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Abstract
Background
Lipid accumulation product (LAP) is a novel predictor index of central lipid accumulation associated with metabolic and cardiovascular diseases. This study aims to investigate the accuracy of LAP for the screening of metabolic syndrome (MetS) in general adult males and females and its comparison with other lipid-related indicators.

Methods
A systematic literature search was conducted in PubMed, Scopus, Web of Science, Cumulative Index to Nursing and Allied Health Literature (CINAHL), and ProQuest for eligible studies up to May 8, 2024. Outcomes were pooled mean difference (MD), odds ratio (OR), and diagnostic accuracy parameters (sensitivity, specificity, and area under the summary receiver operating characteristic [AUSROC] curve). Comparative analysis was conducted using Z-test.

Results
Forty-three studies involving 202,313 participants (98,164 males and 104,149 females) were included. Pooled MD analysis showed that LAP was 45.92 (P < 0.001) and 41.70 units (P < 0.001) higher in men and women with MetS, respectively. LAP was also significantly associated with MetS, with pooled ORs of 1.07 (P < 0.001) in men and 1.08 (P < 0.001) in women. In men, LAP could detect MetS with a pooled sensitivity of 85% (95% CI: 82%–87%), specificity of 81% (95% CI: 80%–83%), and AUSROC curve of 0.88 (95% CI: 0.85–0.90), while in women, LAP had a sensitivity of 83% (95% CI: 80%–86%), specificity of 80% (95% CI: 78%–82%), and AUSROC curve of 0.88 (95% CI: 0.85–0.91). LAP had a significantly higher AUSROC curve (P < 0.05) for detecting MetS compared to body mass index (BMI), waist-to-height ratio (WHtR), waist-to-hip ratio (WHR), body roundness index (BRI), a body shape index (ABSI), body adiposity index (BAI), conicity index (CI) in both genders, and waist circumference (WC) and abdominal volume index (AVI) in females.

Conclusion
LAP may serve as a simple, cost-effective, and more accurate screening tool for MetS in general adult male and female populations.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12944-024-02190-1.
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	ABSI
	A body shape index

	AUC
	Area under the curve

	AUSROC
	Area under the summary receiver operating characteristic

	AVI
	Abdominal volume index

	BAI
	Body adiposity index

	BMI
	Body mass index

	BRI
	Body roundness index

	CI
	Confidence interval or conicity index

	CINAHL
	Cumulative Index to Nursing and Allied Health Literature
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	Hip circumference

	HDL-C
	High-density lipoprotein-cholesterol

	IDF
	International Diabetes Federation
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	National Cholesterol Education Program-Adult Treatment Panel
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	Population, Index Test, Comparator, and Outcome

	PRISMA
	Preferred Reporting Items for Systematic Reviews and Meta-Analyses

	PROSPERO
	International Prospective Register of Systematic Reviews

	QUADAS-2
	Quality Assessment of Diagnostic Accuracy Studies 2

	SD
	Standard deviation

	TG
	Triglyceride

	TyG
	Triglyceride-glucose

	VAI
	Visceral adiposity index

	WC
	Waist circumference

	WHR
	Waist-to-hip ratio

	WHtR
	Waist-to-height ratio

	WTI
	Waist-triglyceride index




Introduction
Metabolic syndrome (MetS) refers to a group of metabolic disorders characterized by central obesity, impaired glucose control, elevated triglyceride levels, decreased levels of high-density lipoprotein-cholesterol (HDL-C), elevated blood pressure, and insulin resistance [1]. MetS is becoming a serious health problem and economic burden, as its global prevalence is high and remains growing in both developed and developing countries [2, 3]. A recent meta-analysis in 2022 estimated that the global prevalence of MetS varied from 12.5% to 31.4% depending on the diagnostic criteria, with Americas and Eastern Mediterranean as regions with the highest prevalence across different MetS definitions [4]. According to a survey conducted among adults in the United States, the prevalence of MetS has increased with a significant trend from 37.6% in 2011–2012 to 41.8% in 2017–2018 [5].

MetS has been associated with two times higher risk of cardiovascular and cerebrovascular diseases and 1.5 times higher mortality rate [6]. Additionally, given its close association with insulin resistance, a person with MetS is at a high risk of developing type 2 diabetes mellitus, which is known as a potentially debilitating chronic disease with various macrovascular and microvascular complications, including coronary artery disease, stroke, and diabetic kidney disease [7, 8]. These consequences further highlight the importance of early and accurate identification of high-risk individuals with MetS to prevent any adverse outcomes related to its development. However, the current diagnostic criteria for MetS are complex to conduct as they include many metabolic components, making early detection of individuals with MetS difficult. Hence, it would be more convenient to use a simpler, rapid, and inexpensive indicator with high accuracy for the screening of MetS, mainly in a large population [9].
In 2005, Kahn [10] proposed a novel, safe and practical index for reflecting excess central lipid accumulation among adults, based on a combination of two economical measurements, namely waist circumference (WC) and concentration of triglyceride (TG) measured in the fasting state. This index was later called ‘lipid accumulation product’ (LAP). It is calculated as [WC (cm) – 65] × [TG (mmol/L)] for men, and [WC (cm) – 58] × [TG (mmol/L)] for women. LAP is closely associated with insulin resistance and has been linked to various metabolic and cardiovascular risk factors [11, 12]. Previous studies in different men and women populations have shown that LAP has a high predictive performance and outperforms other adiposity indicators, such as WC, body mass index (BMI), waist-to-height ratio (WHtR), waist-to-hip ratio (WHR), and visceral adiposity index (VAI), at detecting MetS. However, the accuracies reported still varied between studies [13–15]. Moreover, a study by Endukuru et al. [16] has shown contradictory findings, where LAP was found to have a lower power than several indicators in identifying MetS. Although LAP has commonly been the focus of earlier studies, there are no reviews to date that have demonstrated evidence regarding the conclusive accuracy of LAP and whether it is arguable to use LAP for the screening of MetS. Thus, this systematic review and meta-analysis aim to explore the screening performance of LAP as a detection tool for MetS in general male and female adults, and its comparison with other adiposity indicators.

Materials and methods
This systematic review and meta-analysis were conducted in conformity with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines [17] (see Supplementary Table 1 in Additional file 1 for the completed PRISMA 2020 checklist of this study) and guided by Cochrane Handbook for Systematic Reviews of Diagnostic Test Accuracy Version 2.0 [18]. The detailed protocol of this study has been registered on the International Prospective Register of Systematic Reviews (PROSPERO; https://​www.​crd.​york.​ac.​uk/​prospero/​; registration number: CRD42021259797).
Search strategy and study selection process
A computerized literature searching was conducted in PubMed, Scopus, Web of Science, Cumulative Index to Nursing and Allied Health Literature (CINAHL) via EBSCO, and ProQuest from inception to May 8, 2024. The Medical Subject Headings (MeSH) and other free-text keywords were applied to formulate the following full search term: ("lipid accumulation product*" OR "LAP") AND ("metabolic syndrome" OR "MetS" OR "MetSyn" OR "syndrome X" OR "metabolic X syndrome" OR "insulin resistance syndrome" OR "cardiometabolic syndrome" OR "metabolic cardiovascular syndrome" OR "plurimetabolic syndrome"). No language and publication date restrictions were set. Additionally, a manual hand-search on Google was performed to identify studies outside the searched databases. After duplicates were removed, articles were screened based on their titles and abstracts. Studies with available full-texts were then retrieved and evaluated according to the eligibility criteria. The initial searches and overall study selection process were performed independently by two investigators (BSW and APW). Any disagreements were resolved in a consensus involving a third independent investigator (VV).

Eligibility criteria
Research questions were structured using the Population, Index Test, Comparator, and Outcome (PICO) format (Supplementary Table 2) designed for systematic reviews of diagnostic test accuracy studies as the basis for constructing the eligibility criteria [19]. This meta-analysis included studies published in any language that: (1) used an observational design (cohort, case–control, or cross-sectional studies); (2) involved an adult population aged 18 years or older; (3) defined MetS based on any current available diagnostic criteria (e.g., Joint Interim Statement [JIS] [20], National Cholesterol Education Program-Adult Treatment Panel [NCEP-ATP] III [21], and International Diabetes Federation [IDF] [22]); and (4) investigated the diagnostic accuracy of LAP for detecting MetS in males or females. Studies were excluded if: (1) the study was a review article, case report, case series, or conference abstract; (2) the full-text was irretrievable; (3) the study involved non-general populations, including those with a specific pathologic condition (e.g., chronic kidney disease and polycystic ovary syndrome) or institutionalized residents; (4) the available data were insufficient for reconstructing the 2 × 2 diagnostic accuracy contingency table and the authors of the study did not respond after they were contacted for data request or were not willing to provide the data. In the case where studies with overlapping populations or the same characteristics were suspected (e.g., authors, population, method and period of sampling, study location, or results), the one with the largest sample size, most relevant data, and most recently published was selected, and then the rest were excluded.

Data extraction
Two investigators (BSW and APW) performed data extraction independently based on a pre-specified checklist. Collected data were then checked for their eligibility by a third investigator (VV). The following data were obtained: the name of the first author, publication year, study location and design, characteristics of the study population, MetS diagnostic criteria, gender-specific sample size, age, values of LAP in MetS and non-MetS subjects, odds ratio (OR) between LAP and MetS, and diagnostic parameters of LAP (area under the curve [AUC], cut-off, sensitivity, and specificity). If a study used more than one diagnostic criteria for MetS, only one was selected in the following order of priority: (1) JIS; (2) NCEP-ATP III; (3) IDF; and (4) other criteria. Criteria besides JIS, NCEP-ATP III, and IDF were later classified into “others”. Given that LAP is a continuous index, only uncategorized ORs were extracted, in which LAP was treated as a continuous predictor variable during analysis. Dichotomizing or categorizing continuously distributed exposure variables has been known to cause a loss of statistical power, inaccurate estimation, and difficulty comparing results across studies due to the use of data-driven cut-points to define the categories [23, 24]. ORs adjusted for confounders were preferred over unadjusted values. To strengthen the conclusion of the current findings, the included study’s corresponding author was contacted when the 2 × 2 diagnostic contingency table of LAP in males or females could not be constructed from the reported study data. In addition, for comparative analysis purposes, all index tests used to identify MetS other than LAP with their corresponding sensitivities and specificities were extracted, but only when ≥ 4 studies reported the data of the same index tests. Eleven adiposity indicators that met this requirement were identified, including VAI, BMI, WC, WHtR, WHR, body roundness index (BRI), a body shape index (ABSI), body adiposity index (BAI), conicity index (CI), triglyceride-glucose (TyG) index, and abdominal volume index (AVI).

Quality assessment
The quality of the included studies was assessed using the Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) tool that comprises four domains: patient selection, index test, reference standard, and flow and timing [25]. Each domain is assessed in terms of risk of bias as well as concerns regarding applicability for the first three domains. The QUADAS-2 tool signaling questions for assessing the risk of bias were further tailored to have greater relevance to the current study. Additional signaling questions were formulated from studies by Bujang et al. [26], McCrea et al. [27], and Munthali et al. [28] (for full details, see Supplementary Table 3). For each signaling question, reviewers were required to respond “yes”, “no”, or “unclear.” Accordingly, the risk of bias and applicability concerns were rated as “low”, “high”, or “unclear”. A study was judged to have a low overall bias risk and concerns of applicability when all domains were rated as “low”. A high overall risk of bias was considered when the study had a high-rated risk in ≥ 1 domain or an unclear-rated risk in ≥ 3 domains, while a high concern regarding applicability was determined when the study had a high-rated concern in at least one domain. Otherwise, studies were judged as having a moderate risk or applicability concern. Quality assessments were conducted by two independent reviewers (BSW and APW). Any discordance in judgments was subsequently resolved by a third reviewer (VV).

Statistical analysis
Statistical analyses were conducted using Review Manager ver. 5.4 (The Cochrane Collaboration, The Nordic Cochrane Centre, Copenhagen, Denmark) and STATA ver. 16.0 (Stata Corporation, College Station, TX, USA). Diagnostic test accuracy meta-analyses on LAP in identifying MetS were performed for the primary outcome. Secondary meta-analyses were additionally conducted to estimate the pooled mean difference (MD) of LAP between MetS and non-MetS subjects and the pooled OR between LAP and MetS. Males and females were analyzed separately in all outcomes. For MD meta-analysis, data that were not reported in mean and standard deviation (SD) were transformed beforehand.
Bivariate diagnostic accuracy meta-analyses were performed to obtain the pooled sensitivity, specificity, and area under the summary receiver operating characteristic (AUSROC) curve along with their corresponding 95% confidence intervals (CIs). AUSROC curve values were subsequently interpreted as similar to the AUC, where 0.5 indicates that LAP has no ability to discriminate subjects with and without MetS, 0.7 to 0.8 is considered an acceptable diagnostic power, 0.8 to 0.9 is considered excellent, and more than 0.9 is considered outstanding [29]. To assess the effect of a diagnostic threshold, the Spearman’s correlation was used by analyzing the correlation of the sensitivity and 1 – specificity between studies. The threshold effect may exist due to variations in the cut-off values ​​between studies and is considered one of the major causes of heterogeneity in diagnostic accuracy meta-analysis. A positive Spearman’s correlation coefficient with P < 0.05 indicates a significant threshold effect [30]. In addition to LAP, the AUSROC curves of other adiposity indicators were estimated. The Z-test was then adopted to compare the AUSROC curve values between LAP and these indicators [31].
Heterogeneity was assessed using the Cochran’s Q statistic and quantified using the Higgins’ I2 statistic as recommended by Cochrane. The I2 is a widely used measure calculated from the Q statistic to depict the extent of heterogeneity between studies in a meta-analysis. An I2 value of 0%, 25%, 50%, and 75% was considered as negligible, low, moderate, and high heterogeneity, respectively [32]. Since diversity of characteristics between studies was expected, a random-effects model was primarily applied for estimating the pooled effect of OR and MD meta-analyses. The random-effects model assumes that the true effect could vary between studies due to the heterogeneity among them [33]. In all analyses, a P-value of < 0.05 was considered statistically significant.
Publication bias in the diagnostic accuracy meta-analysis was assessed using the Deeks’ funnel plot as recommended by Cochrane [34, 35], while publication bias in the MD and OR meta-analyses was assessed visually using an inverted funnel plot and quantitatively using the Egger’s test [36]. Egger’s test has been widely used in meta-analyses and considered one of the formal statistical tests to evaluate funnel plot asymmetry [37]. Sensitivity analyses in all outcomes were carried out in four different ways by excluding: (1) each study individually (leave-one-out analysis); (2) study outliers; (3) moderate and high risk of bias studies; and (4) studies with a sample size of < 100. Subsequently, the consistency and significance of the pooled results was re-evaluated. Outliers in the diagnostic accuracy meta-analysis were identified by using a bivariate boxplot. This boxplot describes the interdependence degree between the sensitivity and specificity of each study. The inner and outer oval of the bivariate boxplot represent the median distribution and 95% CIs of all the study data points, respectively, and studies located outside the outer oval region were considered outliers. Outliers in the MD and OR meta-analyses were detected by visually examining the forest plot, where outliers were studies having their 95% CIs located outside the 95% CI of the pooled result [38].
Subgroup and meta-regression analyses were performed on the primary outcome with outliers included to search for possible causes of heterogeneity. Subgroup analyses were performed based on: (1) MetS criteria; (2) study location; (3) study design; and (4) type of population. In the case where a covariate yielded > 2 subgroups, the subgroup with the most studies included was used as the reference value. Meta-regressions were carried out for: (1) publication year; (2) mean population age; and (3) study sample size.


Results
Selection of studies
A PRISMA flow diagram of the overall study selection process is illustrated in Fig. 1. A total of 4,295 records were initially obtained, where 734 were then removed due to duplication. Of the remaining 3,561 articles, 3,454 and 30 were excluded respectively based on their titles and abstracts. Three conference abstracts and one article with no available full-text were not retrieved further. Afterward, the remaining 73 studies were thoroughly reviewed, and 35 were subsequently excluded due to not meeting the eligibility criteria. In addition to database searching, 31 additional records were found from websites. Of those, three conference abstracts were not retrieved, and 11 articles were excluded due to irrelevant outcomes. Fifty-five studies were initially included in this systematic review. Then, seven studies with potential overlapping populations and similar characteristics were identified. The study by Guo et al. [39] with the largest sample size was included, and the rest were excluded. Afterward, the authors of nine studies were contacted for additional data requests. Three of them responded and agreed to provide the data. Due to insufficient data to construct the diagnostic contingency table of LAP, six studies were further excluded. Ultimately, the entire screening process resulted in the inclusion of 43 eligible studies [39–81]. Of all the studies included, one by Soares et al. [73] was a gray literature.[image: ]
Fig. 1PRISMA flow diagram of the study selection process. CINAHL, Cumulative Index to Nursing and Allied Health Literature; LAP, lipid accumulation product; MetS, metabolic syndrome; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses



Characteristics, outcomes, and quality assessment of included studies
The summary characteristics of the included studies are presented in Table 1. Two studies by Ejike [50] and Tellechea et al. [77] used only male subjects, while four studies by İlhan et al. [53], Lee et al. [55], Osman et al. [67], and Shabestari et al. [70] used only female subjects. The remaining 37 studies consisted of both male and female populations. The total sample accumulated from all included studies was 202,313 adults. Of those, 98,164 were males (18,331 MetS and 79,833 non-MetS), and 104,149 were females (25,327 MetS and 78,822 non-MetS). The mean age range of the male population was 19.3 to 75.0 years, while the female population was 19.3 to 72.1 years. The study sample sizes varied from 40 to 61,283. Most studies were located in Asia (n = 27), followed by Africa (n = 8), America (n = 6), and Europe (n = 2). Only three studies used a case–control design, while the rest were cross-sectional studies (n = 40). All studies included diverse types of population: community residents (n = 19), patients attending hospitals or clinics (n = 18), and other populations (n = 6). JIS was the most commonly used diagnostic criteria for defining MetS (n = 19). Other criteria included NCEP-ATP III (n = 12), IDF (n = 3), and criteria included in “others” (n = 9). All gender-specific outcomes reported in each study, including LAP values, OR, and diagnostic accuracy parameters, are summarized in Supplementary Table 4.
Table 1Characteristics and quality of the included studies


	Author, Year
	Study location
	Study design
	Population characteristics
	Other adiposity indicatorsa
	MetS diagnostic criteria
	Gender
	Sample size
	Ageb
	QUADAS-2

	MetS
	Non-MetS
	Risk of bias
	Applicability concerns

	Adejumo et al., 2019 [40]
	Nigeria (Africa)
	Cross-sectional
	Community residents
	VAI, BMI, WC, WHtR, BRI, ABSI, BAI, CI, AVI
	JIS
	Male
	23
	123
	46.24 ± 14.42
	Moderate
	Low

	Female
	100
	289
	47.36 ± 14.82

	Alfawaz et al., 2023 [41]
	Saudi Arabia (Asia)
	Cross-sectional
	Community residents
	VAI, BMI, WC, BRI, ABSI, BAI
	NCEP-ATP III
	Male
	176
	198
	43.74 ± 12.98
	Moderate
	Low

	Female
	232
	227
	40.89 ± 11.00

	Alves et al., 2021 [42]
	Brazil (South America)
	Cross-sectional
	Outpatients attending the clinic
	VAI, BMI, WC, WHtR, ABSI, CI
	JIS
	Male
	45
	34
	70.9 ± 7.4
	High
	Moderate

	Female
	71
	9

	Anto et al., 2023 [43]
	Ghana (Africa)
	Cross-sectional
	Community residents
	TyG Index
	IDF
	Male
	401
	1,400
	56.35 ± 8.16
	Low
	Low

	Female
	1,481
	1,458

	Banik et al., 2021 [44]
	Mexico (North America)
	Cross-sectional
	Outpatients attending the hospital
	BMI, WC
	JIS
	Male (age 40–59 years)
	24
	21
	49.5 ± 4.75
	High
	Low

	Male (age 60–65 years)
	4
	11
	62.5 ± 1.25

	Female (age 20–39 years)
	12
	34
	29.5 ± 4.75

	Female (age 40–59 years)
	60
	41
	49.5 ± 4.75

	Female (age 60–65 years)
	20
	6
	62.5 ± 1.25

	Chiang et al., 2012 [45]
	Taiwan (Asia)
	Cross-sectional
	Patients attending the hospital
	N/A
	MetS criteria for Taiwanese people
	Male
	52
	214
	59.3 ± 6.9
	Low
	Low

	Female
	53
	194
	58.8 ± 7.0

	Ching et al., 2020 [46]
	Malaysia (Asia)
	Cross-sectional
	Public community
	VAI, BMI, WHtR, BRI, ABSI
	JIS
	Male
	28
	68
	45.97 ± 14.45
	High
	Low

	Female
	38
	139
	48.39 ± 12.25

	Duan et al., 2013 [47]
	China (Asia)
	Cross-sectional
	Community residents
	N/A
	JIS
	Male
	334
	1,205
	59.62 ± 12.73
	Moderate
	Low

	Female
	242
	847
	57.06 ± 12.15

	Duan et al., 2021 [48]
	China (Asia)
	Cross-sectional
	Patients attending the hospital
	VAI, BMI, WC
	Chinese Guidelines for the Prevention and Treatment of Type 2 Diabetes Mellitus (2017 Edition)
	Male
	204
	293
	39.20 ± 10.58
	Moderate
	Moderate

	Female
	45
	166

	Duan et al., 2022 [49]
	China (Asia)
	Cross-sectional
	Community residents
	VAI, BMI, BRI, BAI, TyG Index, AVI
	Chinese Guidelines for the Prevention and Treatment of Type 2 Diabetes Mellitus (2020 Edition)
	Male
	171
	444
	58.07 ± 13.57
	Low
	Low

	Female
	134
	703
	58.26 ± 13.25

	Ejike, 2011 [50]
	Nigeria (Africa)
	Cross-sectional
	Outpatients attending the clinic
	VAI, BMI, WHtR, WHR
	JIS
	Male
	3
	37
	75 ± 6
	High
	Low

	Gao et al., 2019 [51]
	China (Asia)
	Cross-sectional
	Community residents
	VAI, BMI, WC, WHtR, WHR
	Chinese Guidelines for the Prevention and Treatment of Dyslipidemia in Adults (2016 Edition)
	Male (Yi Nationality)
	119
	428
	45.79 ± 14.63
	Moderate
	Low

	Male (Han Nationality)
	182
	659
	46.22 ± 15.71

	Female (Yi Nationality)
	116
	595
	44.56 ± 14.18

	Female (Han Nationality)
	169
	1,224
	46.01 ± 14.49

	Gu et al., 2018 [52]
	China (Asia)
	Cross-sectional
	Community residents
	VAI, BMI, WHtR
	JIS
	Male
	999
	2,078
	69.99 ± 7.35
	Low
	Low

	Female
	1,719
	1,926
	70.12 ± 7.65

	Guo et al., 2016 [39]
	China (Asia)
	Cross-sectional
	Community residents
	VAI, WHtR, BAI
	JIS
	Male
	1,078
	3,311
	45.93 ± 14.95
	Moderate
	Low

	Female
	1,487
	4,153
	44.92 ± 13.92

	İlhan et al., 2019 [53]
	Turkey (Asia)
	Cross-sectional
	Outpatients attending the clinic
	VAI, TyG Index
	NCEP-ATP III
	Female
	63
	137
	52.06 ± 5.82
	High
	Moderate

	Jian et al., 2022 [54]
	China (Asia)
	Cross-sectional
	Community residents
	WHtR, ABSI, CI, TyG Index
	JIS
	Male
	309
	1,865
	32.59 ± 14.03
	Low
	Low

	Female
	382
	1,759
	31.94 ± 12.96

	Lee et al., 2018c [55]
	South Korea (Asia)
	Cross-sectional
	Patients attending the hospital
	N/A
	NCEP-ATP III with population-specific WC (JIS)
	Female
	455
	3,481
	52.14 ± 10.97
	Moderate
	Low

	Li et al., 2022 [56]
	United States (North America)
	Cross-sectional
	Community residents
	VAI, TyG Index
	NCEP-ATP III
	Male
	560
	1,333
	40.71 ± 22.73
	Low
	Low

	Female
	529
	1,472

	Li et al., 2023 [57]
	China (Asia)
	Cross-sectional
	Community residents
	VAI, BMI, WC, WHtR, BRI, ABSI, CI, TyG Index
	NCEP-ATP III
	Male
	1,331
	3,009
	60.29 ± 9.33
	Low
	Low

	Female
	2,629
	2,488
	58.41 ± 9.81

	Liu et al., 2017 [58]
	China (Asia)
	Case-control
	Patients attending the hospital
	VAI
	JIS
	Male
	127
	55
	67.74 ± 7.51
	High
	Low

	Female
	61
	53

	Liu et al., 2021 [59]
	China (Asia)
	Cross-sectional
	Patients attending the hospital
	VAI
	JIS
	Male
	5
	230
	19.3 ± 0.8
	Moderate
	Low

	Female
	4
	209
	19.3 ± 0.8

	Llinás et al., 2017 [60]
	Spain (Europe)
	Cross-sectional
	Company workers
	VAI, BMI, WHtR, WHR, BRI, ABSI, BAI, CI, AVI
	NCEP-ATP III
	Male
	3,195
	31,847
	40.06 ± 10.66
	Low
	Low

	Female
	1,089
	25,152
	39.24 ± 10.30

	Luo et al., 2019 [61]
	China (Asia)
	Cross-sectional
	Community residents
	N/A
	MetS Definition of Diabetes Branch of Chinese Medical Association
	Male
	825
	1,923
	60.06 ± 8.79
	Moderate
	Low

	Female
	1,834
	5,466
	57.15 ± 8.45

	Mosad et al., 2023 [62]
	Sudan (Africa)
	Case-control
	Patients attending the hospital
	VAI, BMI, WC, WHtR
	NCEP-ATP III
	Male
	77
	77
	54.70 ± 7.39
	High
	Low

	Female
	133
	133
	53.50 ± 7.67

	Motamed et al., 2016 [63]
	Iran (Asia)
	Cross-sectional
	Community residents
	N/A
	JIS
	Male
	1,114
	2,005
	44.77 ± 16.77
	Moderate
	Low

	Female
	971
	1,421
	43.78 ± 15.43

	Musa et al., 2023 [64]
	Nigeria (Africa)
	Cross-sectional
	University students
	VAI, BMI
	IDF
	Male
	11
	124
	25.65 ± 5.56
	High
	Low

	Female
	14
	51
	24.11 ± 4.60

	Nwankwo et al., 2023c [65]
	Nigeria (Africa)
	Cross-sectional
	Outpatients attending the hospital
	BMI, WHtR, BRI, ABSI, BAI, CI, AVI
	IDF
	Male
	218
	2,530
	35 ± 7.5
	Low
	Low

	Female
	476
	944

	Omuse et al., 2017 [66]
	Kenya (Africa)
	Cross-sectional
	Public community
	VAI, BMI, WC
	JIS
	Male
	64
	191
	38.27 ± 8.00
	Low
	Low

	Female
	71
	202
	39.11 ± 8.11

	Osman et al., 2020 [67]
	Sudan (Africa)
	Cross-sectional
	Patients attending the hospital
	VAI, BMI, WC, BAI
	NCEP-ATP III
	Female
	149
	141
	53.96 ± 7.5
	Moderate
	Low

	Rabiei et al., 2021 [68]
	Iran (Asia)
	Cross-sectional
	Community residents
	VAI, WHtR, WHR, BRI, ABSI, BAI
	NCEP-ATP III
	Male
	454
	712
	69.54 ± 6.44
	Low
	Low

	Female
	849
	407
	69.16 ± 6.35

	Rajendran et al., 2022 [69]
	India (Asia)
	Cross-sectional
	Patients attending the hospital
	BMI, WC, WHtR, WHR, TyG Index
	JIS
	Male
	55
	95
	29.9 ± 6.2
	Low
	Low

	Female
	42
	108
	30.2 ± 6.3

	Shabestari et al., 2016 [70]
	Iran (Asia)
	Cross-sectional
	Outpatients attending the clinic
	N/A
	NCEP-ATP III
	Female
	109
	155
	53.98 ± 5.57
	High
	Low

	Shao et al., 2023 [71]
	China (Asia)
	Cross-sectional
	Community residents
	BMI, WC, WHtR, WHR
	JIS
	Male
	3,886
	10,505
	56.61 ± 12.42
	Low
	Low

	Female
	7,348
	13,707
	54.93 ± 12.40

	Shin et al., 2019 [72]
	South Korea (Asia)
	Cross-sectional
	Patients attending the hospital
	VAI, WHtR, TyG Index
	NCEP-ATP III with population-specific WC (JIS)
	Male
	1,237
	8,506
	51.07 ± 9.02
	Low
	Low

	Female
	651
	5,096
	51.37 ± 9.23

	Soares, 2016 [73]
	Brazil (South America)
	Cross-sectional
	University workers
	N/A
	JIS
	Male
	39
	41
	41.28 ± 9.94
	High
	Low

	Female
	42
	89

	Su et al., 2020 [74]
	China (Asia)
	Cross-sectional
	Community residents
	VAI, BMI, WC, WHtR, CI
	Chinese Guidelines for the Prevention and Treatment of Dyslipidemia in Adults (2016 Edition)
	Male
	186
	356
	72.12 ± 5.97
	Moderate
	Low

	Female
	274
	518
	72.13 ± 6.07

	Talavera et al., 2022 [75]
	Peru (South America)
	Cross-sectional
	Community residents
	VAI, BMI, TyG Index
	NCEP-ATP III
	Male
	107
	1,829
	42.30 ± 18.70
	Low
	Low

	Female
	500
	1,555
	39.43 ± 14.95

	Taverna et al., 2011 [76]
	Spain (Europe)
	Cross-sectional
	Community residents
	N/A
	NCEP-ATP III
	Male
	53
	299
	53.5 ± 11.7
	High
	Low

	Female
	64
	352
	54.5 ± 11.5

	Tellechea et al., 2009 [77]
	Argentina (South America)
	Cross-sectional
	Blood donors
	N/A
	NCEP-ATP III
	Male
	158
	443
	36.9 ± 10.8
	High
	Moderate

	Xiang et al., 2012c [78]
	China (Asia)
	Cross-sectional
	Patients attending the hospital
	N/A
	MetS Definition of Diabetes Branch of Chinese Medical Association
	Male
	221
	861
	44.8 ± 13.0
	High
	Low

	Female
	212
	1,210
	45.2 ± 12.9

	Yin et al., 2018 [79]
	China (Asia)
	Cross-sectional
	Patients attending the hospital
	VAI
	Diagnostic Difference and Rationality Study of the MetS between the Two Diagnostic Criteria of the IDF and the NCEP III of the United States
	Male
	53
	50
	56.07 ± 15.75
	High
	Low

	Female
	29
	50

	Zhang et al., 2017 [80]
	China (Asia)
	Cross-sectional
	Community residents
	VAI, BMI, WC, WHR
	JIS
	Male
	104
	216
	67.1 ± 7.5
	Low
	Low

	Female
	196
	264
	63.5 ± 7.3

	Zhang et al., 2019 [81]
	China (Asia)
	Case-control
	Patients attending the hospital
	N/A
	Chinese Guidelines for the Prevention and Treatment of Alcoholic Liver Disease (2018 Edition)
	Male
	99
	207
	69.99 ± 7.34
	High
	Moderate

	Female
	172
	191
	70.12 ± 7.64


aOnly indicators used in the current meta-analyses are reported
bData are presented in mean ± SD
cAuthors that provided additional data on requests
ABSI A body shape index, AVI Abdominal volume index, BAI Body adiposity index, BMI Body mass index, BRI Body roundness index, CI Conicity index, IDF International Diabetes Federation, JIS Joint Interim Statement, MetS Metabolic syndrome, N/A Not applicable or not available, NCEP-ATP National Cholesterol Education Program-Adult Treatment Panel, QUADAS-2 Quality Assessment of Diagnostic Accuracy Studies 2, SD Standard deviation, TyG Triglyceride-glucose, VAI Visceral adiposity index, WC Waist circumference, WHR Waist-to-hip ratio, WHtR Waist-to-height ratio



The overall quality of each study based on the QUADAS-2 tool is provided in Table 1, while the details of the assessment results viewed from each domain are shown in Supplementary Fig. 1 in Additional file 1. In terms of overall bias, 16 studies had a low risk, 12 had a moderate risk, and 15 had a high risk. The risk of bias was low for the patient selection domain in 30 studies, the index test domain in 19 studies, and the reference standard domain in 23 studies. The risk of bias in the flow and timing domain was high in only one study, and the rest were low. Assessments on overall concerns of applicability showed low results for 38 studies.

Pooled MD meta-analysis
The number of studies included in the pooled MD meta-analysis for male was 18 (Supplementary Fig. 2A) with a total of 54,335 subjects (7,671 MetS and 46,664 non-MetS). The result showed that LAP in men with MetS was significantly higher than in those without MetS by 45.92 units (95% CI: 36.11–55.72; P < 0.001). The heterogeneity level was high (I2 = 99%). In the analysis for female, 21 studies involving 50,751 subjects (9,602 MetS and 41,149 non-MetS) were included (Supplementary Fig. 2B). LAP in women with MetS was also significantly higher than in those without MetS by 41.70 units (95% CI: 37.16–46.24; P < 0.001). The level of heterogeneity was high (I2 = 97%). The funnel plots for publication bias analysis were somewhat asymmetrical for male (Supplementary Fig. 3A) and female (Supplementary Fig. 3B) analyses. Nevertheless, the Egger’s tests showed insignificant results for both male (Z: 0.72; P = 0.473) and female (Z: 1.45; P = 0.147), suggesting no potential publication bias. In the male analysis, six studies [40, 50, 52, 60, 65, 75] were detected as outliers (Supplementary Fig. 2A), while in female (Supplementary Fig. 2B), eight studies [40, 52, 55, 60, 62, 65, 67, 75] were detected as outliers. Sensitivity analyses using leave one-out and other methods showed that the significance of the results for male and female was robust. The summary of the sensitivity analysis results for MD meta-analyses is shown in Supplementary Table 5.

Pooled OR meta-analysis
Six studies with a total of 17,857 subjects (4,910 MetS and 12,947 non-MetS) were included in the male OR meta-analysis (Supplementary Fig. 4A). The result showed that LAP had a significant association with MetS in men (OR: 1.07; 95% CI: 1.06–1.09; P < 0.001), with a high level of heterogeneity (I2 = 83%). In the female analysis (Supplementary Fig. 4B), seven studies involving 29,018 subjects (8,835 MetS and 20,183 non-MetS) were included. LAP was also significantly associated with MetS in women (OR: 1.08; 95% CI: 1.07–1.10; P < 0.001). The heterogeneity level was high (I2 = 95%). Although the funnel plots (Supplementary Fig. 5A and Supplementary Fig. 5B) showed a rather asymmetrical distribution of studies, Egger’s test results showed no potential publication bias for both male (Z: 1.14; P = 0.255) and female analyses (Z: 1.55; P = 0.122). No outliers were found in male analysis (Supplementary Fig. 4A), while in female analysis, one study by Li et al. (2022) [56] was detected as an outlier (Supplementary Fig. 4B). There were no studies with a sample size of < 100 in both analyses. Results of the sensitivity analyses using leave-one-out and other methods showed no substantial change in the pooled results for male and female. Supplementary Table 6 summarizes the sensitivity analysis results for all OR meta-analyses.

Diagnostic accuracy meta-analysis
Thirty-nine studies involving 98,164 participants (18,331 MetS and 79,833 non-MetS) were included in the male diagnostic accuracy analysis. For detecting MetS in men, LAP had a pooled sensitivity of 85% ​​(95% CI: 82%–87%; I2 = 95%) and a pooled specificity of 81% (95% CI: 80%–83%; I2 = 95%; Fig. 2A). The diagnostic accuracy meta-analysis for female included 41 studies with 104,149 participants (25,327 MetS and 78,822 non-MetS). The pooled sensitivity and specificity of LAP in women were 83% (95% CI: 80%–86%; I2 = 94%) and 80% (95% CI: 78%–82%; I2 = 98%), respectively (Fig. 2B). The AUSROC curve analysis showed a value of 0.88 (95% CI: 0.85–0.90; Fig. 3A) for male and 0.88 (95% CI: 0.85–0.91; Fig. 3B) for female, indicating that LAP had an excellent screening accuracy for MetS in both genders. The included studies in both analyses used a varied range of LAP cut-off values, which may cause a threshold effect. Nonetheless, Spearman’s analyses showed weak and insignificant correlations for both male (r: 0.008; P = 0.961) and female (r: -0.163; P = 0.289), suggesting the heterogeneity was unlikely to be caused by a threshold effect. Results of the Deeks’ funnel plot for both male (P = 0.38; Supplementary Fig. 6A) and female analyses (P = 0.65; Supplementary Fig. 6B) indicated no publication bias.[image: ]
Fig. 2Forest plots of the pooled sensitivity and specificity of LAP for the screening of MetS in (A) men and (B) women. CI, confidence interval; LAP, lipid accumulation product; MetS, metabolic syndrome

[image: ]
Fig. 3AUSROC curves of LAP for the screening of MetS in (A) men and (B) women. AUC, area under the curve; AUSROC, area under the summary receiver operating characteristic; LAP, lipid accumulation product; MetS, metabolic syndrome; SENS, sensitivity; SPEC, specificity; SROC, summary receiver operating characteristic


Sensitivity analysis results for the diagnostic accuracy outcomes are summarized in Supplementary Table 7. Leave-one-out analyses showed that the pooled diagnostic accuracies in male and female were robust. The bivariate boxplot for male (Supplementary Fig. 7A) revealed six study outliers [40, 42, 44, 54, 60, 62] and the bivariate boxplot for female (Supplementary Fig. 7B) showed ten study outliers [40, 43, 44, 46, 58, 60, 64, 65, 78, 81]. Exclusion of the outliers, studies with a high risk of bias, and a sample size of < 100 showed no substantial change in the pooled results for both male and female analyses. It is worth noting that there was also no overestimation of the LAP diagnostic accuracies due to the moderate and high risk of bias studies.

Subgroup and meta-regression analyses
Details of the subgroup and meta-regression analysis results are presented in Table 2. In male and female analyses, there were significant differences in the sensitivity and specificity of LAP between studies that used JIS and other criteria (P < 0.01), studies conducted in Asia and outside Asia (P < 0.01), and studies involving community residents and other populations (P < 0.01). Additionally, the subgroup analysis in female showed significant differences in the accuracy of the LAP between cross-sectional and case–control studies (P = 0.02). All meta-regression analyses showed that publication year, mean population age, and study sample size had no significant influence in the pooled results of both genders.
Table 2Subgroup and meta-regression analyses for diagnostic accuracy meta-analyses of LAP for the screening of MetS


	Subgroup and meta-regression variables
	Male
	Female

	Number of studies
	Total sample
	% Sn (95% CI)
	% Sp (95% CI)
	P-value
	Number of studies
	Total sample
	% Sn (95% CI)
	% Sp (95% CI)
	P-value

	MetS Diagnostic Criteria

	 JIS
	18
	40,075
	83 (80–86)
	81 (79–83)
	ref
	18
	47,805
	83 (79–86)
	81 (77–83)
	ref

	 NCEP-ATP III
	9
	45,858
	87 (81–91)
	82 (79–84)
	< 0.01
	11
	38,565
	84 (78–89)
	80 (77–83)
	< 0.01

	 IDF
	3
	4,684
	88 (80–95)
	81 (77–86)
	< 0.01
	3
	4,424
	77 (65–88)
	70 (60–81)
	< 0.01

	 Others
	9
	7,547
	83 (78–87)
	81 (79–83)
	< 0.01
	9
	13,355
	83 (78–87)
	83 (79–86)
	< 0.01

	Study Location

	 Asia
	24
	52,842
	82 (79–84)
	82 (81–83)
	ref
	27
	67,410
	82 (79–85)
	82 (80–84)
	ref

	 America
	6
	4,649
	84 (79–88)
	81 (78–84)
	< 0.01
	5
	4,440
	86 (81–90)
	81 (77–84)
	< 0.01

	 Europe
	2
	35,394
	92 (87–97)
	80 (75–84)
	< 0.01
	2
	26,657
	92 (86–98)
	75 (67–83)
	< 0.01

	 Africa
	7
	5,279
	90 (82–94)
	81 (76–85)
	< 0.01
	7
	5,642
	82 (73–89)
	73 (65–80)
	< 0.01

	Study Design

	 Cross-sectional
	36
	97,522
	84 (82–87)
	81 (80–83)
	ref
	38
	103,406
	83 (80–86)
	80 (78–82)
	ref

	 Case-control
	3
	642
	88 (81–95)
	84 (79–89)
	0.42
	3
	743
	81 (71–91)
	90 (85–95)
	0.02

	Population Characteristics

	 Community residents
	19
	46,310
	83 (79–86)
	82 (80–83)
	ref
	19
	62,087
	81 (78–83)
	79 (76–82)
	ref

	 Patients attending hospitals or clinics
	14
	15,645
	84 (80–88)
	82 (80–84)
	< 0.01
	17
	15,175
	84 (79–88)
	84 (82–86)
	< 0.01

	 Others
	6
	36,209
	90 (84–93)
	81 (77–84)
	< 0.01
	5
	26,887
	91 (87–95)
	71 (63–78)
	< 0.01

	Meta-Regressions

	 Year of publication
	39
	98,164
	85 (82–87)
	81 (80–83)
	0.77
	41
	104,149
	83 (80–86)
	80 (78–82)
	0.30

	 Mean population age
	39
	98,164
	85 (82–87)
	81 (80–83)
	0.89
	41
	104,149
	83 (80–86)
	80 (78–82)
	0.19

	 Sample size
	39
	98,164
	85 (82–87)
	81 (80–83)
	0.10
	41
	104,149
	83 (80–86)
	80 (78–82)
	0.10


CI Confidence interval, IDF International Diabetes Federation, JIS Joint Interim Statement, LAP Lipid accumulation product, MetS Metabolic syndrome, NCEP-ATP National Cholesterol Education Program-Adult Treatment Panel, ref Reference, Sn Sensitivity, Sp Specificity




Comparison of diagnostic accuracy between LAP and other adiposity indicators for MetS
For comparative analyses, the diagnostic accuracies of indicators other than LAP reported by the included studies were pooled (Table 3). Results showed that the AUSROC curves of LAP in both men (0.88) and women (0.88) are significantly higher than most of the indicators, such as BMI, WHtR, WHR, BRI, ABSI, BAI, and CI (P < 0.05). The AUSROC curve of LAP was also higher than that of WC (P = 0.019) and AVI (P < 0.001) in female. Although there were no statistically significant differences, the AUSROC curve of LAP in male (0.88) and female (0.88) was yet higher than that of VAI in male (0.87; P = 0.880), VAI in female (0.85; P = 0.117), and TyG index in male (0.86; P = 0.378). Contrarily, the AUSROC curve of LAP in male (0.88) was lower than that of AVI (0.92; P = 0.039) which was obtained from analyzing only four studies.
Table 3Comparison of the AUSROC curves of LAP and other adiposity indicators for the screening of MetS


	Indicators
	Male
	Female

	Number of studies
	Total sample
	AUSROC curve (95% CI)
	Z
	P-value
	Number of studies
	Total sample
	AUSROC curve (95% CI)
	Z
	P-value

	LAP
	39
	98,164
	0.88 (0.85–0.90)
	ref
	ref
	41
	104,149
	0.88 (0.85–0.91)
	ref
	ref

	VAI
	24
	66,747
	0.87 (0.84–0.90)
	0.151
	0.880
	25
	58,711
	0.85 (0.81–0.88)
	1.567
	0.117

	BMI
	21
	66,336
	0.81 (0.77–0.84)
	3.005
	0.003
	21
	66,249
	0.79 (0.75–0.82)
	4.016
	< 0.001

	WC
	12
	22,636
	0.87 (0.84–0.90)
	0.359
	0.720
	13
	31,646
	0.83 (0.80–0.86)
	2.337
	0.019

	WHtR
	17
	79,666
	0.81 (0.77–0.84)
	3.031
	0.002
	16
	76,220
	0.84 (0.80–0.87)
	2.119
	0.034

	WHR
	7
	52,498
	0.70 (0.66–0.74)
	7.081
	< 0.001
	6
	51,267
	0.78 (0.74–0.82)
	4.295
	< 0.001

	BRI
	8
	44,527
	0.83 (0.80–0.86)
	2.055
	0.040
	8
	35,896
	0.79 (0.75–0.82)
	4.073
	< 0.001

	ABSI
	9
	46,165
	0.69 (0.65–0.73)
	7.275
	< 0.001
	9
	37,280
	0.64 (0.60–0.68)
	9.298
	< 0.001

	BAI
	7
	44,480
	0.72 (0.68–0.76)
	6.316
	< 0.001
	8
	36,532
	0.71 (0.67–0.75)
	6.834
	< 0.001

	CI
	7
	45,071
	0.74 (0.70–0.78)
	5.672
	< 0.001
	7
	36,180
	0.67 (0.63–0.71)
	8.320
	< 0.001

	TyG Index
	8
	22,652
	0.86 (0.83–0.89)
	0.882
	0.378
	9
	21,187
	0.88 (0.84–0.90)
	0.353
	0.724

	AVI
	4
	38,551
	0.92 (0.89–0.94)
	-2.069
	0.039
	4
	28,887
	0.72 (0.68–0.76)
	6.508
	< 0.001


ABSI A body shape index, AUSROC Area under the summary receiver operating characteristic, AVI Abdominal volume index, BAI Body adiposity index, BMI Body mass index, BRI Body roundness index, CI Confidence interval or conicity index, LAP Lipid accumulation product, MetS Metabolic syndrome, ref Reference, TyG Triglyceride-glucose, VAI Visceral adiposity index, WC Waist circumference, WHR Waist-to-hip ratio, WHtR Waist-to-height ratio





Discussion
Main findings
The current meta-analysis demonstrated significantly higher mean values of LAP in male and female patients with MetS than those without MetS. LAP was also positively associated to MetS in both men and women, indicating that an increase in LAP would increase the risk of having MetS. As a screening tool for MetS, LAP had moderate-to-high sensitivities and specificities with AUSROC curves of 0.88 in both men and women, denoting that LAP had an excellent performance in detecting MetS.
LAP was first introduced as a more effective tool than BMI in detecting cardiovascular risks in adults, which combined WC and TG to describe the anatomical and physiological changes associated with visceral fat deposition. These two measurements are used to indicate the human body’s capacity to store fat reserves. Hence, an increase in LAP may reflect excessive lipid in ectopic tissues, such as the liver, skeletal muscles, heart, blood vessels, kidneys, and pancreas, or also referred to as visceral adiposity [10]. LAP also significantly correlates to several components of MetS, including blood pressure, blood glucose, and HDL-C [12]. This evidence may explain the significant association between LAP and MetS and the high screening accuracy of LAP.
According to the subgroup analysis, the diagnostic accuracies of LAP varied based on the criteria for defining MetS. This finding may be caused by the difference in thresholds of each diagnostic criterion to define the components of MetS. In addition, there was a noticeable contrast in the indicator used for defining obesity between IDF, which uses BMI [22], and JIS and NCEP-ATP III, which use WC [20, 21]. Furthermore, the current results showed differences in the diagnostic accuracy of LAP based on the study region. This finding could be explained by the differences in races and ethnicities between the study populations. Nazare et al. [82] found a distinct pattern of visceral fat tissue distribution identified by computed tomography in various races and ethnicities. It is also to be noted that the current subgroup analysis results were in line with a previous meta-analysis investigating the screening accuracy of VAI, another adiposity indicator similar to LAP [83]. Also, the meta-regression analysis showed that age had no significant influence on the sensitivity and specificity of LAP in men and women. This finding indicates that LAP had a consistent performance across different adult age groups.

Application of LAP for the screening of MetS
Aside from LAP, there were numerous obesity- and lipid-related indicators that have been investigated as a screening tool for MetS, such as VAI, BMI, WC, WHtR, WHR, BRI, ABSI, BAI, CI, TyG index, and AVI [40, 69]. Several of these, including BMI, WHtR, WHR, BRI, ABSI, BAI, CI, and AVI, are indicators developed only using anthropometric measurements, such as WC, weight, and height. The TyG index was derived from only biochemical measurements, that is blood glucose and TG. Recently, researchers have become more interested in combining anthropometric measurements and biochemical markers as a single indicator, which from then, LAP [10] and VAI [84] were developed.
This meta-analysis demonstrated that LAP had a superior diagnostic ability for MetS compared to BMI, WHtR, WHR, BRI, ABSI, BAI, and CI. However, the performance of LAP was not significantly different from that of VAI in men and women. A meta-analysis in 2021 by Bijari et al. [83] found that VAI had an AUSROC curve of 0.847 in detecting MetS. When qualitatively compared with this study’s findings, LAP showed a higher diagnostic performance. Despite no difference in accuracies according to this study’s findings, LAP can be considered a more practical tool than VAI to be used in daily clinical practice. LAP requires fewer factors for its derivation (i.e., WC and TG), while VAI has a more complex formula and is comprised of several factors (i.e., WC, TG, BMI, and HDL-C) [10, 84]. This evidence further supports LAP as an efficient marker, reducing the cumulative cost of MetS screening if used in a large population [50].
Besides VAI, the AUSROC curve of LAP was not significantly different from that of TyG index in men and women and was lower than that of AVI in men. The most recent meta-analysis in 2022 by Nabipoorashrafi et al. [85] found that TyG index had an AUSROC curve of 0.90 for detecting MetS in men from analyzing five studies. In women, from five studies, the study found an AUSROC curve of 0.87. When qualitatively compared, LAP had a higher diagnostic value in women and lower in men, but with a more consistent performance between both genders (0.88). Furthermore, although LAP had a lower diagnostic performance than AVI in men, the AUSROC curve of AVI in men (0.92) and women (0.72) did not demonstrate a consistent diagnostic value. These findings suggest that LAP may preferably be used than other indicators for detecting MetS universally in men and women. Additionally, LAP requires a lesser cost than the TyG index due to the involvement of only one biochemical measurement.
There was also no significant difference in the diagnostic performance of LAP and WC in men. This finding is interesting, considering that WC only requires one anthropometric measurement, making it a more cost-effective indicator. However, previous studies argued that WC is not a reliable parameter to comprehensively reflect metabolic abnormality since it cannot distinguish between subcutaneous and visceral fat tissues [11, 86]. It has been known that the most important factor in the pathogenesis of MetS is visceral lipid accumulation [87]. Hamdy et al. [88] also showed that visceral adiposity correlates more strongly to cardiometabolic risks than subcutaneous fat tissues. On the other hand, LAP was found to have a strong positive correlation to the visceral to subcutaneous fat area ratio assessed using computed tomography [89]. Computed tomography itself is considered the gold standard in measuring abdominal fat composition, including the visceral fat level [90]. Hence, LAP can be argued as a more reliable tool for identifying MetS. As previously stated, BMI, WHtR, WHR, BRI, ABSI, BAI, CI, and AVI are indicators derived from anthropometric measurements, meaning that they would require lesser costs as a screening tool. However, in terms of accuracy, LAP, with the addition of only a single biochemical measurement for its calculation, performed favorably better than these indicators, suggesting its effectiveness for the screening of MetS.
The clinical implementation of LAP as a screening tool in practice will need a particular cut-off value to distinguish patients with MetS from those without MetS. To determine this value with the best diagnostic accuracies, it would require enough studies reporting similar cut-offs, which were then pooled together in a subgroup analysis [83]. However, the current included studies reported various values as the authors used a data-driven threshold to demonstrate the best sensitivity and specificity, also known as the optimal cut-off value. The variability of cut-off values between studies might be due to differences in races, ethnicities, lifestyles, MetS diagnostic criteria, gender, and age [83]. As an example, Nascimento-Ferreira et al. [13] reported various optimal cut-offs for LAP based on gender and age groups (i.e., 64.1 for men ≤ 50 years, 36.4 for men > 50 years, 38 for women ≤ 50 years, and 34.2 for women > 50 years). Nevertheless, threshold effect analyses showed that this variability of cut-offs did not significantly affect the meta-analysis results.

Strengths and limitations
This study is the first systematic review and meta-analysis that comprehensively investigated LAP as a potential screening tool for MetS and its comparison with other adiposity indicators. The total sample accumulated for both genders was appreciable (> 95,000), supported by the wide range of areas covered in Asia, America, Africa, and Europe, to value the utility of a screening tool in a large population. The current meta-analysis also revealed no potential publication bias and included studies with languages not limited only to English, minimizing the effect of language bias due to the selection of studies published in certain languages [91]. Yet, some limitations still exist. First, this meta-analysis showed a high heterogeneity between studies. In this regard, subgroup and meta-regression analyses have been performed to identify the potential sources of heterogeneity. The results revealed that different MetS diagnostic criteria, study regions, and population characteristics in male and female analyses significantly influenced the pooled accuracies. Additionally, the study design was significantly associated with the pooled effect in the female analysis. Second, the quality of most studies was yet low to moderate. Nevertheless, sensitivity analyses have showed that the moderate- and high-risk studies did not cause an overestimation of the pooled results. Third, although the current study has attempted to statistically compare the diagnostic performance of LAP with other adiposity indicators, the data for the other indicators was obtained limited to studies included in the current meta-analysis. Hence, serving as a pilot study, there still might be a possibility of an underestimation or overestimation of their pooled diagnostic accuracies from the true values. Yet, the pooled accuracies of several indicators, such as VAI and TyG index, were similar to that reported in meta-analyses centered on investigating each indicator by Bijari et al. [83] and Nabipoorashrafi et al. [85]. Finally, this study is still unable to compare LAP to several indicators, such as neck circumference (NC) [92], hip circumference (HC) [65], and waist-triglyceride index (WTI) [41], due to the insufficient number of studies (n < 4).


Conclusion and recommendations
As a simple and inexpensive tool, LAP had a satisfactory and consistent screening accuracy for MetS in general adult males and females, outperforming other similar adiposity indicators. Given the growing prevalence of MetS and the high economic burden due to MetS, the findings of this study may support the application of LAP in a large population screening, especially in low-resource settings. However, due to the high heterogeneity in the current meta-analysis, future larger studies are recommended to focus on comparing the screening ability of LAP for MetS among different races, ethnicities, study designs, diagnostic criteria, age groups, and other specific modifying factors that could not be identified in this study, including socioeconomic factors, lifestyle, and comorbidities. Further research is also suggested to perform direct comparative analyses between the diagnostic performance of LAP and other indicators that have or have not been investigated in this study to corroborate the current findings. At the same time, there is still in need for researchers to conduct well-designed studies aiming to establish optimal cut-off values of LAP for use in daily practice. Besides, one study by Ding et al. [93] showed an interesting finding, by which the authors found that the diagnostic accuracy of LAP for MetS is increased when combined with other markers (e.g., WC and WHtR) using a logistic regression model. Based on this finding, oencourage more studies investigating the combination of LAP with other metabolic markers or possibly modifying the formula of LAP to increase its diagnostic performance.
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