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Abstract

The increasing obesity epidemic has become a significant public health concern worldwide, as excess body
fat has been shown to be strongly related to cardiometabolic risk. Measurement of adiposity is commonly used as
an indicator of health and various anthropometric measurement procedures have been proposed to characterise
individual susceptibility to cardiometabolic conditions. Although extensive research has attempted to quantify
relationships between different adiposity measures and morbidity, results have been conflicting and inconclusive,
and considerable controversy still exists as to which anthropometric measurement most accurately defines non-
optimal body fat distribution.In this review we describe the most commonly used indices of general and central
adiposity and review the most recently completed meta-analytic studies to determine which adiposity measure is
most strongly associated with, and the best discriminator of, type 2 diabetes, cardiovascular disease and mortality.

Keywords: Type 2 diabetes; Cardiovascular disease; Obesity;
Adiposity
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Introduction

Background

Over the last three decades, the prevalence of overweight
and obesity has risen dramatically across world populations,
representing a major public health issue [1-3]. The positive, linear
relationships between excess adiposity and metabolic risk features
such as hypertension, dyslipidaemia and insulin resistance have been
repeatedly observed in both cross-sectional and prospective cohort
studies [4]. Abundant evidence also supports the association between
obesity and a wide range of chronic disorders including type 2 diabetes
mellitus (T2DM) and cardiovascular disease (CVD) [5-9]. Morbidity
risk increases exponentially with increasing obesity and the consistency
of this correlation across all ethnic groups reflects the strength of this
relationship [10].

Adiposity and cardiometabolic risk

The exact mechanism of association between excess body fat and
cardiometabolic risk is still poorly understood. Evidence suggests
that visceral adipose tissue (VAT) is an important risk factor for the
development of metabolic complications, with subcutaneous adipose
tissue playing a lesser role [11].Various theories have been proposed
to explain this connection. According to the portal-visceral hypothesis,
increased release of nonesterified fatty acids into the liver and skeletal
muscle cause metabolic dysfunction within these organs, leading to
insulin resistance [12]. Alternatively, specific cytokines released by
VAT are thought to contribute to cardiometabolic disease through
inflammation of vascular tissue [13]. A third premise suggests that
genes that predispose preferential deposition of fat in VAT depots
independently cause cadiometabolic disease [14,15]. As noted by Klein
et al. none of these hypotheses are mutually exclusive, and thus it is
possible that other unknown mechanisms may also contribute [16].

Clinical measurement of adiposity

A variety of measurement procedures have been proposed to
characterise the relationship between VAT and metabolic risk to
enumerate individual susceptibility to cardiometabolic complications.
Direct imaging techniques such as computed tomography, magnetic
resonance imaging, and dual X-ray absorptiometry (DXA) are used and
allow direct quantification of body composition. Other non-imaging
methods include hydrodensitometry, bioelectrical impedance and air
displacement plethysmography (ADP). However, these procedures
require expensive apparatus and specialised personnel, while certain
methods may carry an added risk of radiation exposure. Therefore,
anthropometry is more frequently utilised as a surrogate measure of
body composition in research and clinical settings.

In this review we: (1) discuss the range of surrogate indices
currently used; (2) examine results from the most recently completed
meta-analytic studies to investigate which measurement of adiposity
is most strongly associated with, and the best discriminator of,
cardiometabolic risk phenotypes, morbidity and mortality.

Surrogate Measures of General and Central Adiposity

Body mass index

A measure of general adiposity, body mass index (BMI) is the
traditional diagnostic tool in overweight and obesity classification
most commonly employed in epidemiological research and healthcare
practice. Calculated by dividing a subject’s weight by the square
of their height, BMI correlates with traditional cardiovascular risk
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features and morbidity and mortality [4,17-21].A widely used index,
BMI is understood by clinicians and the general public as a whole,
is easy to measure and allows non-gender or ethnic-specific risk cut-
points. The World Health Organisation (WHO) classifies a BMI of
25-29.9 as overweight, 30-34.9 as obese class I, 35-39.9 as obese class
I1, and one equal or above 40 as obese class III [22]. While evidence
suggests that risk of T2DM or CVD development is higher in certain
populations at a cut-point lower than 25, a WHO expert consultation
committee recently concluded that current classifications should
remain [23].Although straightforward to calculate, the measurement
of BMI does require the use of a calibrated electronic weighing scale
and a stadiometer, which may not always be available in a clinical
or field setting. Studies examining self-reported BMI have reported
considerable discrepancies [24,25].More importantly, as BMI is a
weight-for-height measure, it is unable to distinguish between fat and
lean mass, and evidence indicates that it may be less strongly related
to VAT than some measures of central obesity [26]. Furthermore,
recent research by Flegal et al. [27] found that class I obesity was not
associated with higher all-cause mortality and that overweight was
related to significantly lower all-cause mortality, a relationship noted
in other studies [28,29].In light of these findings, it has been suggested
that obesity categorisation based on BMI may be inadequate [30], and
that this measure may misclassify adiposity in some individuals [31,32].

Waist circumference

Waist circumference (WC) has been recommended as a more
direct method of central adiposity and VAT assessment. Determined by
measuring the circumference of the waist using a flexible tape, numerous
studies suggest it to be more strongly related to cardiometabolic features
and morbidity than BMI [33-36].Waist circumference measurement
has also been adopted by the International Diabetes Federation as a
central component for diagnosing the metabolic syndrome (MetS) [37],
and is also the only adiposity variable used in three alternative MetS
definitions [38,39]. However, partly due to a lack of agreement on a
universal measurement protocol, its clinical usefulness and superiority
over BMI in the prediction of CVD events has been questioned [10,40-
42]. The WHO recommends WC assessment midway between the
lowest rib and iliac crest, while the United States National Health
and Nutrition Survey (NHANES) III suggests measurement only at
the top of the iliac crest [10].Various other sites have been proposed
and used, such as umbilical level, lowest rib, and the narrowest point
between the last rib and iliac crest [43-46]. Although a report by Ross
et al. [47] concluded that the procedure used for estimating WC had
minimal effect on morbidity or mortality outcomes, evidence is still
equivocal [43].Specific WC cut-offs for determining metabolic risk
and defining MetS have been suggested [10], but these are gender and
ethnic-specific; numerous studies have shown that regional differences
may be important [25], necessitating different cut-points for different
populations [48,49].

Waist-Hip ratio

Waist-hip ratio (WHR) is calculated by dividing WC by hip
circumference (HC) and is thought to represent an aspect of
body composition, related to CVD risk, not reflected in BMI or
WC measurement. This central measure is also associated with
cardiometabolic conditions and mortality [50-55], and is the only
obesity index included in the WHO working definition of MetS [56].
However, critics of WHR claim that, as a ratio, it is unnecessarily
difficult to interpret within a clinical setting [57]. Nevertheless, it
should be noted that BMI is also a ratio and is easily used in healthcare
practice. The use of a ratio theoretically dispenses with the need for

population-specific cut-points [58], although this is still uncertain
[59], and current WHO recommendations do specify different WHR
cut-offs for men and women [10].From a practical standpoint WHR
requires an additional measure which may affect the reliability of this
index, although HC measurement is more easily determined than WC
measurement. A more problematic concern is that WHR may remain
unchanged in an individual even when body fat levels rise, as WC and
HC may increase or decrease proportionally [57].

Waist-Height ratio

A more recently proposed central index, the waist-height ratio
(WHtR), is calculated by dividing WC by height. Like the WHR,
this adiposity variable is thought to more accurately reflect body fat
distribution and several studies have suggested it to be superior to
BMI, WC and WHR [60-66]. Unlike WHR, this measure only varies
when there is an increase in body composition, as adult height remains
relatively static over time. Proponents of WHtR have also suggested
that as height may be inversely associated with CVD risk [67], perhaps
reflecting genetic predisposition [68] or life exposures [69], inclusion
of this variable in an index equation confers greater predictive accuracy
[70,71]. As a ratio, WHtR may also require only one, non-gender or
ethnic-specific cut-point, which might be additionally attractive
from a public health perspective [61,72]. However, calculation of this
obesity measure also requires accurate height and WC measurement
which may affect its practical usefulness. Moreover, some studies
have shown WHIR to be minimally superior, or even inferior, to WC
in the classification of cardiometabolic risk, and have questioned the
measurement of height in addition to WC [73].

Novel indices

Periodically, novel indices are constructed using manipulations of
general or central obesity measures. Among these are Rohrer’s Index
[74], the Conicity Index [75], the Abdominal Volume Index [76], A
Body Shape Index [77] and several equations for determining body fat
percentage (BF%) using sagittal diameter [78] or skin-fold thickness
measurements [79,80].Recently, two novel adiposity indices for
estimating BF% were proposed; Bergman et al. [81] determined a DXA
validated measure using HC and height, while Gémez-Ambros et al.
[82] designed an equation utilising BMI, age and gender and conducted
a comparison study with other anthropometric measures and BF%
estimated using ADP. However, as many of these novel indices use
calculations which are complex, and perhaps difficult to interpret, their
clinical utility and general usability must be questioned. Furthermore,
there is a lack of research validating their usefulness.

A Meta-Review of Surrogate Measures of Adiposity,
Cardiometabolic Risk and Mortality

Rationale

Over the last 20 years a considerable number of cross-sectional
and prospective studies have attempted to quantify the relationships
between indices of adiposity and cardiometabolic risk and mortality.
However, results have been conflicting and inconclusive, and
considerable controversy still exists as to which of these measures are
most strongly related to cardiometabolic conditions. Increasingly,
meta-analysis has gained recognition as a useful way of pooling results
from numerous cohorts in order to average effect sizes across different
studies. The benefits include increasing effective sample sizes, and
neutralising the influence of confounding factors, thus allowing for a
more precise estimation of an intervention, treatment or measure.
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Selection of meta-analyses

We concentrated our meta-review on the four most commonly
researched measures of general and central adiposity: BMI, WC, WHR
and WHItR, and their relationships with cardiometabolic outcomes
and mortality. Published meta-analyses relating to these topics from
the year 2007 onwards were searched using PubMed, Science Direct,
Web of Knowledge, Academic Search Complete, JSTOR and Google
Scholar databases. Search terms included a combination of keywords:
body mass index or BMI, waist circumference or WC, waist-hip-ratio,
WHR or waist-to-hip ratio, waist-height ratio, WHtR, waist-to-height
ratio, waist-to-stature ratio or WSR, meta-analysis and systematic
review and meta-analysis. There were no language restrictions as
long as abstracts were published in English. We included: (1) meta-
analyses that compared any two of the four indices of general or central
adiposity (either BMI, WC, WHR or WHtR) using male, female, or
mixed adults of any ethnic group or age; (2) research using prospective
or cross-sectional data; (3) studies with cardiometabolic risk outcomes,
including hypertension, systolic or diastolic blood pressure (SBP,
DBP), fasting plasma glucose concentrations (FPG), dyslipidaemia,
T2DM, CVD (including Coronary Artery Disease (CAD) or mortality.
We excluded meta-analyses that included children or adolescents.

Details of included studies

Twelve meta-analytic studies met inclusion criteria and are
presented in table 1. Five studies included research examining BMI,
WC, WHR and WHIR [73,83-86], five investigated three of the four
indices [58,70,87-89], one included research examining only WC and
WHR [90] and one included BMI and central obesity defined as either
WC or WHR [91]. Two examined incident T2DM as an outcome
[73,89], one examined incident CVD events [90] and three included
incident CAD, CVD or all-cause mortality as an endpoint [87,88,91].
Two studies included both prevalent T2DM and hypertension [58,84],
one included both incident and prevalent T2DM, hypertension and
dyslipidaemia [83], one included incident and prevalent T2DM,
hypertension, dyslipidaemia, MetS, and CVD [70], one examined
prevalent hypertension [86] and one examined adiposity measure
correlations with FPG, SBP, DBP, high density lipoprotein cholesterol
(HDL-C), low density lipoprotein cholesterol (LDL-C), total cholesterol
(Total-C) and triglycerides (TAG) concentrations [85]. Nine studies
included samples from multiple ethnic groups [58,70,73,83,85-
87,89,91], one included only Europeans [88], one used Asian subjects
[84] and one was not stated although included studies were listed [90].
All meta-analyses included subjects of both genders.

The main findings from these studies, stratified by analysis type
(relative risks (RR), hazard ratios (HR), odds ratios (OR), area under
the receiver operating characteristic curve (ROC) or other analysis type)
are presented in table 2 and discussed in the context of cardiometabolic
risk and mortality outcomes.

Main Findings from the Meta-Review

Studies reporting relative risks or hazard ratios

Six meta-analyses exclusively used prospective data and presented
results as RR or HR. Both effect measures assess the risk of an event
occurring by comparing the proportion of subjects (with or without an
exposure) that develop an outcome [92]. In a meta-regression analysis,
using a random effects model restricted to nine cohorts that provided
categorical boundaries for BMI, WC, and WHR, Carmienke et al. [87]
found the risk of all-cause mortality for BMI to be 27%comparing obese
class IT to normal weight. This contrasted with a 32% probability for WC

and a 13% increased risk for WHR using gender-specific categorical
cut-points compared to a normal reference value. Conversely, using
overall pooled results from 15 studies comparing sex-specific extreme
quantiles, de Koning et al. [90] suggested WHR to be more strongly
related to CVD events (1.95, 95% CI: 1.55-2.44) than WC (1.63, 95%
CL: 1.31-2.04) in both men and women, although this difference was
not significant. Interestingly, in an individual participant meta-analysis
using gender-specific tertiles, Coutinho et al. [91] found the risk for
CAD mortality in subjects with central obesity (defined by either
WC or WHR) to be 70%, whereas BMI was inversely associated with
mortality: (0.64, 95% CI: 0.59-0.69).However, the use of categorical
cut-offs based on arbitrary cut-points - as used by Carmienke - poses
problems regarding the validity of comparisons between adiposity
measures. Also, as alluded to by Huxley et al. [93], a limitation of the de
Koning study was that BMI was not included as a comparison index,
and the analysis was not restricted to studies that included both WC
and WHR.

Three studies employing prospective data used standardised
Z-scores in analysis. Standardising values allows uniform comparison
of indices and RR or HR represents the risk associated with a standard
deviation (SD) increase in each measure. In a meta-analysis comparing
data from 82,864 European subjects, Czernichow et al. [88] reported
measures of central obesity to be consistently and positively related to
all-cause and CVD mortality. The risk of all-cause mortality was higher
for WHR (12%) compared to WC (5%) while CVD mortality risk was
the same for both measures (15%).In a multivariate-adjusted model
a one SD increase in BMI appeared to confer protection against all-
cause mortality (0.95, 95% CI: 0.91-0.99), and showed no association
with CVD related death (1.05, 95% CI: 0.98-1.14).Using pooled RR
to examine index relationships with T2DM, Kodama et al. [94] found
WC (63%) and WHIR (62%) to have a modest, but significantly greater
association compared to BMI (55%) and WHR (52%) in both men and
women, whereas Vazquez et al. [89] observed similar diabetes risk for
BMI, WC, and WHR (87-88%) using overall pooled effects from 32
cohorts.

Studies reporting results from area under the receiver
operating characteristic curve analysis

Five meta-analytic studies reported results from ROC analysis. The
ROC curve is a graphical representation of the association between
sensitivity and specificity. The area under the curve (AUC) provides
a scale from 0.5 to 1.0 (with 0.5 representing random chance and 1.0
indicating perfect discrimination) which allows comparison of the
predictive abilities of different adiposity measures [92]. In a meta-
analysis of 31 prospective or cross-sectional studies which measured
WHItR and either BMI or WC, Ashwell et al. [70] demonstrated
WHIR to be a better discriminator than both BMI and WC for T2DM,
hypertension, dyslipidaemia, MetS and CVD. Pooled results suggested
that WC provided improved discrimination for all outcomes by 3%
(P<0.05), compared to BMI, with WHtR showing an average AUC
4-5% larger (P<0.01) than BMI. Results stratified by gender and
cardiometabolic outcomes showed similar relationships. Comparable
findings were reported by Mohan [86], using cross-sectional data
from the Obesity in Asia Collaboration. All central measures were
found to be better predictors of hypertension. Although the authors
concluded that differences in AUCs were minimal, the WHtR had
the highest discriminatory capacity compared to BMI in males
(AUC for WHtR=0.67 vs. AUC for BMI=0.63) and females (AUC
for WHtR=0.71 vs. AUC for BMI=0.66).Conversely, Nyamdorj et
al. [84] found the AUC to be larger for BMI to discriminate subjects
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Study reference Number of Population Total subjects Indices examined
studies

Ashwell et al. 31 4 Europe 123,231 men BMI, WC, WHtR
(2012) 2 South 182,620

America women

2 Australasia

6 Asia

2 Middle-East

1 Caribbean

14 other
Carmienke etal. 18 6 Europe 693,739 BMI, WC, WHR
(2013) 10 North men and

America women

2 Australasia
Coutinho et al. 5 2 Europe 15,923 BMI, Central obesity
(2011) 2 North (59% men) defined as WC or

America WHR

1 Asia
Czernichow et al. 9 Europe 82,864 BMI, WC, WHR
(2011) (54-62%

women)

de Koning etal. |15 Not stated 258,114 WC, WHR
(2007) (35.7% men)
Huxley et al. 21 Asian (73%) >263,000 BMI, WC, WHR
(2008) Caucasian men and

(27%) women
Kodama et al. 15 8 Western 120,012 BMI, WC, WHR,
(2012) 7 Non-Western (men 21-78%) WHtR
Lee et al. (2008) 10 1 Europe 88,514 BMI, WC, WHR,

7 Asian (54% women) WHtR

1 Caribbean

1 Iran
Mohan (2008) 19 Asian >173,709 BMI, WC, WHR,

(62.8%) (53% women) |WHtR

Caucasian

(36.7%)

Pacific

Islanders

(0.5%)
Nyamdorjetal. 16 Asia 9,095 men BMI, WC, WHR,
(2008) 11,732 women WHtR
van Dijk et al. 20 11 Europe 21,139 men BMI, WC, WHR,
(2012) 7 North 24,139 women WHtR

America

1 Turkey

1 Australasia
Vazquez et al. 32 9 Europe 72-31,702 BMI, WC, WHR
(2007) 12 North men and

America women

4 Asia

7 Other

Outcomes

Incident and prevalent T2DM,
Hypertension, Dyslipidaemia,
MetS, CVD

All-cause mortality

CAD mortality

All-cause and CVD mortality

Incident CVD events

Prevalent T2DM, Hypertension

Incident T2DM

Incident and prevalent T2DM,
Hypertension, Dyslipidaemia

Prevalent Hypertension

Prevalent T2DM, Hypertension

Prevalent FPG, SBP, DBP,
HDL-C, LDL-C, Total-C, TAG

Incident T2DM

Table 1: Details of meta-analyses and cardiometabolic outcomes.

Analysis type

Pooled ROC analysis

Pooled RR using categorical variables

Individual participant meta-analysis

HR by obesity tertiles

Individual participant meta-analysis

HR comparing upper quintiles to lower
quintiles and for a 1 SD increase in each
index

ROC and relative integrated discrimination
improvement statistics (RIDI)

Pooled RR comparing highest to lowest
quantiles of WC and WHR

Individual participant meta-analysis

OR stratified by ethnicity
Pooled RR for 1 SD increase in each index

Pooled ROC analysis

Individual participant meta-analysis

Adjusted linear regression between indices
and SBP/DBP stratified by ethnicity

OR for hypertension stratified by ethnicity

ROC analysis stratified by ethnicity and
overall pooled results

Individual participant meta-analysis
OR for 1 SD increase in each index

ROC analysis

Pooled mean Pearson correlation
coefficients between each index and
cardiometabolic features

Pooled RR for a 1 SD increase in each
index

with hypertension but not T2DM.In this study, which included over
20,000 subjects, AUCs for WHtR in relation to prevalent diabetes were
greater than BMI in both genders, although not statistically different.
Similar results were again confirmed in a pooled analysis of 10 studies
comparing BMI, WC, WHR and WHtR discriminatory abilities for
incident and prevalent T2DM, hypertension, and dyslipidaemia. Lee
et al. [83] noticed all central obesity measures to be better classifiers,
with the WHtR showing the largest AUCs for all cardiometabolic

outcomes. However, statistical differences between WHtR and BMI
were noticed only in men for T2DM (AUC for WHtR=0.726 vs. AUC
for BMI=0.672 P<0.01) and hypertension (AUC for WHtR=0.684 vs.
AUC for BMI=0.641 P<0.04).0f note, within each of these four studies,
AUGC:s for both general and/or central obesity measures were greater
in women than men. Conversely Czernichow et al. [88] found no
clinically relevant difference between BMI, WC, and WHR comparing
predictive ability for all-cause or CVD mortality. Relative integrated
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Study reference Outcome
Studies reporting RR or HR

Carmienke et al.

(2013) All-cause mortality

Coutinho et al.

(2011) CAD mortality

All-cause mortality

Czernichow et al.
(2011)

CVD mortality

de Koning et al.

(2007)

Kodama et al. .

(2012) Incident T2DM
Vazquezetal . ijent T2DM

(2007)

Studies reporting ROC values

Ashwell et al.

(2012) MetS, CVD

All-cause mortality

Czernichow et al.
(2011)
CVD mortality

Lee et al. (2008)

Incident CVD events

Incident and prevalent T2DM,
Hypertension, Dyslipidaemia,

Incident and prevalent T2DM,
Hypertension, Dyslipidaemia

Results

‘BMI: 1.27 (1.21-1.33)
2WC: 1.32(1.22-1.43)
2WHR: 1.13 (1.11-1.59)

'Obese class || compared to normal
weight

2Gender-specific categorical cut-point
compared to normal reference

Overall pooled RR comparing upper to
lower obesity tertiles
(gender-specific):

BMI: 0.64 (0.59-0.69)
WC/WHR: 1.70 (1.58-1.83)

Multivariate adjusted HR for 1 SD
increase:

BMI: 0.95 (0.91-0.99)

WC: 1.05 (1.00-1.09)

WHR: 1.12 (1.06-1.18)

Multivariate adjusted HR for 1 SD
increase:

BMI: 1.05 (0.98-1.14)

WC: 1.15(1.05-1.25)

WHR: 1.15 (1.04-1.27)

Overall risk estimate comparing extreme

gender-specific quantiles for each
measure:

WC:  1.63 (1.31-2.04)
WHR: 1.95 (1.55-2.44)

Pooled RR for a 1 SD increase
(men and women combined):
BMI:  1.55(1.43-1.69)

WC:  1.63(1.49-1.79)
WHR: 1.52 (1.40-1.66)
WHIR: 1.62 (1.48-1.78)

Pooled RR for a 1 SD increase:
BMI: 1.87 (1.67-2.10)
WC: 1.87 (1.58-2.20)
WHR: 1.88 (1.61-2.19)

Pooled AUC values for all outcomes:
Men:

BMI:  0.667 (0.650-0.684)

WC:  0.694 (0.678-0.709)

WHtR: 0.704 (0.689-0.718)

Women:

BMI: 0.681 (0.658-0.704)
WC: 0.714 (0.698-0.731)
WHtR: 0.725 (0.709-0.741)

BMI:  0.847 (0.840-0.855)
WC: 0.847 (0.839-0.855)
WHR: 0.848 (0.840-0.856)

BMI:  0.868 (0.856-0.880)
WC: 0.868 (0.856-0.880)
WHR: 0.868 (0.856-0.880)

Pooled AUC values for T2DM:
Men:

BMI:  0.672 (0.646-0.697)
WC: 0.701 (0.670-0.732)
WHR: 0.721 (0.664-0.778)
WHtR: 0.726 (0.698-0.754)

Women:

BMI:  0.693 (0.629-0.757)
WC: 0.744 (0.695-0.794)
WHR: 0.748 (0.687-0.810)
WHtR: 0.756 (0.700-0.811)

Comments

Meta-regression analysis restricted to nine cohorts that provided RR
and 95% Cls and defined category boundaries for adiposity measures

All measures showed similar risk patterns for upper quartiles in
comparison to reference quartiles

Patterns of general and abdominal obesity remained significantly
associated with mortality when adjusted for the other

Central obesity was associated with mortality whereas BMI was
inversely associated with mortality

Central obesity was also associated with higher mortality in a subset
of subjects with normal BMI

Measures of central obesity were more strongly associated with an
increased risk of CVD mortality

BMI was related to CVD mortality in age and gender adjusted models
only

Results suggested that WHR was more strongly associated with CVD
events than WC, though differences were not statistically significant

Analysis was not restricted to studies that reported both WC and WHR

WC and WHtR showed a modest but significantly greater association
with T2DM compared to BMI or WHR but measuring height in addition
to WC appeared to have no additional benefit

Similar associations were noted for all obesity indices with incident
T2DM

For all five specific health outcomes, WHtR had a greater
discriminatory power compared with BMI

Statistical comparison of AUC values of abdominal obesity with
BMI indicated that both WHtR and WC were significantly better at
discriminating T2DM risk

Compared with BMI, WC improved discrimination of adverse
outcomes by 3% (P <0.05) and WH{R improved discrimination by
4-5% (P <0.01)

Discriminatory ability was greater in women
No clinically relevant difference in discrimination capabilities were

observed between the three examined adiposity indices and all cause
or CVD related mortality

WHtR was the best discriminator for T2DM, hypertension and
dyslipidaemia in both genders

Statistical differences between BMI and WHtR were noticed only in
men for T2DM and hypertension

Higher pooled AUC values were observed in females compared to
males suggesting that discrimination is more precise in women

Statistical evidence supports the superiority of measures of central
obesity over BMI for detecting CVD risk factors in men and women
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Mohan (2008)

Nyamdorj et al.

(2008)

Prevalent Hypertension

Prevalent T2DM, Hypertension

Studies reporting OR or other statistic

Czernichow et al.

(2011)

Huxley et al.
(2008)

Nyamdorj et al.

(2008)

van Dijk et al.
(2012)

All-cause mortality

CVD mortality

Prevalent T2DM, Hypertension

Prevalent T2DM, Hypertension

Prevalent FPG, SBP, DBP,
HDL-C,
LDL-C, Total-C, TAG

Pooled AUC values for Hypertension:
Men:

BMI:  0.63 (0.62-0.66)

WC:  0.66 (0.64-0.67)

WHR: 0.65 (0.63-0.67)

WHtR: 0.67 (0.66-0.69)

Women:
BMI:  0.66 (0.64-0.68)
WC: 0.69 (0.63-0.72)
WHR: 0.68 (0.65-0.70)

WHtR: 0.71 (0.68-0.73)

Pooled AUC values for T2DM:
Men:
BMI:  0.725 (0.706-0.743)

WC: 0.729 (0.711-0.747)
WHR: 0.729 (0.711-0.747)
WHtR: 0.735 (0.717-0.753)

Women:
BMI:  0.742 (0.726-0.756)
WC: 0.749 (0.734-0.765)
WHR: 0.742 (0.727-0.758)

WHtR: 0.748 (0.733-0.764)

RIDI statistic:

BMI compared to WC:  0.150 (0.140-
0.160)

BMI compared to WHR: 0.335 (0.321-
0.348)

WC compared to WHR: 0.184 (0.175-
0.193)

RIDI statistic:

BMI compared to WC: 0.543 (0.524-
0.563)

BMI compared to WHR: 0.265 (0.263-
0.295)

WC compared to WHR -0.276 (-0.302-
to — 0.250)

0.5 SD increment increase in BMI
associated with 20-30% odds for T2DM
in Asian subjects

0.5 SD increment increase in WC or
WHR associated with 40% increased
odds in Asian subjects

Age adjusted OR for 1 SD increase for
TDM:

Men:

BMI:  1.52 (1.41-1.64)
WC:  1.54 (1.43-1.67)
WHR: 1.53 (1.41-1.65)

WHIR: 1.62 (1.50-1.75)

Women:

BMI:  1.59 (1.48-1.70)
WC: 1.70 (1.58-1.82)
WHR: 1.50 (1.40-1.60)

WHIR: 1.70 (1.59-1.83)

Mean Pearson Correlation coefficients
for FPG
Men:

BMI:  0.188 + 0.019
WC:  0.227 +0.030
WHR: 0.213 +0.029

WHtR: 0.136 + 0.013

Women:

BMI:  0.243 +0.024
WC: 0.289 + 0.038
WHR: 0.261 +0.035

WHtR: 0.171 + 0.014

Measures of central obesity tended to be better discriminators of
hypertension in both gender

Overall — WHtR had the highest discriminatory capability

Heterogeneity in associations and discriminatory capacity were
observed between different ethnic populations

AUC values for T2DM were slightly higher for WHtR in both genders
and for WC in women only, compared to BMI, but were not statistically
different

AUC values for hypertension were greater for BMI in both genders

There was a modest (0.1%) enhancement in discriminative capability
using WHR compared to BMI

The advantage of using WHR compared to WC was also marginal

Models combining two adiposity indices did not provide improvement
in the prediction of mortality

Odds of hypertension were similar for all measures of general and
central adiposity

Heterogeneity was observed between obesity/morbidity associations
and ethnicity

WHtR showed a stronger association with T2DM compared to BMI but
all indices were equally strongly associated with hypertension

WC had the strongest correlation with all CVD risk factors in both men
and women, except for HDL-C and LDL-C in men

When comparing BMI to WC the latter showed significantly better
correlation to CVD risk factors, except for diastolic BP in women and
HDL-C and Total-C in men

Table 2: Results from meta-analyses — stratified by analysis type.
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discrimination improvement analysis, which measures the percentage
of increased discrimination when an extra variable is added to a
prediction model, identified a modest (0.1%) change when WHR was
substituted for BMI. However, differences in models containing WC or
both WC and WHR were marginal.

Studies reporting odds ratios or other statistic

Two studies reported effect measures as OR, which represent the
ratio of the odds of an event occurring in one group, to the odds of
it occurring in another. Although similar in interpretation to RR,
OR generally overestimate associations between variables but are an
approximation of the RR when the rare disease assumption holds
[92].In an individual participant meta-analysis which stratified effect
measures by ethnicity, Huxley et al. [58] found a 0.5 SD increment
increase in BMI to be associated with a 20-30% increased odds for
prevalent T2DM in Asian subjects. The corresponding odds using
WC or WHR were 40%.However, OR for prevalent hypertension were
comparable between BMI, WC and WHR. Similarly, Nyamdorj et al.
[84] observed both general and central obesity measures to be equally
related to hypertension, while WHtR was more strongly associated
with prevalent T2DM in men and women. Finally, research conducted
by van Dijk et al. [85], which measured the Pearson product-moment
correlation (an appraisal of the linear dependence of two variables [92])
showed WC to have the strongest correlation with all CVD risk factors
in both genders with the exception of HDL-C and LDL-C in men.

Recent Research

Although this review concentrated on meta-analytic studies,
recent research employing large cohorts should also be considered in
the context of obesity measures and cardiometabolic risk.In a cross-
sectional study, utilising data from 7,447 Spanish men and women aged
55-80, Guasch-Ferré et al. [95] concluded that measures of abdominal
obesity showed greater discriminative abilities for T2DM, impaired
FPG, dyslipidaemia and MetS. The AUC values for WHtR and WC were
significantly higher than AUCs for BMI with respect to all metabolic
risk factors, except hypertension. However, as results were not stratified
by gender, potential differences in index discrimination between men
and women were not determined. In another Spanish study, using
prospective data from 37,733 subjects (63% women), Huerta et al. [96]
found both general and central obesity to be independently associated
with T2DM.The WHItR index showed the largest AUCs in both men
and women (AUC=0.687 and 0.776) compared to BMI (AUC=0.676
and 0.759) respectively, although classification differences were
small. Associations between central obesity measures and incident
T2DM were greater in women only, with BMI showing the strongest
association for diabetes in men. Similar results were demonstrated by
the Interact Consortium, a pan-European cohort examining incident
T2DM involving 340,234 participants. In this study, Langenberg et
al. [97] also reported BMI and WC to be independently associated
with T2DM.The relationship between WC and T2DM was especially
strong in women, leading the authors to recommend central obesity
measurement as an effective strategy for risk stratification. Gender
heterogeneity was additionally noted by Wannamethee et al. [98] in
a seven year prospective study which examined BMI, WC and WHR
for predicting incident T2DM in 6,923 older men and women. The
ROC analysis revealed similar discrimination for BMI and WC in
males (AUC=0.726 and 0.713) respectively, with WHR showing the
least predictive ability (AUC=0.656).In females, WC was a significantly
better classifier (AUC=0.780 P<0.01) compared to both BMI
(AUC=0.733) or WHR (AUC=0.728; P<0.001 for both).Conversely, in

a cross-sectional study of 12,294 adults, Mooney et al. [99] reported
similar discriminatory capabilities for all indices for prevalent risk
factors in both genders. Central obesity related measures were better
predictors of impaired FPG whereas BMI was the best predictor of
hypertension.

Discussion

Of the seven meta-analyses included in this review that reported
effect measures as RR, HR, or OR (and which included indices of both
general and central adiposity), five concluded that central obesity
measures (either WC, WHR or WHtR) were more strongly associated
with most cardiometabolic outcomes or mortality [58,73,84,88,91],
while two suggested that general and central adiposity indices showed
similar risk patterns [87,89].0f the five that reported results from ROC
analysis, one indicated that central obesity measures were significantly
better discriminators than BMI [70]; one reported that they were
statistically greater in men only [83]; two determined that AUCs were
larger for central indices, but not significantly so, or that differences
were minimal [84,86]; and one concluded that there was no clinically
relevant difference in predictive abilities between either BMI, WC or
WHR [88].The results from this meta-review may suggest that central
adiposity measurement is more strongly related to, and a more accurate
predictor of certain cardiometabolic outcomes. However, the results are
also conflicting. Although, on average, RR, HR or OR were higher for
central obesity measures regarding certain endpoints (with the notable
exception of hypertension), similar strengths of association were noted
in many individual studies. As discussed by Pepe et al. [100], although a
strong association is a necessary condition when comparing measures
in terms of ability to predict, it is not sufficient, as variables with strong
associations may not adequately discriminate between subjects with or
without an outcome of interest. Additionally, while two meta-analyses
suggested that AUC values were significantly greater for central
indices regarding specific outcomes (either both genders or in men
only) and the WHIR index was a noticeably better classifier in several,
discriminatory differences were modest (3-5%) [70,83].Furthermore,
as noted by Qiao and Nyamdorj [101], classification distinctions
between BMI and central measures are frequently observed in cross-
sectional research. This is potentially problematic, as cross-sectional
data precludes examination of the temporal nature between adiposity
measures and CVD risk factors, and it is possible that development
of T2DM or CVD may influence body composition in different
ways [93].Conversely, although prospective studies are considered a
gold standard for observational research, certain limitations remain.
Obesity development is a dynamic progression. Heterogeneity between
subjects with general and central adiposity may be misclassified in
studies with long follow-up periods if the transition from a normal to
overweight state is not adequately examined.

Additional factors should also be considered when drawing
conclusions from this review.Meta-analysis, while an effective tool
within epidemiological research, is not without its limitations. Several
studies included numerous comparisons between one or more
anthropometric variables and outcomes, and less for others, thus
giving some variables an inordinate weight in analysis. Furthermore, as
WC measurement has not been standardised internationally, optimal
measurement for assessing metabolic risk may be different between
included studies, affecting the strength of relationship between central
obesity variables and cardiometabolic outcomes. The results from
this meta-review also suggest variance in adiposity measure/risk
associations between men and women [102], and studies which do not
stratify in analysis may over or underestimate effect sizes.Importantly,
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cardiometabolic endpoints may also be classified differently within
studies, with several using optimal procedures for outcomes (i.e. the
oral glucose tolerance test for T2DM for example) and some using only
self-reported diagnosis. Potentially confounding factors such as age
and ethncitiy may also influence results [103,104].

Conclusions

Comparative studies of BMI and central adiposity relationships
suggest the latter provides additional information (beyond that which
is measured by BMI), as the relationships between BMI and CVD
risk factors are attenuated in regression models after the addition
of WC, indicating that either central obesity explains the majority
of cardiometabolic risk, or that both measures add independent
information [103,105]. However, just as critics of central obesity
measurement - who claim it as unnecessary, inaccurate, or time-
consuming - neglect to state how much of an increase in predictive
accuracy would be clinically relevant, so it is also true that proponents
of WC, WHR or WHIR often fail to clarify how much added valuable
information these indices might provide over BMI or other variables
currently used in T2DM or CVD risk prediction scores.T hese concerns
were examined by Klein et al. [16], who determined that measurement
of WC in clinical practice would not be trivial, as providing such an
assessment competes for the limited time available during patient
appraisal, and requires specific training to ensure reliable data are
obtained. Nevertheless, WC measurement was recommended as way
of identifying a potentially non-trivial number of patients at increased
CVD risk who might not otherwise be recognised using conventional
methods. Waist circumference, WHR or WHIR could potentially be
effective clinical tools for identifying “metabolically unhealthy, non-
obese” subjects who might benefit from an intervention or lifestyle
therapy, but who would not otherwise be considered for treatment.
We have recently shown that assessing both BF% and BMI to classify
obesity may help identify individuals at greater cardiometabolic risk
than BMI alone [106].Subjects classified as obese using both tools
had a more metabolically unhealthy profile and were not responsive
to dietary intervention.It may be that metabolically unhealthy obese
subjects are simply metabolically overburdened and thus no longer
dietary responsive, whereas metabolically healthy obese subjects have
greater metabolic flexibility to adapt to dietary changes. Therefore, risk
stratification based on health phenotypes, using surrogate abdominal
measures, may be useful in ascertaining an appropriate therapeutic
or intervention strategy. This idea was further explored in a WHO
report [10] which suggested that central adiposity measurements,
used in conjunction with BMI, might contribute to the development
of composite indices for use in specific individuals or populations.
Central indices could also add valuable information to screening
programmes for undiagnosed cardiovascular conditions, and this
might be particularly beneficial in populations without regular access
to primary care.

Nevertheless, despite these potential uses, a majority of research
continues to demonstrate a strong relationship between BMI and
cardiometabolic outcomes. This indicates its continued relevance
for determining metabolic risk within a clinical setting.While results
from this review suggest that certain central obesity measures may be
independently related to, and better classifiers of some cardiometabolic
conditions, results are inconclusive. The superiority of central adiposity
indices, over BMI, must be questioned as discriminatory differences
are not large, none have been conclusively shown to be superior and
protocols for measurement and classification cut-offs using central
measures are undetermined and may differ between gender and/or

ethnic populations. Each of these factors may ultimately determine their
efficacy and practical or general usability within healthcare practice.
Until these uncertainties have been effectively resolved, the clinical
utility of WC, WHR or WHIR as potentially more accurate predictors
of cardiometabolic abnormalities, T2DM, CVD and mortality will
require further investigation.
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