JOURNAL OF THE
AUXOLOGICAL SOCIETY

ISSN2748-9957 | Vol.1 2021 | pp.1-12

Estimation of Percentage of Body Fat in Field Studies — A
Method Based on Relative Elbow Breadth (Frame Index) and

Rebekka Mumm' @ « Anna Reimann' - Christiane Scheffler!

" University of Potsdam, Institute of Biochemistry and Biology, Human Biology, Potsdam, Germany.

Citation:

Mumm, R, Reimann, A, Scheffler, C (2021),
Estimation of Percentage of Body Fat in Field
Studies, Human Biology and Public Health 1.
https://doi.org/10.52905/hbph.v1.3.

Received: 2020-08-24
Accepted: 2020-10-29
Published: 2021-06-22

Copyright:

This is an open access article distributed under the
terms of the Creative Commons Attribution License
which permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Conflict of Interest:
There are no conflicts of interest.

Correspondence to:

Rebekka Mumm
email: rebekka. mumm@gmail.com

Keywords:

body fat estimator, body composition, skeletal
robusticity, hidden obesity, normal weight obese

Abstract

Background Over the last 20 years, a decreasing trend in external
skeletal robusticity and an increasing trend in overweight and obe-
sity was observed worldwide in adults and children as modern
lifestyles in nutritional and activity behavior have changed. How-
ever, body mass index (BMI) as a measure for overweight is not an
ideal predictor of % body fat (%BF) either in children and adoles-
cents or in adults. On the contrary, it disguises a phenomenon called
“hidden obesity™.

Objectives We aim to approximate %BF by combining skeletal robus-
ticity and BMI and develop an estimation-based tool to identify nor-
mal weight obese children and adolescents.

Sample and Methods We analyzed cross-sectional data on height,
weight, elbow breadth, and skinfold thickness (triceps and sub-
scapular) of German children aged 6 to 18 years (N=15,034). We
used modified Hattori charts and multiple linear regression to de-
velop a tool, the “%BF estimator”, to estimate %BF by using BMI
and skeletal robusticity measured as Frame Index.

Results Independent of sex and age an increase in BMI is associated
with an increase in %BF, an increase in Frame Index is associated
with a decrease in %BF. The developed tool “%BF estimator” allows
the estimation of %BF per sex and age group after calculation of BMI
and Frame Index.

Conclusion The “%BF estimator” is an easily applicable tool for the
estimation of %BF in respect of body composition for clinical prac-
tice, screening, and public health research. It is non-invasive and has
high accuracy. Further, it allows the identification of normal weight
obese children and adolescents.

Take home message for students For the estimation of % body fat of children and adolescents with
“%BF estimator” in clinical practice, screening, and public health research height, weight and elbow

breadth need to be collected.
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Introduction

Over the last 20 years, a decreasing trend
in external skeletal robusticity was ob-
served worldwide e.g., Germany, Russia,
and Argentina (Hermanussen et al. 2015;
Navazo etal. 2020; Rietsch etal. 2013b;
Scheffler and Hermanussen 2014). The
phenomenon is independent of sex and
age and occurs not only in persons with av-
erage values but also in all centiles (Mumm
et al. 2018; Navazo et al. 2020; Rietsch et al.
2013b). For example, the 10" centile of
German boys of skeletal robusticity, mea-
sured by Frame Index (Frisancho 1990) in
2010, is below the 3 centile of a similar
cohort measured in 2000 (Rietsch et al.
2013a; Scheffler 2010). Similar results were
found in Argentina (Navazo et al. 2020). In
the short period of ten years a tremendous
decline in skeletal robustness, indepen-
dently of ethnicity, age and sex occurred
worldwide mainly due to a lack of physical
activity (Rietsch et al. 2013a).

Contemporaneously, the world is experi-
encing a global epidemic of overweight
and obesity in adults and children as mod-
ern lifestyles in nutritional and activity
behavior have changed. In 1975, 5 mil-
lion girls and 6 million boys globally were
classified as obese (individual body mass
index (BMI) 2 BMI SDS of reference).
Nowadays, 30 years later, globally 50 mil-
lion girls and 74 million boys are obese
(NCD Risk Factor Collaboration 2017).
The problem is still ongoing as changes in
lifestyle, policies and environmental condi-
tions are very slow (Swinburn et al. 2019).
Recently, adults with a BMI within the
normal range but a high amount body fat
(BF) were described and defined as “nor-
mal weight obese” (NWO) (Lorenzo et al.
2006; Marques-Vidal et al. 2010; Mokhtar
et al. 2001; Romero-Corral et al. 2010). The
phenomenon is also known as “hidden obe-
sity” (Mokhtar et al. 2001). The definition

also applies to children that have a high-
fat mass and low-fat free mass but their
BMI is within a normal range (Czernitzki
etal. 2017; Wohlfahrt-Veje etal. 2014),
however, commonly agreed cut-offs for
the percentage of BF (%BF) to define over-
weight and obesity in children are still
missing (Czernitzki et al. 2017; Wohlfahrt-
Veje et al. 2014).

Skeletal robusticity, body mass, and body
composition interact e.g., an increase in
skeletal dimensions is associated with an
increase in BF (La Guzman-de Garza et al.
2017). The interaction was described in de-
tail by Rietsch et al. (2013a). They propose
a triangular interaction that is mediated
by physical activity. BMI, %BF, and Frame
Index are positively correlated with each
other. Thereby, %BF and Frame Index have
a direct positive influence on BMI. Fur-
ther, due to the mediation an increase in
physical activity increases the Frame Index
but decreases BMI and %BF. Additionally,
physical activity acts as a mediator via
Frame Index on BMI. An increase in phys-
ical activity increases Frame Index which
effects BMI (Figure 1).

i

physical
activity

% body BMI
fat

Figure 1 Interaction of BMI, Frame Index, % body fat and phys-
ical activity (adapted after (Rietsch et al. 2013a; Scheffler and
Hermanussen 2018)

As described earlier, BMI is used to iden-
tify overweight and obese children as BMI
and %BF are positively correlated. In gen-
eral, boys and girls with a high BMI have
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a high amount of BF whereas the interac-
tion is stronger in girls than in boys (La
Guzman-de Garza et al. 2017; Prentice and
Jebb 2001; Woolcott and Bergman 2019).
Despite the high correlation, BMI is not an
ideal predictor of %BF either in children
and adolescents or in adults (Deurenberg-
Yap etal. 2000; Wells 2018; Wickramas-
inghe 2012). The relationship further de-
pends on ethnicity as, for example, Asians
have a lower BMI but at the same time a
higher %BF (Deurenberg-Yap et al. 2000;
Prentice and Jebb 2001), however, bone
measures do not differ significantly be-
tween ethnicities (Hetherington-Rauth
etal. 2018). Although “bone mass, skele-
tal muscle mass, and fat mass are highly
correlated with BMI” (Wells 2014), BMI is
only a measure of height and weight and
not body composition. It does not reflect
population-specific body composition and
is said to be a poor indicator of adiposity
within and across populations (Wells 2014;
2018).

Reliable information on body composition
and %BF is obtained by dual-energy X-ray
absorptiometry (DXA), bio impendence
analysis (BIA), or hydrostatic weighing
(Borga et al. 2018). These methods are ex-
pensive, invasive (in case of DXA), and too
demanding of equipment and effort (e.g.,
BIA) for low-cost fieldwork in e.g., kinder-
gartens and schools. A valid substitute for
public health research is the non-invasive
measurement of skinfold thickness (Wells
2014) to calculate %BF using the equation
provided e.g., by Slaughter etal. (1988).
However, skinfold thicknesses are rarely
measured in screening programs, mostly
in programs with a specialized research
question, as a special caliper and training
are needed for accurate measurements.
Therefore, we aim to develop an easily ap-
plicable tool with high accuracy to estimate
%BF using standard measures of screening
like height and weight and the measure of
elbow breadth which has a low measure-

ment error and requires almost no special
training. Using BMI and skeletal properties
might allow to combine information on fat
mass and lean mass to estimate %BF and
might further allow identification of NWO
children and adolescents (= children and
adolescents with hidden obesity).
We hypothesize:
1. Frame Index and BMI together approxi-
mate %BF in German boys and girls.
2.Relative low Frame Index and normal
BMI is a proxy for hidden obesity in chil-
dren and adolescents.

Samples and Methods

Samples

We analyzed cross-sectional data on height,
weight, bi-epicondylar humerus, and skin-
fold thickness (triceps and subscapular)
of German children aged 6 to 18 years.
After Frisancho (1990), we refer to bi-epi-
condylar humerus as elbow breadth. Data
originate from the baseline KIGGS-study
(German Health Interview and Examina-
tion Survey for Children and Adolescents),
a representative cross-sectional study con-
ducted from 2003-2006. Details of the
study can be found elsewhere (Holling
et al. 2012; Kamtsiuris et al. 2007). Addi-
tionally, data of several different studies of
children and adolescents from Berlin and
the federal state of Brandenburg were used.
For details see Schilitz (2001), Schiiler
(2009), Rietsch et al. (2013a). Due to data
aggregation, 15,034 children and adoles-
cents were analyzed altogether. Table 1
shows the sample sizes per sex and age
group.

Methods

As an indicator of the external skeletal ro-
busticity, the Frame Index was used. It was



R.Mummetal. - Estimation of %Body Fat in Field Studies -+ HBPH 2021 Vol.1 - pp.1-12

Table 1 Sample size per sex and age group
age 6 1 8 9 10 n
gils 736 706 79 712 694 659
boys 828 739 667 719 135 668
total 1564 1445 1386 1551 1429 1327

calculated after Frisancho (1990): Frame
Index = elbow breadth (in mm)/height (in
c¢m)*100. The interobserver technical error
of measurement (TEM) for elbow breadth
is 1.54 mm (Frisancho 1990). Further, we
calculated BMI as the quotient of weight
(in kg) and squared height (in m). For the
estimation of %BF, equations based on
skinfold thickness (triceps and subscapu-
lar), published by Slaughter et al. (1988)
were used. Interobserver TEM for skin-
folds at triceps and subscapular is 1.06 mm
and 2.28 mm respectively (Ulijaszek and
Lourie 1994). Estimation of %BF by Fri-
sancho (1990) has a standard error of the
estimate (SEE) of 3-4%. Modified body pro-
portion charts as proposed by Hattori et al.
(2011; 1997) were applied to the dataset to
visualize the relationship of %BF, Frame In-
dex, and BMI. Frame Index was presented
on the x-axis, BMI on the y-axis, and %BF
was added as splines (see Figure 2 and
3). To estimate %BF depending on Frame
Index and BMI, we conducted linear re-
gression models for each sex and age group
as %BF varies between sexes and changes
with development and maturation of chil-
dren and adolescents (Wells 2018). Age
groups were defined as completed years
(age group 6: 6.00 to 6.99 years). Children
and adolescents with a BMI under the 90
centile and a %BF above the 85" centile
of appropriate references were classified
as normal weight obese (= hidden obese)
adapting a definition by Czernitzki et al.
(2017).

3 14 15 16 1 18 total
512 488 502 451 505 93 7425
565 523 531 456 451 51 17609
1077 1011 1033 907 962 150 15034

Results

The estimated %BF per sex and age group
by Frame Index and BMI are presented
as modified Hattori chart in Figure 2 and
3. These charts act as a tool to estimate
%BF and are therefore called “%BF estima-
tor”. Independent of sex and age a positive
interaction of BMI and %BF and a nega-
tive association of Frame Index and %BF
can be overserved. An increase in BMI is
associated with an increase in %BF, an in-
crease in Frame Index is associated with a
decrease in %BF. Exceptional, 11- and 12-
year-old girls show a slightly reverse associ-
ation. The presented figures are references
for the estimation of %BF, detailed figures
per sex and age group are presented in the
supplementary files S1 and S2. To use the
references BMI and Frame Index need to
be calculated and added to the reference
graph before %BF can be extracted.
Specific examples for 8-year-old girls are
presented in Figure 4. For all example
patients, the following references were
used: Mumm etal. (2018) for Frame In-
dex and Schaffrath etal. (2010) for BMI.
Children with a BMI above the 90™ cen-
tile of a specific reference are classified
as overweight (after recommendations by
Kromeyer-Hauschild etal. (2001)). The
children differ in centiles (C) of Frame In-
dex and BMI:
+ Child 1 (P1): Frame Index C10 (10"
centile) and BMI C10
o Child 2 (P2): Frame Index C10 and
BMI C90
« Child 3 (P3): Frame Index C50 and
BMI C50
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Figure 2 References for the estimation of %body fat by Frame Index and BMI per age for boys (“%BF estimator”)

o Child 4 (P4): Frame Index C90 and
BMI C10
« Child 5 (P5): Frame Index C25 and
BMI C87
Child 5 is a real existing child not included
in the dataset that was used for develop-
ing the "%BF estimator”. Child 5 further
has a %BF above the 85" centile of Ger-
man references of %BF (dashed line) after
Schwandt et al. (2012). Child 5 would not
be classified as overweight as the BMI is
below the 90" centile but according to our
definition child 5 would be classified as
normal weight obese. Child 5 has an esti-
mated %BF of about 22.5%. The measured
%BF of child 5 is 22.2%. Similar examples
(not shown) can be found in boys and girls
of all ages.

Discussion

In this paper, we developed an easily appli-
cable tool, the “%BF estimator” to approx-
imate %BF by Frame Index and BMI in
German boys and girls. Hence, our first hy-
pothesis is true. The “%BF estimator” has
implications for clinical practice and public
health research as with the tool it is easily
possible to estimate %BF without complex
equations and calculations for the user by
using the standard indexes BMI and Frame
Index. “%BF estimator” could, therefore,
be used in all kinds of settings, particularly
in low budget studies, for population-wide
screening, etc. in high-, low- and middle-
income countries, but also in screening
programs in well-developed countries. Ad-
ditionally, our second hypothesis is true
as well. “%BF estimator” can be used to
identify NWO children and adolescents as
seen in example child 5 in Figure 4. Child
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Figure 3 References for the estimation of %body fat by Frame Index and BMI per age for girls (“%BF estimator”)

5 is classified as NWO by an adaption of
Czernitzki et al. (2017). The girl has a BMI
within a normal range (between 10" and
90™ centile) and a %BF above the 85™ cen-
tile. As seen in Figure 4, the girl’s Frame
Index is very low (10" centile, C10). This is
in line with results published by Musalek
etal. (2018). They found NWO children
to have the lowest values of Frame Index.
Children and adolescents with a normal
BMI but low skeletal robusticity measured
by Frame Index are at risk of suffering from
hidden obesity.

It is known that adults classified as NWO
have a higher risk of cardiovascular and
metabolic diseases (Lorenzo etal. 2006;
Marques-Vidal etal. 2010; Romero-Cor-
ral et al. 2010). “Similar risk patterns may
apply to children at school age with %BF
above the upper limit” (Wohlfahrt-Veje
et al. 2014). Therefore, it is important to
identify NWO boys and girls with easily ap-

plicable tools. The “%BF estimator” seems
to be such a tool but further research is
necessary to evaluate the tool in other
populations and on children that are classi-
fied as NWO by other measures e.g., DXA.
NWO children and adolescents are often
not focused on when screening the pop-
ulation on overweight and obesity or in
daily clinical practice. As NWO boys and
girls have “normal” BMI, they do not ap-
pear overweight or obese although their
risk for cardiovascular and metabolic dis-
eases might be the same. If integrated into
standard screening procedures and guide-
lines for pediatricians the “%BF estimator”
can help to identify children at risk. NWO
children, adolescents and adults are often
also referred to as “skinny fat”. The oppo-
sites of NWO is called “healthy obese” -
people with BMI that classifies them as
overweight, but a %BF within the normal
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Figure 4 Examples %body fat estimation of 8-year old girls differing in BMI and Frame Index (P, - child,). 85! centile of German %

hody fat references (Schwandt et al. 2012) added as a dashed line.

range. A phenomenon often seen in sports-
men e.g., body builders.

But what are the advantages of the “%BF
estimator”? As commonly known, BMI
alone is a poor predictor for %BF. Wick-
ramasinghe (2012) found an increase in
fat mass but not in lean mass when body
weight increases in Sri Lankan children
and assumed a lack of physical activity to
be the underlying cause. Similar conclu-
sions were drawn by Rietsch et al. (2013b)
for children in Germany and Russia. They
use the Frame Index as a measure of skele-
tal robusticity and substitute for lean mass
and showed a direct effect of physical activ-
ity on skeletal properties. The interaction
of bone and body mass is more complex
than generally assumed and “unlikely to be
driven principally by the loading imparted
by body mass due to gravity” (Pomeroy et al.
2018). Although fat mass is a component

of body mass and contributes to skeletal
loading, lean mass is the main determi-
nant of limb bone strength, particularly
on upper limbs (Hetherington-Rauth et al.
2018; Pomeroy et al. 2018). Skeletal prop-
erties can be used to estimate lean mass
but they are not reliable for estimating fat
mass (Pomeroy et al. 2018). Therefore, a
combination of skeletal measures and BMI
should be used to approximate %BF like in
the developed tool “%BF estimator”. The
method behind “%BF estimator” can be
adapted to other populations with a differ-
ent interaction of %BF and BMI e.g., in Asia
(Deurenberg-Yap et al. 2000; Prentice and
Jebb 2001) by repeating the calculations
using population-specific information on
BMI and Frame Index.

Normal weight obese children have low
skeletal robusticity probably due to a lack
of physical activity. As seen in overweight
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children a reduction in BMI can be caused
by areduction of energy intake but not with
an increased amount of physical activity
(Birch et al. 2019). The success of physical
activity in the reduction of overweight has
to be measured differently (Epstein et al.
2008). Furthermore, although BMI is cor-
related with %BF the “optimal percentile
cutoff to define obesity in children dif-
fers between those with high muscle mass
or a large body frame” (La Guzman-de
Garza et al. 2017). The interaction of lean
mass and physical activity is not captured
by BMI measurements and Frame Index
seems to be a more appropriate measure
(Rietsch et al. 2013a). We assume that an
increase in Frame Index due to an increase
in BMI is caused by an increase in body
weight but not by higher levels of phys-
ical activity. Bones and skeletal muscles
form a functional unit. “Fat mass is not a
strong predictor of bone size or geometry”
(Pomeroy et al. 2018), however, lean mass
is. Lean mass contributes to all bones in
strength and measurements, whereas fat
mass only contributes to weight-bearing
bones. Non-weight bearing bones like the
upper limbs are not directly affected by fat
mass, however, during bipedal locomotion
muscles and bones in arms and shoulders
interact (Preuschoft 2004). When walking
the non-weight bearing bones of the upper
limbs are moved due to pendulousness of
shoulder and arms by muscles (Preuschoft
2004; Scheffler and Hermanussen 2014).
As lean mass influences bone strength,
physical activity like walking and thereby
moving upper limbs, increase the Frame
Index (Rietsch et al. 2013a; Scheffler and
Hermanussen 2014). “Moreover, in the
non-weight bearing diaphyseal radius, fat
mass had a significant negative associa-
tion with cortical bone content [...] and
thickness [...]” (Hetherington-Rauth et al.
2018). Further research is needed to under-
stand the proximate and ultimate causes
of this interaction. However, Frame Index

can be used as a substitute for lean mass
and physical activity as it is measured on
non-weight bearing bones. In combination
BMI, which roughly measures the fat mass,
the body composition of an individual can
be taken into account.

Our published tool “%BF estimator” is an
easy tool to estimate %BF in respect to
individual body composition that is low-
cost, non-invasive, and has high accuracy
in terms of technical measurement errors
for measurements of height, weight and
elbow breadth. Height and weight are stan-
dard measurements in all screening pro-
grams globally and elbow breadth is a very
easy measurement that requires almost no
training usable by health care workers or
researchers to integrate into said screen-
ing programs. Although bone measures
are not population-specific the references
used for “%BF estimator” depend on age,
sex, and population (Deurenberg-Yap et al.
2000; Hetherington-Rauth et al. 2018). Our
developed tool might also be an answer
to the statement of Pomeroy et al. (2018):
“The ability to estimate fat and lean mass
from skeletal characteristics would offer
novel potential to investigate past human
adaptation, health, and evolution, as well
as to understand the origins of contempo-
rary variation in body composition.”

We recommend using the “%BF estimator”
in the field to approximate %BF if other
methods like DXA are not appropriate
due to their invasive X-rays. Furthermore,
the “%BF estimator” can be used for the
detection of NWO boys and girls in clini-
cal practice and public health research. It
is not practical to use in adults, because
physical activity (correspondingly also the
muscle mass and fat mass) can change
over time, whereas the bone dimensions
change only marginally in adults. In that
case for adults the handgrip strength as
an recent measure of muscular load at the
same value of BMI is a good indicator of
percentage of fat (Nickerson et al. 2020).
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Limitations

Our study is limited by several factors.
First, %BF data measured by DXA or hy-
drostatic weighing is missing. Second, as
we used the equation by Slaughter et al.
(1988) to calculated the %BF for our anal-
ysis, we had to estimate the pubertal sta-
tus in boys by age as recommended by
Schwandt et al. (2012). However, a compar-
ison of using Tanner stages (Tanner 1962)
for classification of maturation or the age
groups of Schwandt etal. (2012) showed
no differences between the methods for
the accuracy of %BF calculation (Mumm
2015). Third, direct data on physical activ-
ity levels of children e.g., accelerometer
data or questionnaires are missing, how-
ever, Frame Index and physical activity are
positively correlated (Rietsch et al. 2013a).
The analysis and estimation of the “%BF
estimator” tool could be repeated with data
from DXA and accelerometry and differ-
ences in the methods could be compared by
using the Bland-Altman approach (Bland
and Altman 1986; 1999). Fourth, our tool
was developed for the German popula-
tion. As the relationship between BMI and
%BF slightly differs between ethnicities
(Deurenberg-Yap et al. 2000), population-
specific adaptions are needed. The analyses
can easily be repeated with data from other
populations and population specific %BF
estimator plots can be created. Fifth, even
within a country, several references for
%BF exist that are significantly different
e.g., %BF in Germany by Schwandt et al.
(2012) or Plachta-Danielzik et al. (2012).
Results of classifications might vary de-
pending on the used references as cutoff
values differ.

Conclusion

The “%BF estimator” is an easily applicable
tool for the estimation of %BF in respect
to body composition for clinical practice,
screening, and public health research. It is
non-invasive and the measurements have
high accuracy. Further, it allows the iden-
tification of normal weight obese children.
We recommend to integrate the measure-
ment of elbow breadth into growth studies
and population-wide screening to calculate
%BF and identify boys and girls at risk of
hidden obesity.
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