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Abstract

Indices, based on data such as height and weight in general and in particularly
the body mass index (BMI), are often used to assess overweight. However, there
is limited capacity to differentiate the amount of fat mass between individuals.
This review refers to an anthropometric model called Dahlmann-Body-Analysis
(DBA), which uses simple anthropometric parameters to define a Reference
Weight (Ref-Wt). It is based on hand circumference as a proxy for the skeletal
frame and, in addition, the circumference of the abdomen as a proxy for central
obesity. Processed through a network of algorithms, the DBA model enabled to
differentiate the Difference Weight — that means the difference between the Ac-

tual Weight and the Reference Weight — into fat mass and skeletal muscle mass.

The DBA-model resembles the 2-component model of Albert R. Behnke, which
he considered as a living functional construct including essential fat. The DBA-
model matches with Behnke's 2-component model insofar, as the essential fat is
replaced by a physiological amount of fat tissue. The review summarizes studies
to compare DBA-derived data with Metropolitan Life Insurance tables, evalu-
ates DBA-derived fat tissue mass with bioelectrical impedance analysis (BIA)
derived results and analyses the meaning of the DBA model in clinical settings
to uncover the underlying mechanisms of metabolic syndrome (MetS) patho-
genesis with increasing amounts of fat mass. The model offers the opportunity
to calculate changes in fat or muscle tissue in an absolute (kg) or relative (%)
amount on individuals. The data suggest that the DBA-model has satisfactory

prediction qualities for use as a practical tool in public health care.
Introduction

Due to their ease of computation and the availability of data on height and
weight, indices of relative weight are often used to assess overweight. These
measures, in particularly the body mass index (BMI), are used extensively in
epidemiologic studies, where only weight and height data are available [1,2].
The rationale behind these studies is the assumption that in a normal unselected
population the distribution of body weight at each level of height will reflect the
distribution of obesity. But the BMI performance in severely overweight pa-
tients is impaired by the large amount of subcutaneous adipose tissue, which is
an extraordinarily flexible and heterogeneous organ, characterized by its high

degree of plasticity [3].
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Based on a simple model to illustrate the variability of human tissues and in consequence the plasticity
of body shape, we postulated in 1975 that the BMI — at that time named Quetelet-Index — has limited
capacity to differentiate the amount of fat mass between individuals [4]. In the meantime, this view
became more and more accepted and resulted in a couple of indices, which have been developed be-
yond anthropometrics. However, newly developed indices should not be I'art pour 1'art, but should
accurately estimate body fat to have value for health risks associated with increased adiposity. In a re-
view, 55 validated non-traditional obesity measures were identified. Of these, about 11 intend to meas-

ure the percentage of body fat (%FM), the rest are surrogate indices of overweight [5].

In 1920, J. Matiega communicated in Prague his body composition vision that it is the duty of anthro-
pology to develop a method for testing human physical capacity and published a year later his seminal
paper describing anthropometric measurement of skeletal muscle mass and three other functional body
compartments. His system considered body weight as the sum of skeletal weight, skin plus subcutane-

ous adipose tissue weight, skeletal muscle weight and the remaining weight. For review see [6].

About 30 years later, Louis 1. Dublin, a statistician and vice president of the Metropolitan Life Insur-
ance (MLI) Company, was the first to lead the development of tables of normal weights, based on the
average weights recorded for a given height. The need for an index of normal relative body weight was
recognized soon after the actuaries noted the increased death claims of their overweight policyholders.
However, as data accrued, he noted a rather wide range of weights for persons of the same sex and
height, which he attributed to differences in body ‘shape’ or ‘frame’. To resolve the problem, he divid-
ed the distribution curve of weight at a given height into thirds, and labelled them ‘small’, ‘medium’
and ‘large’ frames. The average weights of those thirds were then labelled “ideal weights”, later more
modestly termed “desirable weight”, for each of the three frame types [7,8]. But no instructions were

given on how frame size should be determined on individuals.

Almost at the same time, Behnke presented in 1942 his pivotal studies on body composition as a two-
component model, based on underwater weighing (UWW) [9]. Similar as Matiega, he separated body
mass into 2 components, the one he named “true body” including calcium salts as a 50%-part of bone
weight, irreducible lipoid substances and other tissues embracing chiefly muscle, organs, brain, skin,
and blood. This core body is surrounded by adipose tissue up to excess fat, which he identified to be
the main factor affecting the specific gravity of a person. And he was aware that the percentage of skel-
etal weight in relation to the body as a whole, attributes to the fluctuation of specific gravity and awaits
knowledge to which extend it will have an influence on the relative percentage variation of body
weight [9].

Up to now, there is no agreement on any particular index which can distinguish between heaviness due
to skeleton frame, muscularity or adiposity. The reason for that can be found at least in part in a lack of
calibrating data, as A. Keys supposed [10]. The plasticity of the human body with regard to surface and
composition in connection with a lack of a standard model might be responsible for it. This background

gave us motivation to look for a reference population, which was found in the “Schlegel” material [11].
Concept of the DBA model

The “Schlegel” material is based on measurements taken by W. Schlegel and his assistant G. Hopfeld
on 1749 young adults aged from18 to 30 years for men and from 17 to 30 years for women, all living in
Hamburg, Germany, and the surrounding area, being a random sample of the population (Tab. 1). The
measurements of sex, age, height (Ht), weight (Wt) and hand circumference (HdC) were carried out

between 1955 and 1973. Though the energy balance flipping point happened in the USA around the
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Armed Forces for men and with data of the Hamburg Department of Health for women.

Table 1. The basic characteristics of the “Schlegel” Material are given and compared with data of the German

Survey Number Age Height Weight BMI
(year) | (n) (year) | (+SD) SD) (kg/m?)
Men
"Schlegel" 1964,0 1.111 24,4 175,7 (6,3) 69,1 (7,3) 22,4
Conscripts* 1964,0 231.810 19,0 175,1 (6,6) 68,6 (9,3) 22,4
Women
"Schlegel" 1967,1 638 22,4 164,5 (5,7) 56,8 (6,3) 20,7
Young Women** 1969,5 2.365 18,5 165,7 (5,8) 56,9 (7,1) 21,0

*German Armed Forces, **Hamburg Department of Health

year 1960, it took another 20 years until the push phase of energy intake began [12]. This shift acceler-
ated in the 1980s, when a globalization of the corporate food industry took place and accelerated the
displacement of long-established dietary patterns by ultra-processed foods (UPFs) as a key driver of the
escalating global burden of multiple diet-related chronic diseases [13]. Therefore, the study of Schlegel
was performed at a time, when neither junk nor fast food and the corresponding restaurant chains exist-

ed in Germany.

Thus, the evaluated collective herewith fuses the two aspects of a low caloric lifestyle combined with
the general fitness of young adults. Comparison of the “Schlegel” material with conscripts of the Ger-
man Armed Forces and with school girls measured by the Hamburg Department of Health, respective-
ly, is depicted in Table 1, indicating that the DBA model seems to reflect the body shape of the German
population at that time [11].

Skeletal Frame as a Crucial Part of Body Weight

The next step was the implementation of the hand circumference (HdC) as a proxy for skeleton frame.
It gave for the first time the chance to develop weight-height-frame tables [11]. A measure of frame
allows the discrimination between those, who are heavy because of large fat free mass from those,

whose overweight is largely fat and intends to give an answer to the afore mentioned question of

Fig. 1a Fig. 1b
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Figure 1. Relationship between Ref-Weight vs. MLI-Weight, skeleton frame adjusted, for men (a) and women (b). Solid
line, regression line, R%: coefficient of determination; r: Pearson's correlation coefficient; SEE: standard error of estimate.
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Behnke. Adjusted for sex and height, a range of about 8.5 kg of bone weight can be expected for both
genders that means a percentage variation of body weight of +6% for men and £7% for women, respec-
tively, covering the + 2s range of skeleton frame [14]. The relationship between the Ref-Weight and the
MLI-derived weight, both skeleton frame- adjusted, is shown in Fig. 1a and 1b.

To our knowledge, this is the only body composition system that takes the skeleton frame as a crucial
part of body weight into account. The results underline the influence of the skeleton frame with regard
to the final body weight and confirm the notice of L. Dublin that the wide range of weights for persons

of the same sex and height is attributed to differences in body shape, at least for slim persons.
The Role of Adipose Tissue for the DBA model

When the candidates of the Refence Population were measured in the 1960s, there was no chance to
determine body fat mass in a larger scale than laboratory yardstick, though of interest to make data
comparable with today devices. Considering the characteristics of age and BMI for men (24.4 years,
22.4 kg/m?) and women (22.2 years, 20.9 kg/m?) the formulas of [15,16,17] to describe %FM could be
addressed to the Refence Population, based on different techniques like air displacement plethysmogra-
phy (ADP), specific weight determination (UWW) and the 4-compartment model (4c). At the end, a
mean of 16.0 %FM for men and a mean of 25.5 %FM for women, respectively, are assigned to the
DBA-model [18]. Following the ideas of Matiega and Behnke of a two-component model of body com-
position, the concept of a core body was modified with the addition of a physiological amount of body

fat having the potential to serve as a reference body, independent of age and race.

Up to that level, an increase in weight, however, could not be differentiated into fat or muscle mass.
For that reason, the circumference of the abdomen (AC) as a marker for central obesity was integrated
into the DBA model. Processed through a network of algorithms the DBA model enabled to differenti-
ate the Difference Weight — that means the difference between the Actual Weight and the Reference
Weight — into fat mass (AFM, kg) and skeletal muscle mass (ASMM, kg). The following diagram illus-
trates the conceptual design of the DBA model (Fig. 2).

Evaluation of Body Fat Measurements

To evaluate the evidence of this model, an entity of severely overweight white European persons was
analysed with regard to their %FM processed by the DBA system. The results are compared to the %
FM data produced on a bioelectrical impedance analysis (BIA) scale (Fig. 3a and 3b). From the entire
sample, most of the patients were women (64%), the BMI ranged from 30 to 52 kg/m?, with 34% of
patients having BMI > 40 kg/m®. Age spanned from 18 to 65 years. The mean estimates of %FM calcu-
lated by DBA- and the BIA-system were 36.7% vs. 36.1% for men and 49.1% vs. 49.7% for women,
respectively and revealed no statistically significant differences (p > 0.05), demonstrating a high validi-
ty and precision between methods. The results underline that the model has potential to estimate accu-
rately body fat [18], but data have to be confirmed by measurements of other technologies like dual-

energy X-ray absorptiometry (DXA) and/or air displacement plethysmography (ADP).
The Link between Obesity and Muscle Mass

Obesity is associated with functional limitations in muscle performance. Skeletal muscle mass (SMM),
a key component of adipose tissue-free body mass in humans, is central to the study of nutritional,
physiologic, and metabolic processes. The true effect of obesity on skeletal muscle mass, including any
interactions with aging effects, was analysed in a follow-up study [19]. It investigated the impact of

obesity on the stimulation of muscle growth, based on the same dataset as described before. The
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Figure 2. The diagram gives an overview of the concept of the DBA-model. Body weight is described as a 2-component
model, based on a Reference Weight with a physiological amount of fat mass (16% for men and 25.5% for women). The

difference to the Actual Weight is a surplus of fat tissue and musculature reflecting an individual life style.

Fig. 3a Fig.3b
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Figure 3. Relationship between percent fat mass (%FM) derived by BIA- and DBA-method for men (a) and women (b).
Solid line, regression line; R?: coefficient of determination; r: Pearson's correlation coefficient; SEE: standard error of

estimate. CCC: Lin's concordance correlation coefficient.

increase of skeletal muscle mass (ASMM, kg) compared to the individual reference weight was calcu-
lated and adjusted to height (ASMMI, kg/m?). The increase in the association between Actual Weight,
and ASMMI with BMI is demonstrated for men (Fig. 4a-b) and women (Fig. 4c-d). The mean values of
ASMM as an estimate of muscle mass gain calculated by the DBA-system were 11.8 kg for men and
8.9 kg for women, respectively. The data followed a linear, significantly rising relationship with BMI
(B > 0, p<0.001). The result underlines that the relationship between BMI and SMM becomes more

specific, when body weight is virtually stripped of fat mass and organs and normalized for height
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Figure 4. Association of anthropometric variables with BMI for men (a-b) and women (c-d). Solid line, regression line;
R?: coefficient of determination.

squared.

Muscle mass data estimated by the DBA model are compared with 15 DXA-derived predictive equa-
tions. Simple, valid, reliable and inexpensive methods measuring SMM are important for research and
clinical practice. A couple of dual-energy X-ray absorptiometry (DXA)-derived formulas based on
sex, age, height, weight, and waist circumference are described [20]. DXA-systems provide a measure
of appendicular lean soft tissue (ALST), a fat- and bone mineral-free component that includes muscle

and other components. ALST is usually used as a good surrogate for SMM.

Appendicular skeletal muscle mass (ASM) measured by DXA is a relevant indicator of body muscle
mass, and is widely used in the diagnosis of sarcopenia [21]. However, CT, MRI and DXA are imprac-
tical for large epidemiological studies because of their high cost, radiation exposure and lack of access
to technical equipment. Simple, valid, reliable and inexpensive methods for measuring skeletal muscle

mass are still needed. A practical alternative for estimating muscle mass could be anthropometry.

Algorithms derived from reference methods to predict certain risks often include an age correction
term, starting at the age of 18. It is generally assumed that muscle mass dwindles with age. In a review
by Abdalla et al. [20] of DXA-derived formulas for predicting skeletal muscle mass, out of 34 studies
in adults aged 18 — 85 years 9 (26.5%) lead to an age term with a negative sign. The fact that the re-
sulting muscle atrophy does not necessarily correspond to reality is demonstrated by the data of the
study population that did not show a decrease in muscle mass with age in either men or women up to
an age of 65 years (Fig. 5a-b) [19].
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Figure 5. Relation between age and the increase of muscle mass, height adjusted, in men (a) and women (b). The slope

of the regression lines was not significantly different from zero (B = 0, p>0.05).

Monitoring changes in muscle mass and in addition fat mass will rise strong significance following
glucagon like peptide-1 receptor agonist (GLP-1 RAs) therapies that have demonstrated substantial
weight loss effects among patients with diabetes and obesity. But there is concern about the total
change in body composition that includes a significant decrease in both FFM and FM, meaning that
there is evidence that weight loss reveals a concomitant loss in muscle mass. However, a key challenge
of GLP-1 therapy is that adherence is often low. The consequence is a weight swing, as cessation of
GLP-1 treatment is associated with marked weight regain, notably fat tissue, and may exceed lean mass
recovery gains. Specifically, significant muscle losses during treatment, coupled with disproportionate
fat regain post-cessation therapy, may accelerate sarcopenic obesity. This highlights the need for fur-
ther longitudinal research including imaging techniques like MRI or CT. Still, a low-cost system would

be of advantage. For review see [22].
The Meaning of the DBA model in Clinical Settings

As mentioned before, the development of non-traditional obesity measures should not end in itself, but
should account for health risks associated with increased adiposity, as the review points out. Neverthe-
less, most of the non-traditional measures did not directly measure total body fat and did not involve
health assessments [5]. To evaluate the meaning of the DBA model in clinical settings, we launched a
study to uncover the underlying mechanisms of MetS pathogenesis with increasing amounts of fat
mass. The study was based on the same data set as mentioned before. %FM data were statistically com-
pared with systolic blood pressure (SBP) and the MetS risk factors triglyceride (TG), HDL cholesterol
(HDL-C), fasting plasma glucose (FPG) and, in addition, the parameters C-reactive protein (CRP) and
low-density lipoprotein (LDL-C) using receiver operating curves (ROC) based on sensitivity and speci-

ficity, area under curve (AUC), correlation coefficients and regression analysis [23].

Associations between body fat mass measured by the DBA system and the systolic blood pressure and
seven metabolic risk factors showed a significantly rising linear relationship for the parameters Insulin,
HOMA-IR, HDL-C and CRP (Fig. 6 a-d). Insulin was measured as part of the HOMA index. CRP was
included to the investigation as recent studies have shown that CRP is elevated in subjects with MetS
and predicts the development of MetS [24]. LDL-C is part of the study as the primary driver of athero-
genesis and the endpoint of MetS development leading to a transformation of macrophages to an in-
flammatory phenotype [25]. In contrast to these results, the variables Glucose, TG, LDL-C and SBP
had no significant association to the increasing amount of body fat, indicating that the atherosclerotic

process is not yet as severe to result in an elevated blood pressure. Taken together, the data enrol the
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Figure 6. Association of metabolic risk factors with %FM detected by the DBA-model. Insulin (a), HOMA-IR (b), HDL
-C (c) and CRP (d) correlated positively with %FM-DBA. Trend lines were calculated as linear regressions. 8 > 0, slope

is significant to zero.

picture of a group that is, despite the seriousness of obesity, still in the state of a prediabetes.

Further studies, however, must give evidence to which extend the DBA model has the potential to iden-

tify patients at risk for chronic diseases like CVD based on traits of interest like Sirtuin 1.
Summary and Perspective

Coming back to the 2-component model of Albert R. Behnke, he adhered to the view that the true
body” is a living functional construct including essential fat, which he labelled “lean body
mass” (LBM). This term should not be mixed up with the term “fat free mass” (FFM), which is derived
experimentally by UWW as the difference between body weight and body fat embracing nonpolar li-
pids (mainly TG and cholesterol esters) and polar lipids (phospholipids, sphingolipids, and glycoli-
pids). They are structural components of cell membrane and neural tissues and meet Behnke's
“essential” fat. The DBA-model matches with Behnke's 2-component model insofar, as the essential
fat is replaced by a physiological amount of fat tissue. Behnke's “true body” becomes consequently the
“reference body”, which serves as an internal standard for the analysis of body composition. From the
very beginning, we were convinced that the plasticity of the human body cannot be described by a sin-
gle formula and shared the opinion of Piers et al. that no formula relating weight to height can measure

adiposity on an individual level [26].

The model offers the opportunity to calculate changes in fat or muscle tissue in an absolute (kg) or rela-
tive (%) amount on individuals. The data suggest that the DBA-model has satisfactory prediction quali-
ties for use as a practical tool in public health care. The system is available to anyone at any point of
the world and fulfills the expectations of Margret Ashwell that all you need to identify people at early
health risk is a scale and a string [27].
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