention.

MATERIAL AND METHODS

Databases search and study selection

A comprehensive search of the literature was ac-
complished across Scopus, PubMed, The Cochrane Li-
brary, and Web of Science to identify articles available
until January 2025. The search strategy incorporated
both MeSH terms and keyword variations, including
(‘cholesterol efflux capacity’ OR CEC) combined with
(‘coronary artery disease’ OR CAD OR ‘myocardial in-
farction” OR MI OR ‘acute coronary syndrome’). Only
studies published in English were included. Addition-
ally, reference lists of relevant articles were examined
for supplementary studies. The meta-analysis was
conducted following PRISMA guidelines [17]. Study el-
igibility was determined through a two-stage screening
process by independent reviewers. Initially, the titles
and abstracts of all retrieved citations were screened
to determine their relevance. Subsequently, full-text
articles were evaluated for eligibility according to pre-
defined criteria. Any disagreements among reviewers
were addressed and resolved through mutual consen-
sus. Studies were included if they were comparative
observational studies or randomized controlled trials,
provided details on baseline CEC levels, involved pa-
tients with CAD and/or diabetes, examined CAD risk
concerning low and high CEC arms, and reported ma-
jor adverse cardiovascular events (MACE), including
death, stroke, myocardial infarction (Ml), or transient
ischemic attack. Exclusion criteria included non-En-
glish publications, lack of full-text availability, confer-
ence abstracts, case reports, review articles, and ed-
itorials, as well as articles that did not line up with the
research aims.

Data Extraction and Quality Appraisal

Extracted data included study population charac-
teristics, key findings, risk of bias evaluations, and ar-
ticle outcomes related to MACE. Any disagreements

were settled through consultation with a third asses-
sor. The included observational studies were eval-
uated for quality using the Newcastle-Ottawa Scale
(NOS) [18], ensuring that methodological rigor was
maintained.

Data synthesis and statistical analyses

For continuous variables, standardized mean
differences (SMD) were calculated from baseline
to endpoint along with their standard deviations
(SD) and total sample sizes. The data were exam-
ined utilizing the inverse variance approach within a
random-effects framework. Dichotomous outcomes
were assessed using odds ratios (OR), also em-
ploying a random-effects model. The assessment of
study heterogeneity involved both a visual examina-
tion of forest plots and the application of statistical
measures, specifically the Cochrane Q test and the
|2 statistic. A P-value below 0.1 and an I? value ex-
ceeding 50% were used as thresholds to identify sig-
nificant heterogeneity. Statistical analyses were per-
formed utilizing RevMan 5.3 software on a Windows
operating system.

Publication bias

Publication bias was evaluated for outcomes that
included more than [10] studies, as recommended
by the Cochrane Handbook. Funnel plots were con-
structed to visually assess asymmetry, with the stan-
dard error (SE) plotted against the standardized mean
difference (SMD) for continuous outcomes and the
logarithm of the odds ratio (log OR) for dichotomous
outcomes.

REsuULTS

Literature search

Our literature search initially identified 2,481 re-
cords. Following the screening of titles and abstracts
and the removal of duplicates, 39 full-text articles were
evaluated for inclusion. Among these, 23 studies [14, 16,
19-39] fulfilled the inclusion criteria and were included in
our study. The PRISMA flow diagram (Fig. 1) illustrates
the study assortment process, while Table 1 provides an
overview of the characteristics of the included articles
and the baseline demographics of the participants.

Quality of the included articles

The quality evaluation of the 23 included articles,
conducted via NOS, revealed that 21 studies were of
high methodological quality, scoring above 7, suggest-
ing a low risk of bias. In contrast, two studies 23, 38
scored below 7, indicating potential limitations in study
design or data reliability. Detailed risk of bias assess-
ments for each article are presented in Table 1.
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abstract (n = 1387)

Screening
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(n=39)

[ Identification of studies via databases and registers ]
)
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Records removed before
PubMed (n = 686) screening.
Scopus (n = 367) )
Web of science (n = 1271) —> Duplicate records removed
Cochrane library (n = 157) (n=1094)
® All Databases (n = 2481)
v
Records screened by fitle and | [ ———— (n=1343)

\d

\d

Included

Studies included in review
(n=23)

Reports excluded (n = 16)

Fig. 1. Flow diagram of the included articles

Table 1. Overview of the characteristics of the included articles and the baseline demographics of the participants

Study ID Count Study Number of | Age Male Diabetes | HDL-C Criteria of the included Main findinas
y Y design Population | (mean) | n (%) n (%) (mean); mg/dl | population 9
Case- Patients undergoing Reduced EF in ischemia
Patel 2013 [1] USA 69 58 40 (57.97) | 11(15.94) |0.79 cardiac catheterization | is linked to impaired HDL,
Control ) . : .
for evaluation of angina | exacerbating heart failure.
Increased cholesterol efflux
Case- Patients underwent to apoB-depleted serum is
Li, 2013 [2] USA 1727 61.25 |226(13.09) |73(4.23) |4267 elective diagnostic CAG | paradoxically linked to higher
Control ) . o
for evaluation of CAD. | cardiovascular risk, likely
involving non-HDL pathways.
Chlorotyrosine and oxidized
) . methionine in HDL may serve
Shao, 2014 (3 |UsA O  go 61 41(68.33) [12(20) |50 Patients with stable CAD ( . 'independent cardiovasou-
Control orACS e
lar risk biomarkers beyond
HDL-C levels.
. . Patients undergoing Cholesterol efflux capacity is
;j;"kawa’ 20151 Japan 82§frol 254 6525 | 198 (77.95) | 113 (445) |53.45 olective CAG, PCl, or | a key clinical predictor of CAD
MSCT. beyond traditional risk factors.
Participants were clas- | Enhancing HDL efflux capacity
Case- 2254 sified as having CHD if | offers a therapeutic strategy to
Saleheen, 20155 | UK Control 3494 655 (64.51) 357 (10.22) | 1.35 (mmollL hospitalized or died from | reduce coronary heart disease
CHD during follow-up. risk.
Agarwala, 2015 Case- Subjects with HDL-C Hrg; I:Ell_l%: gzgeiiuzt?ed
garwaia, USA 175 665  [107 (61.14) [NR 86 > 90th percentile and | ProSPnO1PIAS and imp
[6] Control ) efflux capacity is linked to
coronary heart disease.
unexpected CAD.
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Continuation table 1

Studv ID Count Study Number of | Age Male Diabetes | HDL-C Criteria of the included Main findinas
y v design Population | (mean) | n (%) n (%) (mean); mg/dl | population 9
ApoClll in HDL may
Lo, 2017 |china  |€%%% |23 62.96 | 147 (63.91) |41(17.83) |1.07 (mmollL) | Patients with CAD impact cholesterol efflux,
Control linking it to atherosclerosis
development.
Ebtehaj, 2019 [8] | Sweden Control 705 59 502 (71.2) |40(5.7) 1.16 (mmol/l) expgrlenced anew independent of HDL-C and
cardiovascular event.
apoA-I levels.
CEC’s predictive value for
. Case- Participants who had an | CHD may be influenced by
Canil, 201981 \USA | ot | 1397 63 |1397(100) | 79(5.65) 14465 incident MI or fatal CHD. | HDL-C levels in healthy
men.
Type 2 diabetes or Impglred cholesterol efflux,
Soria-Florido Case multiple cardiovascular pro-infiammatory HDL, and
' Spain 1000 67.4 670 (67) NR 48.98 . P . low S1P and apoA-| are linked
2020 [10] Control risk factors increase :
o to higher acute coronary
CHD susceptibility. )
syndrome risk.
i |
Attia, 2007 [11] |France |Cohort |94 5463 |58(61.7) |59(62.77) |0.86 (mmoll) | patients, with and P yimp
) cholesterol clearance and
without CAD. .
accelerate atherosclerosis.
Patlgnts undergqng Macrophage cholesterol efflux
cardiac catheterization inversely correlates with CIMT
Khera, 2011 [12] | USA Cohort 996 56.67 | 583 (58.53) | 147 (14.76) | 50 with >50% Iuminal y L
. ) and CAD risk, independent of
stenosis in a major
HDL-C levels.
artery.
hol | effl i
el e
Liu, 2016 [13] China Cohort 1737 63.55 690 (39.7) |41.75 years diagnosed with P v )
(65.17) CAD all-cause and cardiovascular
’ mortality in CAD patients.
Patlent§ with a p.rlmary Cholesterol efflux capacity
. complaint of angina ) .
Zhang, 2016 [14] | China Cohort 313 67 235 (75) 66 (21) 1.1 (mmolll) . independently predicts plaque
pectoris who underwent . )
stability and CAD prognosis.
CAG
Guerin, 2018 Patients treated for iigr:elcmlrzztuizla:ﬁlciﬁse
' France | Cohort 1609 63.4 1218 (75.7) | 298 (18.5) |0.354/l an acute STEMI who ) y.p )
[15] underwent orimary PCI mortality in Ml patients,
primary FL1. independent of HDL-C.
Patients aged 45-85 HDL-mediated cholesterol
Shea, 2019 [16] | USA Cohort 1744 65.33 | 948 (54.36) |57 (3.27) |50.2 years with no clinical efflux protects against CHD
CVD at baseline. but not stroke.
Hisauchi, 2020 Patients with CAD Crigi:tl &ﬁ:ﬂﬁfﬂi
(17] ' Japan | Cohort 180 66.85 | 147 (81.67) |99 (55) 51.85 undergo elective CAG, Ei hiiahting its pro nostic; and
elective PCI, or MSCT, | 999 18 Prog
therapeutic value.
Cholesterol efflux, linked
to HDL composition and
Ritsch, 2020 18] | Austria | Cohort | 2468 628 | 1681(68.1) |713(289) |39 Patients with acute inflammation, inversely
coronary syndrome predicts cardiovascular
mortality independently of
HDL-C.
Patients aged 45-75 Reduced SR-Bl-mediated
) years without ACS, cholesterol efflux in diffuse
Magnoni, 2022 o .
(19] Italy Cohort 525 60.48 |305(58.1) |65(12.38) |49.55 normal LVEF, stratified | CAD predicts poorer
by risk factors and CAD | outcomes, independent of
status. plaque characteristics.
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Continuation table 1

Study ID Country Stut.iy Number. of |Age Male Diabetes |HDL-C Criteria.of the included Main findings
design Population | (mean) | n (%) n (%) (mean); mg/dl | population
HDL-SPE may become
a standard test for
Sato, 2023 [20] | Sweden | Cohort 100 59.7 77(77) 18 (18) 50.65 Patients with CAD. cardiovascular risk
assessment and drug
development.
Fixed HDL cholesterol efflux
['\;’;'matsu' 2016 | 1opan gzﬁz | 6533 |114(56) |53(26)  |5067 Patients with CAD. ::‘fﬁj")v(efazzci/;z:;a ?:; t;lt::
CAD presence.
Chinese CAD patients with low
' . HDL showed reduced CEC
Wang, 2018 [22] |China | % |80 60.04 |44(55  |NR 2.76 (mmolt) | CAD PaUeNIS Wit oW O | - 0y dysfunction despite
Sectional high HDL.
stable proteome and MPO
levels.
Cross- ANGPTL8 impairs HDL-
Luo, 2018 23] | China Sectional 210 63.53 [128(60.95) |NR 42.34 Patients with CAD mediated cholesterol efflux by
disrupting cholesterol removal.

CAD - coronary artery disease, HDL — High-Density Lipoprotein, CAG — coronary angiography, PCI — percutaneous coronary intervention, or
MSCT — multi-slice coronary computed tomography, STEMI — ST-segment elevation myocardial infarction, Ml — myocardial infarction, EF —
Ejection Fraction, ANGPTL8 — angiopoietin-like protein 8, HDL-SPE — High-Density Lipoprotein-Specific Protein Enrichment, SR-BI — scavenger

receptor class B type |, PLTP — Phospholipid Transfer Protein

Outcomes of meta-analysis

Main Outcomes

CEC

e Overall analysis. CEC was evaluated across
fifteen studies(). The analysis included a total of [8],
[483] patients, comprising [4], [163] in the CAD arm
and [4], [320] in the non-CAD arm (Figure [2]. The
pooled standardized mean difference (SMD) was
— [0]. [40] - [95]% CI. — [0]. [53], — [0]. [26]], with a
P-value < [0]. [0001], demonstrating a statistically
significant reduction in CEC levels among CAD pa-
tients compared to those without CAD. The analysis
revealed substantial heterogeneity (I? = [85]%, P < [0].
[00001], which persisted despite sensitivity analyses,

suggesting variability across studies that could not be
fully accounted for.

e Association of CEC with CHD risks. This
pooled analysis examined the link between CEC
and the risk of CAD across 16 studies (Fig. 3). The
combined OR of 0.57 (95% CI: 0.48-0.67, p < 0.00001)
revealed that higher CEC is significantly associated
with a reduced risk of CAD. The analysis revealed
moderate heterogeneity (12 = 49%, p = 0.03) (Fig. 3A).
In addition, the pooled risk ratio (RR) is 0.64 (95% CI:
0.48-0.86), indicating that higher CEC is significantly
related to a 36% reduced risk of CAD (p = 0.003).
However, significant heterogeneity was noticed among
the studies (1> = 80%, p = 0.0004) (Fig. 3B).

CAD Non-CAD Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI W, 95% CI
Anarwala 2015 1.86 038 55 211 043 120 5.4% -0.36 [[0.68,-0.04] —
attia 2007 2477 43 35 3011 59 35 43% -1.02[1.52,-052] —
Cahill 2018 097 014 701 099 014 69 92% -0.14[-0.25,-004)] -
Ehtehaj 2019 083 028 351 101 024 345 8.7% -0.30[-045,-015] —
ishikawa 2015 083 024 182 097 036 72 7.0% -050[0.78,-022) —
Luo 2017 125 28 140 147 2 99 71% -088[1.15,-061] -
Luo 2018 1251 283 120 1458 206 90 69% -082[1.10,-053] —
Magnoni 2022 0875 0167 178 0815 0201 347 83% -0.21 [-0.39,-003) I—
norimatsu 2016 115 5 58 129 4 146 BE% -0.32063,-002) ]
Patel 2013 08 005 23 092 0325 46 4.2% -0.57 [-1.08,-0.06) —
saleheen 2015 114 041 1745 147 036 1749 95% -0.080.14,-0.01) -1
Sato 2023 1.04 019 50 101 018 50 54% 016 [-0.23, 0.595) -1
shao 2014 10 29 20 118 27 20 32% -063[1.27,001) - |
shea 2019 29 1.9 465 31 1.8 465 89% -011[-0.24,0.02) 7
wang 2018 1113 153 40 1276 1.7 40 46% -1.00[-1.46,-053) —
Total (95% CI) 4163 4320 100.0% -0.40[-0.53, -0.26] <&
Heterogeneity, Tau*= 0.05; Chi*= 94 90, df= 14 (P < 0.00001); F= 85% 1 05 I U‘IS 1

Testfor overall effect Z= 560 (P < 0.00001)

Favours Low CEC  Favours High CEC

Fig. 2. The overall analysis of CEC
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¢ Publication bias. The publication bias is illustrated
in the funnel plots in Fig. 4, which display an asymmetrical
distribution of studies around the vertical reference line,
indicating a potential risk of publication bias.

Other Outcomes

e Cardiac death. This pooled analysis evaluated
the association between CEC and cardiac mortality
across three studies (Fig. 5). The pooled OR of
3.94 (95% CI: 2.63-5.90), with a p-value < 0.00001,
demonstrated that individuals with reduced CEC face
a substantially greater risk of cardiac death compared
to those with higher CEC levels. The heterogeneity
among the studies is negligible (1> = [0]%, P = [0]. [91].

o All causes of death. This analysis evaluated the
link between CEC and all-cause death based on two
studies (Fig. 6). An OR of 2.84 (95% CI: 2.01-4.00),
p < 0.00001 suggests that individuals with diminished
CEC have a substantially greater likelihood of all-cause
death compared to those with improved CEC. The
analysis demonstrated moderate heterogeneity (1> =
53%, p = 0.14.

e Non-fatal MI. This analysis evaluated the
relationship between CEC and non-fatal MI based on
two studies (Fig. 7). The pooled OR of 3.47 (95% CI:
0.41-29.22), p = 0.25 indicated a statistically insignificant
association between impaired CEC and non-fatal Ml risk.
The analysis showed no heterogeneity (1> = 0%, p = 0.50).

Odds Ratio Odds Ratio
Study or Subgroup __log[Odds Ratio] __ SE_Weight IV, 95% C1 v, 95% C1
Ebtehaj 2019 -03011 00823 195%  0.74(0.63,087) .
ishikawa 2015 14697 07112 13%  0.23(0.06,0.93)
Kkhera 2011 -057982 03915 39%  056(0.26,1.21) e
Magnoni 2022 057982 0601 18%  056[0.17,182) —_
norimatsu 2016 06931 03411 48%  050(0.26,0.98) —
Patel 2013 073397 0173 119%  048(0.34,067) -
saleheen 2015 054473 01052 174%  058(0.47,0.71) -
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Funnel plots for publication bias of main outcomes
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DiscussION

CEC is generally measured using in vitro assays
that assess the ability of a patient's HDL to promote
cholesterol efflux from radiolabeled or fluorescently
tagged macrophage foam cells. The most common-
ly employed methods include efflux assays based on
cultured macrophages (e.g., J 774, THP-1 cells) that
quantify cholesterol transfer to apoB-depleted plasma
or isolated HDL fractions. Variations exist depending
on the efflux pathway being evaluated, such as ABCA
1-mediated efflux, ABCG 1, or passive diffusion. Re-
cently, cell-free assays targeting HDL-specific phos-
pholipid efflux have also been developed for improved
reproducibility.

In real-life clinical practice, while CEC measurement
is still largely research-based, its integration into cardio-
vascular risk prediction models could help refine patient
stratification. By combining CEC with traditional risk
markers such as LDL-C, blood pressure, and diabetes

status, clinicians may better identify high-risk individuals
who may not be adequately captured by standard lipid
profiles. Furthermore, therapeutic interventions aimed at
enhancing HDL functionality, rather than simply raising
HDL-C levels, could provide new treatment avenues.
Thus, standardization of CEC measurement and val-
idation in large-scale clinical settings remain essential
steps toward its adoption in routine practice.

Our meta-analysis, encompassing 23 studies,
provides robust evidence on the relationship between
CEC and CVS risk. Consistently lower CEC levels were
observed in CAD patients, reinforcing the hypothesis
that impaired cholesterol efflux contributes to disease
progression. The negative relationship between CEC
and CAD risk, along with its ability to predict both car-
diac and all-cause mortality, underscores the probable
utility of CEC as a biomarker for evaluating CVS risk.
However, our findings also reveal inconsistencies, par-
ticularly regarding the relationship between CEC and
myocardial infarction, where no significant association



32

V. K. Singh, Shalabh Agarwal, Prithpal Singh Matreja

was detected. These discrepancies may stem from
variations in study populations, methodologies, and
CEC measurement techniques, emphasizing the need
for standardized assessment protocols.

HDL contributes to slowing the progression of
atherosclerotic plaque formation through multiple bi-
ological processes. However, research indicates that
genetic variations influencing HDL-C levels do not al-
ways correspond with CAD risk, and therapeutic strat-
egies designed to elevate HDL concentrations have not
consistently led to a reduction in CVS events among
CAD patients. As a result, assessing HDL levels alone
does not provide a comprehensive evaluation of its
functionality. On the other hand, CEC is essential for
reverse cholesterol transport, aiding in the removal of
cholesterol from macrophages within arterial walls and
transferring it to the liver for metabolism. This process
is a key mechanism through which HDL contributes to
preventing the buildup of plaque. Therefore, HDL-CEC
is suggested as a key marker of plasma HDL function-
ality and a potential biomarker for assessing CVS risk.
Cheng et al. demonstrated significantly lower CEC in
CAD patients, a finding that aligns with the results re-
ported by Ye et al. and those of our study. Moreover, in-
dividuals with high CEC exhibit a significantly reduced
risk of CAD, as highlighted by Cheng et al., and Ye et
al., and consistently supported by our findings.

Similar to CAD, CVS mortality is driven by a com-
plex interplay of conventional risk factors and genetic
predisposition. While CEC is one of many contributing
factors, a study by Cheng et al. reported an insignif-
icant correlation between CEC and the risk of CVS
death, contradicting both our findings and those of Ye
et al. This discrepancy highlights the need for further
investigation. Furthermore, changes in HDL-CEC may
play a bidirectional role, acting both as a driving force
and a result of CAD onset and progression. Ye et al.
established an association between CEC and the risk
of all-cause death in CAD patients. Our pooled analysis
further confirmed CEC as a reliable prognosticator of
all-cause death in this population. However, both Ye et
al.() and our study revealed an insignificant association
between CEC and myocardial infarction, reinforcing
the consistency of these findings.

Despite these promising findings, this study has
certain limitations. High heterogeneity was observed
across the pooled studies, likely due to differences in
experimental methodologies and patient characteristics.
Furthermore, the number of studies included in the all-
cause mortality, cardiac death, and non-fatal M| analy-
ses was relatively small, limiting the statistical power of
our conclusions. Another important limitation is the in-
ability to assess other protective functions of HDL, such
as its antioxidative, anti-inflammatory, and antidiabetic
effects, which may also influence CVS outcomes.

FUTURE PERSPECTIVES

Future studies should focus on refining CEC mea-
surement techniques to improve reproducibility and
comparability across research settings. Comprehen-
sive, large-scale prospective studies are essential to
determine whether causal links exist between CEC and
the occurrence of CVS events. Furthermore, integrating
CEC into established risk prediction models alongside
traditional biomarkers may enhance the accuracy of
CVS risk stratification. Investigating the molecular path-
ways underlying CEC’s cardioprotective effects and its
interactions with other HDL functions could provide nov-
el therapeutic targets for atherosclerosis prevention.

CONCLUSION

This meta-analysis underscores the significance
of CEC as a potential biomarker for CVS risk assess-
ment. Our findings confirm that individuals with CAD
exhibit significantly lower CEC levels and that higher
CEC is allied with a lower risk of CAD, cardiac mor-
tality, and all-cause mortality. However, an insignificant
association was observed between CEC and non-fa-
tal MI. Given the heterogeneity among studies, further
research is essential to validate CEC as a predictive
tool and explore its role in CVS disease prevention and
management.
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