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Abstract 

Background Obesity has been linked to arterial stiffness, while no consensus was reached on the association. We 
aimed to clarify the association of general and central obesity with arterial stiffness by combining observational stud-
ies and Mendelian randomization (MR) study.

Methods Two cross-sectional studies were performed in UK Biobank and Fuqing Cohort, respectively. Two-sample 
MR study was conducted using summary data of GWASs from GIANT consortium and UK Biobank. General obesity 
and central obesity were measured using body mass index (BMI) and waist circumference (WC), respectively. Arterial 
stiffness was measured by arterial stiffness index (ASI) in UK Biobank or branchial-ankle pulse wave velocity (baPWV) 
in Fuqing Cohort.

Results Two observational studies found a consistent positive association of BMI and WC with arterial stiffness 
when adjusting for age, sex, education, smoking, alcohol drinking, physical activity, and LDL cholesterol. However, 
when additionally adjusting for metabolic traits (i.e., systolic blood pressure, diastolic blood pressure, blood glucose, 
triglycerides, high-density lipoprotein cholesterol, and WC or BMI), the association with BMI changed to be inverse. 
As compared to the lowest quintile group, the adjusted ORs across groups of second to fifth quintile were 0.93, 
0.90, 0.83, and 0.72 in UK Biobank and 0.88, 0.65, 0.63, and 0.50 in Fuqing Cohort. In contrast, the positive relation-
ship with WC remained stable with the adjusted ORs of 1.23, 1.46, 1.60, and 1.56 in UK Biobank and 1.35, 1.44, 1.77, 
and 1.64 in Fuqing Cohort. MR analyses provided supportive evidence of the negative association with BMI (OR = 0.97, 
95%CI = 0.94–1.00) and the positive association with WC (OR = 1.14, 95%CI = 1.08–1.20).
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Conclusions Observational and genetic analyses provide concordant results that central obesity is independently 
related to arterial stiffness, while the role of general obesity depends on metabolic status.

Keywords Obesity, Arterial stiffness, Observational study, Mendelian randomization, Epidemiology

Background
Arterial stiffness is a sensitive predictor of various 
vascular pathologies, including vascular aging, ath-
erosclerosis, calcification, inflammation, and so on, 
which has been demonstrated to be strongly related to 
the incidence and mortality of cardiovascular diseases 
[1–3]. As a non-invasive marker, it has the potential 
to be used in early screening and intervention of car-
diovascular diseases. Several indices have been used to 
assess the stiffness of arteries, such as carotid-femoral 
pulse wave velocity (cfPWV), branchial-ankle PWV 
(baPWV), and arterial stiffness index (ASI) [4, 5]. The 
cfPWV is the most commonly used and both baPWV 
and ASI have been reported to be highly correlated 
with cfPWV [6–8].

Obesity has mounted to an epidemic level and has 
been reported to increase the risk of multiple chronic 
diseases, such as coronary heart disease, stroke, and 
some types of cancer. Body mass index (BMI) is the 
most widely used index for general obesity assess-
ment, but incapable of accurately evaluating the 
regional adiposity [9]. Central adiposity can be bet-
ter measured by waist circumference (WC), which 
always coexists with other metabolic disorders, such 
as hypertension, diabetes, or dyslipidemia, leading 
to metabolic syndrome [10]. Some studies found dis-
crepancies between general and central obesity in the 
role of cardiovascular diseases, for example, central 
obesity was more closely associated with major car-
diac events than general obesity [11, 12]. A number 
of studies have explored the role of obesity in arte-
rial stiffness, some of which investigated the separate 
effects of general and abdominal obesity on arterial 
stiffness, while no consensus has been reached on the 
correlation [12–29]. For example, previous studies 
have reported a positive, negative, or non-significant 
association between BMI and arterial stiffness, so as 
for WC, and most of which had relatively small sam-
ple size and rarely further explored the underlying 
reasons [12–29].

Thus, in this study, we aimed to clarify the associa-
tion of general obesity measured by BMI and central 
obesity measured by WC with arterial stiffness in two 
cross-sectional studies from both European and Asian 
populations, and further examine the causality via 
two-sample Mendelian randomization (MR) approach.

Methods
Cross‑sectional studies
Study population
We conducted two cross-sectional studies among partici-
pants enrolled in baseline survey of UK Biobank Project 
and Fuqing Cohort Project, respectively. UK Biobank is a 
large-scale population-based study recruiting more than 
500,000 residents in 22 assessment centers across the 
UK, in which the baseline visit was completed between 
March 2006 and July 2010 [30]. The baseline survey in 
both projects included questionnaires, physical measure-
ments, and biological sample collection. Fuqing Cohort is 
an ongoing project in Fuqing city of China, the baseline 
survey of which was initiated in 2019 [31].

A total of 169,741 and 7593 participants have com-
pleted both baseline assessment and arterial stiffness 
measurements in UK Biobank and Fuqing Cohort (until 
December 2022), respectively. The exclusion criteria 
included: (1) participants with missing data of measure-
ments for BMI, WC, or other metabolic traits (blood 
pressure, blood glucose, HDL cholesterol, and triglycer-
ides); (2) participants with outliers of BMI, WC, or ASI/
baPWV, in which mean ± 5 standard deviations were used 
to establish the upper and lower boundaries of outlier. As 
shown in the flowchart (Fig. 1), after exclusion, a total of 
141,402 and 7486 participants were finally included in 
two cross-sectional studies, respectively.

Assessments of exposures
General obesity and central obesity were measured by 
BMI and WC, respectively. Standing height was meas-
ured using a Seca 202 telescopic height-measuring rod 
in UK Biobank and using a Tanita BC-601 bioimpedance 
analyzer in Fuqing Cohort. Weight was measured using 
a Tanita BC-418 MA body composition analyzer in UK 
Biobank and a Tanita BC-601 bioimpedance analyzer 
in Fuqing Cohort. BMI was calculated as the formula of 
weight/height2 (kg/m2). WC was measured with a non-
stretchable sprung tape at the halfway between the low-
est rib and the top of iliac crest.

Assessment of outcome
Arterial stiffness was the outcome of this study, assessed 
by a photoplethysmograph transducer (PulseTrace PCA 
2TM, CareFusion, USA) in UK Biobank or baPWV 
with an automatic waveform analyzer (BP-203 RPE III, 
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OMRON Health Medical (China) Co, Ltd) in Fuqing 
Cohort [32]. In brief, in UK Biobank, the participant was 
seated, and removed restrictive clothing from the upper 
arm; clipping the PulseTrace infrared sensor onto the 
index finger of dominant hand and measurement taken 
over 10 to 15 s. The ASI was assessed as the height of the 
participants divided by the time between the first (sys-
tolic) and second (diastolic) wave peaks [33]. In Fuqing 
Cohort, the measurement was undertaken by trained 
investigators. Participants wore light clothes and were 
asked to lie in a supine position; both arms and ankles 
were wrapped with cuffs, connected to a plethysmo-
graphic sensor and oscillometric pressure sensor, and 
a heartbeat monitor was set on the left edge of the ster-
num and electrocardiogram electrodes were set on both 
wrists. The average values of baPWV on the left and right 
sides were used for analysis. ASI > 13 m/s or BaPWV ≥ 18 
m/s is considered indicative of arterial stiffness [34, 35].

Assessment of covariates
In both projects, each participant was interviewed 
using a structured questionnaire to collect data of 
socio-demographic information, lifestyle factors, his-
tory of disease, and medications. Age was recorded at 

baseline assessment. Education background was classi-
fied as college/university degree, A levels/AS levels/O 
levels/GCSEs/equivalent, CSEs/equivalent/NVQ/equiva-
lent, other professional qualifications/unknown in UK 
Biobank; or four categories, corresponding to ≥ 10, 7–9, 
1–6, and 0 years of schooling in Fuqing Cohort. Alcohol 
drinking status was categorized as never, former, and cur-
rent drinker. Smoking was also categorized as never, for-
mer, and current smoker. Physical activity was assessed 
using the International Physical Activity Questionnaire, 
recorded as summed metabolic equivalent (MET) min-
utes per week for all activity and grouped by quartiles [3, 
36]. Blood pressure was consecutively measured twice by 
using blood pressure measuring device (Omron HEM-
7015IT in UK Biobank, Omron U30 in Fuqing Cohort), 
and the average blood pressure of two readings was used 
in the analysis. Blood samples collected at baseline were 
used for serum lipids and blood glucose measurement. 
Serum lipids and blood glucose were measured using a 
Beckman Coulter clinical chemistry analyzer (AU5800) 
in UK Biobank or a Toshiba automatic biochemical ana-
lyzer (TBA-120FR) in Fuqing Cohort [34, 37]. The altered 
metabolic traits (i.e., increased blood pressure, increased 
blood glucose, increased triglycerides, decreased HDL 

Fig. 1 Study flowchart
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cholesterol, and general obesity by BMI/central obesity 
by WC) were defined according to the International Dia-
betes Federation definition [38].

Two‑sample Mendelian randomization study
Data source
In two-sample MR study, we obtained single nucleotide 
polymorphisms (SNPs) strongly associated with body 
sizes from the GIANT consortium with sample sizes of 
681,275 for BMI and 245,746 for WC, respectively [39, 
40]. The study outcome was arterial stiffness, measured 
by ASI, and the GWAS summary data was obtained from 
UK Biobank comprising 127,121 participants [41]. These 
GWASs were performed on rank based inverse normal 
transformed (INT) residuals, so in which the estimate 
was equivalent to per 1-SD of inverse rank normal trans-
formed continuous traits increase in per additional effect 
allele. All GWAS studies used in this study were con-
ducted in population of European ancestry. Instrumental 
variants of metabolic traits were obtained from Global 
Lipids Genetics Consortium (GLGC) for HDL choles-
terol and triglycerides, Meta-Analyses of Glucose and 
Insulin-related Traits Consortium (MAGIC) for blood 
glucose, and International Consortium of Blood Pressure 
(ICBP) for blood pressure, respectively. Details of the 
data resources are shown in Additional file 1: Table S1.

Genetic instruments selection
In the univariable MR analysis, SNPs strongly associ-
ated with exposure at the genomic significance level 
(P < 5*10−8) were selected as candidate instrumental 
variables. The SNP with smallest P value retained in the 
presence of linkage disequilibrium, which was assessed 
by r2 > 0.001 (clumping window size = 10,000  kb) with 
genomic data from 1000 Genomes Project as the refer-
ence. Available proxies were used as substitutes if SNPs 
were unavailable in the GWAS dataset of outcome, 
while SNPs without available proxies and palindro-
mic SNPs were excluded. In multivariable MR analysis, 
SNPs from the univariable MR analysis and available in 
GWASs of both exposures were used after linkage dis-
equilibrium clumping by r2 > 0.001 (clumping window 
size = 10,000 kb) for building instruments.

Statistical analyses
Cross‑sectional studies
Baseline characteristics are presented as frequency and 
percentage for categorical variables and as mean and 
standard deviation for continuous variables, and χ2 test 
or t-test was used to test the difference in baseline char-
acteristics between participants with and without arte-
rial stiffness. Logistic regression was used to explore the 
association between BMI or WC and arterial stiffness, in 

which both BMI and WC were modeled as quintiles and 
the lowest quintile used as reference. Two multivariable 
models were built, in which model 1 included age, sex, 
education, smoking, alcohol drinking, physical activity, 
and low-density lipoprotein (LDL) cholesterol; model 2 
additionally adjusted for traits included in the metabolic 
syndrome (i.e., systolic blood pressure, diastolic blood 
pressure, blood glucose, triglycerides, high-density lipo-
protein (HDL) cholesterol, and WC or BMI). Test for 
trend was conducted by modeling quintiles as continuous 
variables. A series of sensitivity analyses were conducted. 
First, logistic regression with restricted cubic spline was 
applied to explore the non-linear relationship between 
BMI or WC and arterial stiffness by including the expo-
sure as a continuous variable. Second, BMI or WC quin-
tile-specific estimated marginal means were reported and 
compared by using analysis of covariance. Third, multi-
variable models were built by adding each metabolic trait 
one by one to adjust for potential confounding variables. 
Fourth, stratified analysis by the number of altered meta-
bolic traits (< 3 vs ≥ 3) was performed to evaluate how the 
association between BMI/WC and arterial stiffness dif-
fered between the different number of altered metabolic 
traits. And the product term of exposure and number of 
altered metabolic traits was generated for assessing the 
interaction effect between BMI or WC and the cumula-
tive burden of altered metabolic traits in arterial stiffness. 
Fifth, we explored the relation by other anthropometric 
indices, including waist-to-hip ratio or waist-to-height 
ratio.

Two‑sample Mendelian randomization study
Inverse variance weighting Mendelian randomization 
method (IVW-MR) was used as the main method to gen-
erate the estimate, in which random effect model was 
used in the presence of heterogeneity. The other four 
methods, including MR-Egger, weighted median method 
(WME), weighted mode, and simple mode, were further 
applied to assess the robustness of the results. The R2 
(proportion of the variance explained by the SNP) and 
the F-statistics were calculated to assess the strength 
of each instrument [42]. The heterogeneity or horizon-
tal pleiotropy of instrumental variables was tested by 
Cochrane Q test or MR-Egger regression intercept term, 
respectively. Leave-one-out analysis was performed to 
assess the sensitivity of each IV. Besides, multivariable 
MR analyses including exposure and each metabolic trait 
were further performed to explore the role of metabolic 
traits in the relationship between exposure and outcome.

All analyses were performed in R 4.1.2 or SAS 9.4 
and P value of < 0.05 was considered as of statistical sig-
nificance. Bonferroni correction approach was also 
applied to take multiple testing into account. There 
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were two cross-sectional studies and two outcomes, we 
thus adjusted the thresholds of the significance level 
as P < 0.0125 (calculated as 0.05/(2*2)) in observational 
studies, and P < 0.025 (calculated as 0.05/2) in MR study 
with two outcomes.

Results
Cross‑sectional association between general or central 
obesity and arterial stiffness
As shown in Additional file 1: Table S2, a total of 141,402 
and 7486 participants were included in cross-sectional 
studies from UK Biobank and Fuqing Cohort, in which 
16,020 (11.33%) and 1427 (19.06%) participants experi-
enced elevated arterial stiffness, respectively. Significant 
difference was observed in most characteristics between 
groups, except for alcohol drinking in UK Biobank or sex, 
alcohol drinking, and physical activity in Fuqing Cohort. 
Individuals with arterial stiffness were older and had a 
higher mean value of BMI, WC, blood pressure, fasting 
glucose, triglycerides, and LDL cholesterol; a lower mean 
value of HDL cholesterol; and a greater proportion of low 
education level in both projects.

Figure 2 and Additional file 1: Table S3 show the asso-
ciation between general obesity measured by BMI and 
arterial stiffness. There was evidence for a consistent 

positive association between BMI and arterial stiffness 
when adjusting for confounders in both studies. As com-
pared to the lowest quintile group, groups with quintiles 
2–5 were significantly associated with elevated arterial 
stiffness with the adjusted ORs in model 1 of 1.17, 1.34, 
1.40, and 1.39 (P-trend < 0.001) in UK Biobank and 1.51, 
1.50, 1.77, and 1.92 (P-trend < 0.001) in Fuqing Cohort. 
However, after additionally adjusting for metabolic traits 
(i.e., WC, blood pressure, blood glucose, triglycerides, 
and HDL cholesterol), the observed associations changed 
to inverse associations with the adjusted ORs in model 
2 of 0.93, 0.90, 0.83, and 0.72 (P-trend < 0.001) in UK 
Biobank and 0.88, 0.65, 0.63, and 0.50 (P-trend < 0.001) 
in Fuqing Cohort. After Bonferroni correction, these 
observed associations kept significant. Similar results 
were observed when using restricted cubic spline regres-
sion in both studies (Additional file 2: Fig. S1). Analysis 
of covariance also reported concordant evidence in both 
studies that means of ASI or baPWV increased with 
increasing BMI quintiles in model 1 but declined with 
increasing BMI quintiles in model 2 (Additional file  2: 
Fig. S2). Additional file 1: Table S4 shows that waist cir-
cumference and blood pressure played a more important 
role in the association between BMI and arterial stiffness. 
Stratified analysis after adjustment of all confounders 

Fig. 2 Association between body mass index and arterial stiffness. A Model 1 in UK Biobank Project; B Model 2 in UK Biobank. C Model 1 in Fuqing 
Cohort; D Model 2 in Fuqing Cohort; *Model 1 was adjusted for age, sex, education, smoking, alcohol drinking, physical activity, and LDL cholesterol. 
Model 2 was adjusted for age, sex, education, smoking, alcohol drinking, physical activity, LDL cholesterol, blood pressure, blood glucose, 
triglycerides, HDL cholesterol, and waist circumference
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found a negative association in the population with 
less than three altered metabolic traits, which was not 
observed among those with ≥ 3 altered metabolic traits 
(Additional file  1: Table  S5). And significant interaction 
was observed between BMI and number of altered meta-
bolic traits in arterial stiffness (P-interaction < 0.001 in 
both studies).

Figure 3 and Additional file 1: Table S3 show the asso-
ciation between central obesity measured by WC and 
arterial stiffness. When adjusting for confounders in 
model 1, there was a positive relation between WC 
and arterial stiffness. As compared to the lowest quin-
tile group, groups with quintiles 2–5 were significantly 
related to elevated arterial stiffness with the adjusted 
ORs of 1.30, 1.57, 1.76, and 1.70 (P-trend < 0.001) in UK 
Biobank and 1.61, 1.87, 2.45, and 2.45 (P-trend < 0.001) in 
Fuqing Cohort. In contrast to BMI, the observed positive 
relationship remained stable after additionally adjust-
ing for metabolic traits in model 2 with the adjusted 
ORs of 1.23, 1.46, 1.60, and 1.56 (P-trend < 0.001) in UK 
Biobank and 1.35, 1.44, 1.77, and 1.64 (P-trend = 0.009) 
in Fuqing Cohort. After Bonferroni correction, these 
observed associations kept significant. Restricted cubic 
spline regression and analysis of covariance also gener-
ated consistent results in terms of the positive relation 

in two models across both studies (Additional file 2: Figs. 
S3 and 4). Additional file  1: Table  S4 shows that blood 
pressure played a more pronounced role in the associa-
tion between WC and arterial stiffness. Stratified analysis 
after adjustment of all confounders found similar asso-
ciations of WC with arterial stiffness between groups 
with < 3 and ≥ 3 altered metabolic traits in UK Biobank, 
while a stronger but insignificant association in the group 
with ≥ 3 altered metabolic traits in Fuqing Cohort (Addi-
tional file  1: Table  S5). And significant interaction was 
observed between WC and number of altered metabolic 
traits in arterial stiffness (P-interaction < 0.001 in UK 
Biobank, P-interaction = 0.019 in Fuqing Cohort). Addi-
tional file 1: Table S6 shows similar positive associations 
when measuring central obesity by waist-to-hip ratio or 
waist-to-height ratio in both projects.

Mendelian randomization between general or central 
obesity and arterial stiffness
As shown in Additional file  1: Tables S7 and S8, F-sta-
tistics for all genetic instrument variants were over 10, 
indicating minimized weak instrument bias. Figure  4 
and Additional file  1: Table  S9 present the results from 
univariable MR analyses of BMI and WC with arterial 
stiffness. A borderline, negative causal association was 

Fig. 3 Association between waist circumference and arterial stiffness. A Model 1 in UK Biobank Project; B Model 2 in UK Biobank. C Model 1 
in Fuqing Cohort; D Model 2 in Fuqing Cohort; *Model 1 was adjusted for age, sex, education, smoking, alcohol drinking, physical activity, and LDL 
cholesterol. Model 2 was adjusted for age, sex, education, smoking, alcohol drinking, physical activity, LDL cholesterol, blood pressure, blood 
glucose, triglycerides, HDL cholesterol, and body mass index
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observed between BMI and arterial stiffness in IVW-MR 
analysis (OR = 0.97, 95%CI = 0.94–1.00), which was con-
sistent with the results from the other four MR meth-
ods. In Additional file  1: Table  S10, sensitivity analysis 
by using another GWAS for BMI without sample overlap 
with the outcome generated similar results. Positive rela-
tionship between WC and arterial stiffness was concord-
antly observed across five MR methods, with statistical 
significance in IVW-MR (OR = 1.14, 95%CI = 1.08–1.20), 
MR-Egger, and weighted median approaches. After 
Bonferroni correction, the association of BMI with AS 
tended to be insignificant while the relation of WC with 
AS remained significant. Cochrane Q test indicated the 
presence of heterogeneity, while leave-one-out analysis 
showed that the direction of observed associations kept 
stable after leaving each IV (Additional file  2: Figs. S5 
and 6). There was no evidence of horizontal pleiotropy. 
Multivariable MR study showed that the observed asso-
ciation between BMI and arterial stiffness attenuated to 
null when adjusting for blood pressure, blood glucose, 
or triglycerides, while the association between WC and 
arterial stiffness always remained significant after adjust-
ment for any metabolic trait (Fig. 5 and Additional file 1: 
Table S11).

Discussion
In the present study, results from observational studies in 
both European and Asian populations demonstrated that 
central obesity measured by WC was independently asso-
ciated with elevated arterial stiffness, and the causality of 

which was supported via MR analysis. However, the role 
of general obesity measured by BMI was dependent on 
metabolic status, in which the positive relationship atten-
uated to null when adjusting for blood pressure or WC, 
even changed to a negative association after adjustment 
for all other metabolic phenotypes. Besides, MR analysis 
also suggested a negative association between BMI and 
arterial stiffness. These findings provided observational 
and genetic evidence that central obesity is an independ-
ent predictor of arterial stiffness, but the impact of gen-
eral obesity is dependent on metabolic status, indicating 
that appropriate overweight free of abdominal visceral 
adiposity and metabolic disorders (i.e., metabolically 
healthy obesity) might benefit for arterial stiffness.

With the development of economic level, the preva-
lence of obesity is continuously growing. Although obe-
sity has been recognized as a risk factor of numerous 
diseases, emerging data suggested that body fat distri-
bution might play a more pronounced role in the risk of 
chronic diseases [43]. BMI is the most handy and com-
mon metric to measure general obesity. Several indices 
have been used to assess central obesity, such as WC, 
WHR, and WHtR, in which WC is the most commonly 
used [10]. A number of studies have investigated the 
association of obesity with arterial stiffness but gener-
ated mixed results. For example, cross-sectional studies 
in NHANES of 5309 healthy participants and in 1442 
Chinese obese and overweight adults found a positive 
association of obesity with arterial stiffness regardless 
of being measured by BMI, WC, or other related indices 

Fig. 4 Univariable Mendelian randomization analysis of body mass index and waist circumference with arterial stiffness
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[16, 28]. However, some observational studies found dis-
crepancies between general and abdominal obesity in 
relation to arterial stiffness. Three cross-sectional studies 
in European or Japanese populations with sample sizes of 
305, 1031, and 2789, respectively, found that central obe-
sity measured by WC or WHR was significantly related 
to arterial stiffness, while no evidence for the association 
between BMI and arterial stiffness [19, 23, 25]. Another 
three cross-sectional studies including 1662 individuals 
in Brazil, 697 participants in Korea, and 794 older adults 
in China found a negative association between BMI and 
arterial stiffness [27, 29, 44]. Some studies suggested that 
the role of obesity in arterial stiffness might be affected 
by metabolic status. For example, a cohort study con-
sisted of 1190 Chinese participants reported that the 
association of increased BMI and arterial stiffness was 
predominantly mediated through blood pressure, and 
another cross-sectional study also indicated that meta-
bolically unhealthy individuals defined as individuals 
having two or more of the metabolic syndrome compo-
nents suffered increased risk of arterial stiffness and BMI 
was positively associated with arterial stiffness only in 
metabolically healthy individuals, in which WC was not 
included in multivariable model [15, 26]. Regarding cen-
tral obesity, the Brazilian study found a positive associa-
tion between WC and arterial stiffness but depending on 
blood pressure, while the study in Korea reported a nega-
tive relation between central obesity and arterial stiffness 

in subjects with metabolic syndrome [20, 27]. These 
inconsistent results may be related to relatively small 
sample size and difference in covariates included in mul-
tivariable models.

In this study, we thus performed two large-scale 
cross-sectional studies from European and Asian popu-
lations to clarify the association, which yielded concord-
ant results regarding the discrepancies between general 
and central obesity in arterial stiffness. A positive asso-
ciation of both general and central obesity was observed 
with arterial stiffness if not including metabolic pheno-
types as covariates. However, the observed association 
with BMI changed to be inverse after additional adjust-
ment for metabolic phenotypes, while the association 
between central obesity and arterial stiffness kept stable 
when considering metabolic phenotypes. MR analyses 
provided additional supportive genetic evidence of the 
negative association with BMI and positive association 
with WC. These findings suggest that general obesity 
may not be an independent risk factor of arterial stiffness 
but affect the occurrence of arterial stiffness via related 
metabolic sequelae. Besides, central obesity has previ-
ously been demonstrated to be more closely related to 
metabolic impairment than general obesity [45]. The role 
of central obesity in developing metabolic syndrome has 
been described as early as in 1991, which is now a crite-
rion for metabolic syndrome diagnosis [21, 45]. All these 
pieces of evidence indicate that obesity-related metabolic 

Fig. 5 Multivariable Mendelian randomization analysis of body mass index and waist circumference with arterial stiffness
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impairments played a predominated role in the arte-
rial stiffness than obesity itself, which may provide some 
clues for the phenomenon of “obesity paradox” in cardio-
vascular outcomes.

There were several strengths in this study. First, 
the observational study and MR study have specific 
strengths and limitations, enabling to complement 
each other to some extent. Second, two large-scale 
observational studies from European and Asian popu-
lations were conducted that can provide more statisti-
cal power to detect associations than previous studies 
and validation in different populations. Third, several 
MR methods were applied to examine the causality for 
the observed association and generated similar results, 
contributing to ensuring the robustness of results. 
Fourth, the extensive data collected in UK Biobank and 
Fuqing Cohort allowed us for comprehensive adjust-
ments of potential confounders and explored the role 
of metabolic phenotypes in the associations. Never-
theless, several limitations should be noted. First, the 
ASI and baPWV were used to measure the arterial 
stiffness in UK Biobank and Fuqing Cohort, respec-
tively, instead of the cfPWV, which is regarded as the 
gold standard. However, the validity and accuracy of 
ASI and baPWV have been demonstrated in previous 
studies as compared to cfPWV. Besides, analyses using 
ASI and baPWV yielded concordant results, supporting 
the validity of both indices in turn and suggesting the 
reliability of the results. Future large-scale population 
study using cfPWV as measurement is needed to con-
firm these findings. Second, the possibility of residual 
bias cannot be completely ruled out, such as measure-
ment error for WC. However, similar results from both 
observational studies, and again similar results when 
using waist-to-hip ratio and waist-to-height ratio as 
alternative exposure variables, suggested the robust-
ness of the findings and possibly small influence of 
bias due to measurement error for WC. Third, there 
were over 50% overlapping sample between GWASs 
from BMI and ASI, which may lead to around 5% rela-
tive bias [46]. However, we have performed sensitiv-
ity analysis by using another GWAS data source for 
BMI which has no sample overlap with the outcome. 
The similar results suggest the robustness of the study 
findings. Fourth, GWASs used in this MR study were 
obtained from European populations, and further test-
ing is needed in other ethnic populations.

Conclusions
Observational and genetic analyses provide concordant 
results that central obesity is an independent risk fac-
tor of arterial stiffness, while the role of general obesity 
depends on metabolic status.
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