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Abstract

Background/Objectives: Anthropometric indices based on height (H), weight (W), waist
circumference (WC) and hip circumference (HC) can identify incident and future health
risks. While BMI provides a standard for relative W (adjusted for H), there is no standard
for indices using WC and HC. A body shape index (ABSI) and hip index (HI) have been
proposed to extend to respectively WC and HC the same allometric power-law approach
used to derive BMI to be independent of H. Here, we compared the mutually independent
allometric set H, BMI, ABSI, HI with other proposed indices. Methods: We examined the
formulas and rationales of published indices, and used Third National Health and Nutrition
Examination Survey (NHANES III) cohort data to investigate their inter-correlations and
association with mortality. Results: Many of the proposed indices are based on geometric
(isometric) similarity, which does not match human body variability patterns. Unlike
ABSI and HI, most proposed indices showed large correlations with BMI, complicating
interpretation when considered together with BMI. Indices’ association with mortality
risk were generally consistent with their correlations with BMI and ABSI. Combining
the separable mortality risks associated with BMI and ABSI, even in a simplified way,
outperformed any single index. Conclusions: With calls for incorporating additional
indices incorporating WC and HC to supplement BMI in defining obesity, only ABSI and
HI are independent of BMI. Additionally, separate risk estimates from these allometric
indices can be readily combined to optimize overall risk assessment.

Keywords: NHANES; obesity indicators; risk assessment; anthropometry; body shape

1. Introduction

Body mass index (BMI), based on adjusting weight (more precisely, mass; W) to
be independent of height (H), is now the main criterion used to operationally define
overweight and obesity, which have become widespread and of great health concern [1-4].
Waist circumference (WC) is used as a secondary criterion, and hip circumference (HC)
is also commonly considered [5-9]. In 2023, an American Heart Association Presidential
Adpvisory called for population-wide annual measurements of BMI and WC to help prevent
and treat cardiovascular-kidney-metabolic (CKM) syndrome, which is characterized by
excess and dysfunction of adipose tissue leading to disorders of obesity, diabetes, chronic
kidney disease, and cardiovascular disease, and for which risk factors include overweight
(high BMI), abdominal adiposity (high WC), and impaired glucose tolerance [10]. Almost
90% of United States adults met criteria for CKM syndrome and 15% met criteria for its
advanced stages [11].

Compared to, e.g., laboratory blood tests or imaging to estimate body composition, the
basic body measurements (anthropometrics) of H, W, WC, and HC are simple and cheap
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to implement, and they (or indices based on them, such as BMI) perform competitively
as risk indicators [12-14]. Indeed, the medical literature contains thousands of studies
that collectively find that within many populations, BMI shows strong associations with
physiological, metabolic, and biomolecular alterations related to obesity and predicts the
development of many diseases [15-17].

Frequently stated intrinsic limitations of BMI, which drive the perceived need to
supplement it, are that total mass does not differentiate between fat and muscle, nor does
it differentiate between different fat depots, such as visceral versus subcutaneous and
abdominal versus gluteo-femoral, which have different biological activities and relations
to CKD syndrome [18-20]. Corresponding with these limitations, the obesity paradox
is largely formulated as the observation that higher BMI may be associated with better
outcomes across a range of disease states [21-24]. Moreover, given that WC and HC are
highly correlated with BMI [15], in obesity paradox populations higher WC and HC may
also be associated with lower mortality [25,26].

Early in 2025, the Lancet Diabetes & Endocrinology Commission published recom-
mendations for defining obesity endorsed by more than 75 international medical orga-
nizations [27,28]. For “Clinical Assessment of Obesity”, the Commission recommended
(98% agreement) one “anthropometric criterion (waist circumference, waist-to-hip ratio,
waist-to-height ratio) in addition to BMI” or, in the absence of BMI, two such criteria. The
need is clearly felt to supplement the long-standing mainstay BMI with another anthro-
pometric indicator of obesity. Indeed, the last two decades have seen extensive study of
anthropometric indices which incorporate WC and/or HC to better capture risk for incident
or future disease.

In order to derive indices that reflect health risks based on WC and HC that are
independent from the information gained from BM]I, it is possible to follow an analogous
approach to that used to derive BMI. The core realization underlying BMI is that across
adult human populations, weight is approximately proportional to the square of height.
Therefore, the ratio BMI = W/H? is approximately independent of height, making it
more suitable as a weight-based risk indicator than the actual weight, which is positively
correlated with height. As indicated by Ansel Keys et al. [29], who advocated for BMI in
1972 and built on research going back to the previous century, “In the choice of an index of
relative weight derived from measures of weight and height, apart from the requirement
that the index be highly correlated with weight, the prime criterion must be the relative
independence of the index from height.”

The scaling of weight as H? is an example of allometry [30], where different body
dimensions are related in ways that are not consistent with humans of different sizes being
geometrically similar. The alternative, geometric similarity or isometry, would instead
imply that W should be proportional to H>.

This approach can be applied to, for example, derive an index based on WC. Within
populations, WC shows high positive correlations with H and especially W, and hence also
BML. If isometry held, WC would be directly proportional to other length dimensions, so one
might consider as indices dimensionless ratios such as WC/H or WC/HC [27]. However,
because allometry holds, such geometrically inspired ratios are in fact not independent of
H, W, or BMI. A body shape index (ABSI) is analogous to BMI in that it divides WC by
powers of H and W chosen such that the resulting index is approximately independent of
H, W, and BMI across adult human populations. The empirically derived formula in this
case is ABSI = WC/(W?/3H5/6) [31].

Hip index (HI) was similarly formulated as HC /(W82 H~0310) based on the empir-
ical allometric relationship between HC and height and weight [32]. HI does not adjust
for WC because the correlation between HI and ABSI was found to be low even without
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including such a factor. The overall result is that H, BMI, ABSI, and HI form an “allometric
quartet” that are approximately mutually independent, unlike the underlying H, W, WC,
HC measurements [33,34].

Studies have found that high ABSI is a strong predictor of many adverse health
outcomes, independent of BMI [35-38]. Mortality hazard increases exponentially with
ABS], while it is a U-shaped function of BMI [39-41]. Although HI is a less powerful
mortality predictor than ABSI [32], it also shows independent associations with disease
states [42,43].

Total anthropometric risk attributable to two or more of mutually independent indices
of the “allometric quartet” can be obtained by multiplication of the component risks.
Equivalently, the logarithms of the individual risks can be summed to approximate the
logarithm of relative risk for an individual with given values of these indices. Such a
combined anthropometric risk indicator (ARI) [32,44-46] cannot otherwise readily be
formed from highly inter-correlated measures, such as BMI and WC.

The goal of the current paper is to offer a comparison of the allometric approach that
extended BMI to WC and HC based indices (resulting in ABSI and HI as derived indices to
complement BMI) with other anthropometric indices found in the medical literature. A
list of indices based on anthropometrics and used for risk assessment is compiled based
on a recent review article. The correlations between these indices are computed based
on a national population sample, highlighting the mutual independence of allometric
indices, as compared to alternative indices. Associations with mortality hazard from up
to 31 years of follow-up are also computed, and the potential advantage of combined
risk estimates from multiple independent allometric indices illustrated. Implications for
choosing anthropometric indices to complement BMI are discussed.

2. Methods
2.1. Selection of Anthropometric Indices

Anthropometric indices were selected from a literature review covering the years
1956-2020 [47]. We selected only the 10 indices that could be computed using the basic
anthropometrics H, W, WC, and HC, possibly also with adjustment for age and sex. Thus,
we excluded for the purpose of this comparison indices based on other body measurements
(such as of the neck and limbs), body imaging, or laboratory tests. To the qualifying
10 indices extracted from that review [47], we added the more recently published Waist-
Hip Index (WHI) [48] as well as Hip Index (HI) [32]. For each of 12 indices, their name
was searched in PubMed on 20 March 2025 to identify a sentinel (original or at least
early) publication for the index that defined its rationale and formula. The number of
citations returned was also recorded as an indicator of the popularity of each index in the
medical literature.

2.2. Units and Transformations of Indices

The formulas for many anthropometric indices, including allometric ones such as
ABSI and BM], include fractional powers of body dimensions, leading to them having non-
intuitive units. This can be overcome by scaling the body dimensions before taking their
power. For example, the basic formula for ABSI is WC/ (W?/3H~%/6), which, if WC and H
are given in m and W in kg, results in units of m!/ 6kg_2/ 3 [31], which moreover would
change if the exponents of H and W were adjusted for different populations [49]. Scaling
here can involve dividing W, H by typical values Wy, Hy that can be the mean for some
cohort before entering them in the formula [32]. If W and H are scaled but WC is left in its
original units, then ABSI will have the same units as WC, and can be intuitively understood
as WC adjusted to some standard weight and height (Wy, Hy). Similarly, by scaling H and
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W, HI can be understood as HC adjusted to a standard weight and height [32]. This scaling
(with Wy =73 kg, Hp = 1.66 m [32]) was applied here for ABSI and HI. Numerically, this
only multiplies all the index numerical values by a constant factor, and does not affect the
relative differences in index value between people or correlations with any other quantities.

Before comparing anthropometric indices, a further step taken was to convert each to a
z score by subtracting age and sex specific means and dividing by standard deviations [31].
The justification for this is that typical values for many indices differ by age and sex, and
that the standardizing by the expected value and its spread is more informative about an
individual’s relative risk [15]. Z scores also make different indices directly comparable
regardless of original units, in that all will have a population mean close to 0 and standard
deviation close to 1 [50]. This is similar to assessing growth in children by considering age-
and sex-specific percentiles or z scores rather than absolute lengths or weights [51]. The
age and sex specific means and standard deviations for all anthropometric indices were
computed from the NHANES III cohort (described below) using smoothing splines [31].

In order to illustrate the possibility of combining independent allometric indices to
improve risk prediction, ARI was also computed for the NHANES III cohort by summing
the logarithms of mortality hazards separately due to BMI and ABSI, estimated from their
separate nonlinear Cox proportional hazard models (described below). Hazards due to
HI and H could also be added, since these are also mutually uncorrelated, but these are
smaller (in the case of HI) or almost zero (for H) [32], so were left out.

Since the expression for ARI is cumbersome and potentially dependent on the outcome
of interest and the cohort used to estimate it (although it has been shown to hold up
across cohorts [32]), we also devised a cruder combination of mortality risk from BMI
and ABSI, as ARIgimple = |ZBMIgimple| + ZABSIgimple- Here, ZBMIgimple, ZABSimple are
simplified z scores with population-wide rather than age and sex specific means and
standard deviations; the respective means and standard deviations adopted are 27.0 and
5.8 kg m~2 for BMI and 91.9 and 6.5 cm for ABSI. This formulation relies on the finding
across many studies that overall effect on mortality risk is comparable in magnitude for
ABSI and BMI, and that mortality risk is elevated for both well below and well above
average BMI, while it increases monotonically with increasing ABSL

2.3. Correlations and Mortality Risk Associations

To illustrate the inter-correlation and predictive power of the various anthropometric
indices, public-use data from the Third National Health and Nutrition Examination Survey
(NHANES III) were analyzed. NHANES III sampled the civilian non-institutionalized
United States population during 1988-1994, and linked mortality outcomes through 2019
were available from the National Center for Health Statistics (25-31 years of follow-up).
Details about the NHANES III protocol and demographics are available elsewhere [52,53],
and previous studies have reported on the correlations between anthropometric variables
and between anthropometrics and mortality hazard in NHANES III [32,54]. The NHANES
I protocol was approved by the NHANES Institutional Review Board, and all participants
gave written informed consent [55]. We analyzed NHANES III data for all nonpregnant
adults (age 18 and over) with H, W, WC, HC measurements and mortality follow-up
(n = 16,066, with 6604 deaths recorded).

The full correlation matrix of all the identified anthropometric index z scores (along
with those of the basic anthropometrics H, W, WC, and HC themselves, for comparison)
was generated using the NHANES data. This was examined with a particular focus on the
independence of each index from BMI. Additionally, the ability of each index to predict
mortality hazard was quantified using Cox proportional hazard modeling, as described
previously [32]. For each index, both linear and nonlinear (penalized cubic spline) hazard
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models were constructed. The linear model assumes that the logarithm of mortality hazard
changes linearly with each increment of index z score (thus, death rate is an exponential
function of index z score), while the nonlinear model allows the logarithm of mortality
hazard to be an arbitrary smooth function of the index z score. The main measure of
relative model performance was Akaike information coefficient (AIC) difference, AAIC,
given relative to a baseline model with only age and sex as predictors (no anthropometrics
used). We defined AAIC = AIChaseline— AlCmodel SO that higher values of AAIC give
evidence of stronger association with mortality hazard. Differences of AAIC of 6 or more
indicated models that perform significantly differently (at the 95% confidence level) as
mortality predictors for the sampled population [39].

These analyses were carried out with R software (version 4.3.3) [56], with the survival
package (version 3.5.8) for the Cox proportional hazard modeling [57].

3. Results
3.1. Index Characteristics

Table 1 lists the selected indices (and the abbreviations used for them) and provides
basic data for each (sentinel paper, formula, popularity). Based on the sentinel papers cited
in Table 1, the rationales for the indices could be grouped into (1) simple dimensionless
ratios (WHtR, WHR); (2) approximation of the trunk or body as a simple geometric shape
(AVI [cylinder and cone], BRI [ellipse]); (3) maximal correlation with non-anthropometric
measures of adiposity such as percent body fat (BAI, CUN-BAE); and (4) allometry (BMI,
ABSI, HI, WHI; CI and WWI can also be placed in this category, as they state as an objective
minimizing correlation with height and weight or BMI). Examining the functional forms of
the index formulas, it can be noted that many are products of powers of the anthropometrics
(or sums of two or more terms that are such products), while BRI is just a nonlinear but
monotone function of WHtR.

Table 1. Anthropometric indices.

Name Abbreviation Year Citations Formula
Body mass index BMI 1972 [29] 730,408 WH™2
Waist-to-hip ratio WHR 1984 [58] 23,686 WCHC™!
Conicity index CI 1991 [59] 761 g WCHY/2ZW~1/2
Waist-to-height ratio WHItR 1995 [60] 7541 WCH™!
Abdominal volume index AVI 2003 [61] 247 20WC? + 14 HC?
Body adiposity index BAI 2011 [62] 1139 HCH™ %2 - 18
—44.988 + (0.503 age)
+(10.689 sex) + (3.172 BMI)
—(0.026 BMI?)
Clinica Universidad de Navarra—body adi- ~ CUN-BAE 2012 [63] 123 +(0.181 BMI'sex)
posity estimator —(0.02BMI age)
—(0.005 BMI? sex)
+(0.00021 BMI? sex)
A body shape index ABSI 2012 [31] 1269 WCH5/6w—2/3
Body roundness index BRI 2013 [64] 640 364.2 —365.5,/1 — (LWC H1)2
Hip index HI 2016 [32] 216 HC HO310 yy—0.482
Weight-adjusted-waist index WWI 2018 [65] 376 WCW~-1/2
Waist-hip index WHI 2021 [48] 109 WHR BMI /4

Arranged in order of sentinel publication. H = height, W = weight, WC = waist circumference, HC = hip
circumference. See the respective references for units in the formulas.
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In terms of popularity in the medical literature, the allometric indices ABSI and HI
have done relatively well compared to most others. However, BMI still overwhelmingly
dominates, with the simple ratios WHR and WHIR being the next most widely used.

3.2. Correlations Between Indices

Figure 1 presents the correlation matrix for the anthropometric indices evaluated with
NHANES data, after all indices were transformed to age and sex specific z scores. The
“allometric quartet” of H, BMI, ABSI, HI, plotted in the upper left corner, has almost zero
inter-correlation, as intended in its construction. By contrast, CUN-BAE has a correlation
of 0.98 with BMI, and thus would be expected to be almost interchangeable with it, aside
from their possibly different dependence on age and sex, which were removed by taking
the z scores. WHtR and its close derivative BRI both have correlations of 0.91 with BMI
(and 0.99 with each other), while AVI and BAI have correlations with BMI of 0.89 and
0.88 respectively. These are similar to the correlation of around 0.9 observed between WC
and BMI in different populations [32], and these indices also all show large correlations
with H compared to BMI or ABSI. Another grouping of indices, CI, WWI, and WHR, have
moderate correlations of 0.45 to 0.50 with BMI and stronger correlations of 0.72 to 0.86 with
ABSI. WHI has the weakest correlation with BMI outside the allometric quartet, in keeping
with its basis of derivation, and shows a correlation of 0.80 with ABSI and the strongest
correlation of any of the indices, —0.51, with HL

w
_ 5L .
: % .:38929E&3%%c33%:§F
BMI 0.91 0.90 0.90 0.91 0.88 0.89 0.50 0.98 0.48 0.45 0.91
ABSI 0.38 0.36 0.86 0.81 0.72 0.38/ 0.80 08
H 0.36 -0.35 -0.35
HI 0.39 0.37/ 0.40 -0.45 -0.51 06
W 091 0.36 0.89 0.93 0.77/ 0.68 0.92 0.46 0.90 0.31 0.38 0.77 o
WC 0.90 0.38 0.89 0.86 0.95 0.76 0.85 0.79 0.91 0.70 0.68 0.95
HC | 0.90 0.39 0.93 0.86 0.79 0.82 0.99 0.47 0.89 0.36 0.78-0.37 - 02
BRI 0.91 0.36 0.77 0.95 0.79 0.86 0.78 0.77 0.89 0.78 0.68 0.99
-0
BAI | 0.88 -0.35 0.37 0.68 0.76 0.82| 0.86 0.82 0.46 0.87 0.55 0.86
AVl | 0.89 0.40/ 0.92 0.85 0.99 0.78  0.82 0.45/ 0.87 0.35 0.77-0.38 L 02
Cl 050 0.86 0.46| 0.79| 0.47| 0.77| 0.46| 0.45 0.52/ 0.95 0.86 0.79 0.60
CUN-BAE 0.98 0.90 0.91 0.89 0.89 0.87 0.87 0.52 0.49/ 0.48 0.91 o4
WWI | 0.48 0.81-0.35 0.31/ 0.70| 0.36/ 0.78| 0.55/ 0.35| 0.95 0.49 0.85 0.80 0.60 05
WHR | 0.45 0.72 -0.45) 0.38| 0.68 0.68 0.86 0.48 0.85 0.71/ 0.77
WHtR | 0.91/ 0.38 0.77 0.95 0.78 0.99 0.86 0.77 0.79 0.91 0.80 0.71 -08
WHI 0.80 -0.51 -0.37 -0.38 0.60 0.60 0.77

-1

Figure 1. Correlations between z scores of anthropometric indices in NHANES III. Larger correlations
are shown in brighter colors, with blue for positive and red for negative correlations. The correlation
of each index with itself is always 1 and not shown.
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3.3. Associations with Mortality Hazard

Figure 2 displays the Akaike information score relative to a baseline model without an-
thropometrics for mortality hazard prediction in NHANES III using each index. Beginning
with the allometric quartet, BMI and ABSI are comparably strong nonlinear predictors. BMI
is weaker as a linear predictor because of its U-shaped association with mortality, whereas
the association of ABSI z score with the logarithm of mortality hazard is more linear. H has
no significant association with mortality in this sample, and HI has a nonlinear (U-shaped)
association with mortality that is weaker than that of BMI or ABSL

65.2
BM! h 205.6

151.5
-0.7
H | -0.8

HI

IE..

411

W h48'1 143.4

o e 2020
o S — 1467
e e 2159
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A 31'1_ 145.8

et e 2089
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e L e
-

0 -
100 —
200
300
400 -
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Figure 2. AAIC, a measure of predictive power, for each anthropometric index as a linear (upper,
orange bar) or nonlinear predictor (lower, green bar) of mortality hazard in NHANES IIL

Indices that are strongly correlated with BMI and almost not at all with ABSI (CUN-
BAE, BAI, AVI) share with BMI that they are much stronger nonlinear predictors compared
to linear ones. Indices that are strongly correlated with BMI but have some association with
ABSI (WHLtR, BRI) improve as linear predictors, but only slightly as nonlinear predictors,
compared to BMI. Indices that are strongly correlated with ABSI and only moderately or
weakly with BMI (CI, WWI, WHR, WHI) are comparatively strong linear predictors and in
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some cases (particularly CI) outperform any single member of the allometric quartet also
as nonlinear predictors.

The advantage of the allometric quartet for risk prediction is not that any one of its
indices is necessarily the best for mortality prediction, but that its indices are independent
of each other, so that the risks attributable to each can be summed, creating risk assessments
that combine multiple dimensions of size/shape variability. Thus, ARy, created by
summing ABSI and BMI risks according to crude approximations of their typical associa-
tions with mortality risk, outperforms all the tested indices either as a linear or nonlinear
predictor. The full ARI approach to summing risks associated with BMI and ABSI does
better yet, being a linear predictor with AAIC close to the sum of the nonlinear ones for
BMI and ABSI separately.

4. Discussion

What can be learned from the comparison of the different anthropometric indices,
particularly in relation to the call for additional anthropometric criteria to be used for defin-
ing obesity? One clear shortcoming found for many of the indices in the literature is that
they are not independent of height, and are therefore expected to be systematically biased
between population groups with different average heights. Even indices of height-adjusted
WC, if they are motivated by isometric reasoning (as is the case for WHtR or BRI), do not
match the nonlinear (allometric) relationship empirically found between H and WC [66].
To this extent, they are inferior to BMI, which does successfully capture the nonlinear
relationship seen between H and W in numerous studies of adult human populations.

Should a new anthropometric index also be independent of BMI? This criterion was
used to derive the allometric indices, primarily ABSI and HI. Most of the other indices,
however, either have very high correlations with BMI, matching the correlations of about
0.9 between W, BMI, and WC, or moderate correlations with BMI and higher ones with
ABSI. There is currently not a definitive answer to this question.

On the one hand, to the extent that BMI is a clinically useful construct, correlation
with it could be seen as validating for new indices to diagnose obesity. As well, indices
that are based on maximizing prediction of measures related to body composition, such
as % fat (e.g., CUN-BAE), or to disease risk might very well show high correlations with
BMI while improving on BMI for their designed purpose. On the other hand, mutually
independent indices are more interpretable in that ABSI and HI related risk is clearly
information supplementary to that offered by BMI, while the value of other indices may
be more difficult to perceive given their “entanglement” with BMI. Thus, an index with
high positive correlation with BMI will almost always have elevated values when BMI is
high enough and low values when BMI is low enough, so its values being above or below a
given threshold would only be meaningful for some middle range of BMI [15].

One possible objection to using allometric indices such as ABSI is the relative complex-
ity of their calculation, compared to just WC measurements or dimensionless ratios like
WHR and WHtR. However, BMI also requires a calculator or lookup table to determine, but
has nevertheless become standard. Even more complicated constructs, such as Framingham
Risk Score, are widely advocated for health decision making [67-70]. Prototype online
calculators for computing ABSI and HI and their z scores have been provided already at
initial publication [32] and could likewise be integrated into increasingly computer-reliant
medical practices [71].

Strengths of the current work include comparing a comprehensive suite of proposed
anthropometric indices and using a large national population sample with lengthy follow-
up. There are several limitations, which should be addressed in future systematic studies.
Data were from only one country. Mortality was the only health outcome considered,
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although correlations between anthropometric parameters and other risk factors such
as hypertension, hypertriglyceridemia, and hyperglycemia [37,46,72,73], as well as the
development of cardiovascular disease, cancer, and other ailments [74-77] are known to
exist and can also be compared between indices using similar methods. As well, only
adults were considered, and in some cases indices may have different cardiovascular risk
associations in children as compared to adults [78], although studies have shown value in
ABSI and HI z scores (using age-appropriate means and standard deviations) as markers of
health risks in children and adolescents as well [79-82].

5. Conclusions

Our main contribution is demonstrating the distinctive mutual statistical indepen-
dence of allometric indices that can provide information about body shape independent
of height and BMI, which leads to the possibility of a straightforward summation of risk
across indices to improve predictive power and hopefully clinical relevance (the ARI ap-
proach). While the other indices studied have their own justifications and advantages,
taking up ABSI and HI to improve the definition of obesity and related risks would be
a logical continuation of the allometric derivation of BMI, a highly successful although
imperfect construct.
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