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Abstract
Introduction: Body composition assessment is superior to 
the use of body mass index (BMI) to characterize the nutri-
tional status in pediatric populations. For data interpreta-
tion, suitable reference data are needed; hence, we aimed to 
generate age-dependent and sex-specific body composi-
tion reference data in a larger population of children and 
adolescents in Germany. Methods: This is a cross-sectional 
study on a representative group of 15,392 5- to 17-year-old 
children and adolescents. Body composition was assessed 
by bioelectrical impedance analysis using a population-spe-
cific algorithm validated against air displacement plethys-
mography. Age- and sex-specific percentiles for BMI, fat 
mass index (FMI), fat-free mass index (FFMI), and a “load-ca-
pacity model” (characterized by the ratios of fat mass [FM]/ 
fatt-free mass [FFM] and FM/FFM2) were modeled using the 
LMS method. Results: BMI, FMI, FFMI, FM/FFM, and FM/FFM2 
curves showed similar shapes between boys and girls with 
steady increases in BMI, FMI, and FFMI, while FM/FFM2-cen-

tiles decreased during early childhood and adolescence. Sex 
differences were observed in FMI and FM/FFM percentiles 
with increases in FMI up to age 9 years followed by a steady 
decrease in FM/FFM during and after puberty with a fast-
growing FFMI up to age 17 in boys. The prevalence of low 
FFM relative to FM reached more than 60% in overweight 
children and adolescents. Conclusion: These pediatric body 
composition reference data enable physicians and public 
health scientists to monitor body composition during 
growth and development and to interpret individual data. 
The data point out to an early risk of sarcopenia in over-
weight children and adolescents. © 2021 The Author(s).

Published by S. Karger AG, Basel

Introduction

The shortcomings of height- and weight-based stan-
dards to characterize the nutritional status and its related 
health risks in children are well known [1, 2]. Although 
body mass index (BMI) and percentage fat mass (% FM) 
are still used to define overweight and obesity, they are 
incomplete because they do not address body propor-
tions and “functional body mass”, for example, fat-free 
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mass (FFM) and its relation to FM. The failure of BMI 
and % FM to account for the contributions of FM and 
FFM to body weight may over- and underestimate obe-
sity in subjects with high and low FFM and, thus the BMI-
associated metabolic and cardiovascular risks. In addi-
tion, BMI cannot address the loss of FFM in children with 
chronic diseases, which is associated with their prognosis 
(see [3–6]).

FM and FFM have to be normalized for height because: 
(i) absolute values of either FM or FFM do not identify is-
sues of malnutrition in subjects of different constitutions, 
(ii) % FFM may increase rather than decrease with weight 
loss and, thus may not reflect its specific loss and (iii) di-
viding FM by body weight (which includes FM) results in 
relatively small changes in % FM with changes in weight 
and adipose tissue mass [1, 2, 7]. To overcome those is-
sues, fat mass index (FMI) and fat-free mass index (FFMI) 
are considered superior to BMI and % FM to assess the 
nutritional status of children and adolescents [1, 4, 7–9]. 
These indices include body size for normalization and ad-
dress FM and FFM independently from each other, which 
give rise to identify specific phenotypes with the same 
BMI but differing in FMI and FFMI [1, 10].

More recently, the dynamic and independent inter-re-
lationships and, thus inter-active effects of FMI and FFMI 
have been identified as specific determinants of disease 
risk prediction [11, 12]. For example, a high FMI at low 
FFMI partly characterizes a sarcopenic obese patient 
characterized by a decline in muscle mass and function. 
This concept refers to the traits of “metabolic load” (e.g., 
high fat mass and obesity) and “metabolic capacity” (e.g., 
organs and tissues within FFM related to maintenance of 
metabolic homeostasis) [1].

Since (i) the identification of specific body composi-
tion phenotypes is presently under-investigated in pedi-
atric populations and (ii) there are only few body compo-
sition reference curves (which were obtained from rela-
tively small cohorts of children and adolescents using 
advanced multi-component models like the 4-compart-
ment model in 533 children by Wells et al., 2012 [8], or 
the combined use of DXA, deuterium dilution and total 
body potassium in 1,122 children by Shypailo and Wong 
[9], respectively), we hereby provide normative data for 
FMI, FFMI, and FM/FFM-ratio in a large and representa-
tive group of 15,392 5–17-year-old Caucasian children 
and adolescents in Germany. The pediatric reference data 
on a “load-capacity model” can be extended into adult-
hood [12] and, thus will add to improve our understand-
ing of the long-term impact of birth weight, malnutrition, 
and growth disorders as well as to interpret nutritional 

status in clinical practice. Our present analysis adds to a 
previous study on pediatric reference data of % FM ob-
tained from a multi-cohort population of Germany [13].

Materials and Methods

Study Population
Cross-sectional data were collected as part of the Kiel Obesity 

Prevention Study (KOPS). KOPS has been started since 1996 as a 
cross-sectional and longitudinal study in Kiel. To date, more than 
15,500 children and adolescents between 5 and 17 years have been 
investigated and partly reinvestigated in randomly sampled pri-
mary and secondary schools in different neighborhoods of Kiel in 
the 1st school grade (5–7 years old), 4th school grade (9–12 years 
old) and 8th school grade (13–16 years old) [14]. KOPS include 3 
cross-sectional studies and 1 longitudinal study. Between 1996 and 
2001, 4,997 5- to 7-year-old children (1st grade, cohort 1) were re-
cruited that were 41% (n = 12,254) of the total population who 
entered the school-entry examinations in this time period in Kiel. 
Between 2000 and 2005, 4,487 children aged 9–11-years were en-
rolled (4th grade, cohort 2) and between 2004 and 2009, 5,767 data 
were collected from 13- to 16-year-old adolescents. Because of the 
same total population of all 3 cohorts, there were subgroups of 
children who were included in 2 or 3 cohorts. Four years after en-
rollment, 1,671 of the 9–11-year old children were reinvestigated 
(35% of cohort 1). A 2nd group with follow-up at 4 years consisted 
of the intersection of cohorts 2 and 3, which included 1,453 chil-
dren. Eight years after enrollment, 1,192 were reinvestigated (24% 
of cohort 1). A subgroup (n = 742) participated at all 3 time points. 
KOPS intends to characterize the determinants and long-term out-
come of childhood overweight and the effect of early preventive 
measures against excessive weight gain within schools and fami-
lies. Participation was voluntary and without any eligibility criteria 
except the willingness to participate and a written informed con-
sent from the parents. The study was approved by the local Ethical 
Committee of the Medical Faculty of the Christian-Albrechts Uni-
versity (Kiel, Germany). More details of the aims, study design, 
recruitment procedure, and representativity of the study popula-
tion are described elsewhere [15–17]. A population of 15,392 chil-
dren and adolescents aged 5–17 years was used to generate percen-
tiles for BMI and variables of body composition.

Weight Status and Body Composition
Anthropometric measurements of height and weight at the age 

of 5–17 years were performed by trained observers from the Insti-
tute of Human Nutrition and Food Science, Christian-Albrechts 
University in Kiel following standard procedures. Body weight was 
recorded to the nearest 0.1 kg using a calibrated digital scale (Mod-
el 861, seca GmbH, Hamburg, Germany) with subjects wearing 
light underwear. Body height was assessed to the nearest 0.1 cm 
using a portable stadiometer (Model 214, seca GmbH, Hamburg, 
Germany). BMI was calculated from weight and height as kg/m2. 
Body composition was assessed by bioelectrical impedance analy-
sis (BIA), using a tetrapolar BIA device with hand to foot elec-
trodes (BIA 2000-C; data Input GmbH, Darmstadt, Germany). 
FFM was calculated using a BIA algorithm generated and cross-
validated for children and adolescents in our laboratory using air 
displacement plethysmography as a reference: FFM [kg] = 0.66 × 
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[height2 (cm2)/resistance (Ω)] + 0.196 × weight [kg] + 0.157 × re-
actance [Ω] + 0.348 × age [years] – 12,083 [13]. FM was calculated 
from the difference between body weight and FFM. FM and FFM 
were normalized by height2 to FMI and FFMI. More recently, we 
have validated BIA data against results obtained by either the 
4-compartment model [18] or whole-body magnetic resonance 
imaging [19]. For public health research on pediatric population, 
it has been shown that when compared with a reference method, 
BIA data have negligible average bias but wider limits of agreement 
[1].

Pubertal Stage
Pubertal development (male genitalia development, female 

breast, and pubic hair growth in boys and girls) was self-estimated 
by the 13–17-year-old adolescents using standardized pictures of 
Tanner staging on scales from II to V. Up to the age of 12 years, 
pubertal stage was assumed to be prepubertal (scale I).

Age- and Sex-Specific Body Composition Centiles
Age- and sex-specific percentiles for BMI, FMI, FFMI, FM/

FFM, and FM/FFM2 were modeled using the LMS method [20]. 
Respective percentiles are summarized by 3 curves representing 
the skewness (or the Box-Cox-power L), the median (M), and the 
coefficient of variation as quantities that change with age, plotted 
as sex-specific smooth curves versus age. For generating percen-
tiles, data obtained in our reference population were normalized 
by dividing the age into groups and then applying a power trans-
formation, which extends 1 tail of the distribution and contracts 
the other, eliminating skewness in the variable under analysis. A 
curve is fitted to the normalizing power transformation for each 
age-group, generating an optimum “L” (skewness) curve that nor-
malizes the dependent measure (BMI, FMI, FFMI, FM/FFM, and 
FM/FFM2) over the entire age range. The same procedure was per-
formed for curves representing M and S, in each case separately for 
boys and girls. Starting from L ¼ 3, M ¼ 5, and S ¼ 3, L, M, and S 
were increased by 1 and a new model was run until change in devi-
ance between 2 models were below ten units. The age- and sex-
specific percentile curves for BMI, FMI, FFMI, FM/FFM, and FM/
FFM2 were 3rd, 10th, 25th, 50th, 75th, 90th, and 97th.

Statistical Analysis
Statistical analyses were performed with IBM® SPSS® Statistics 

for Windows (version 26.0 Somers, NY, USA). Descriptive statis-
tics of the study population, stratified by sex and age-groups are 
presented. Mann-Whitney U-test was done to determine signifi-
cant differences between boys and girls. The level of significance 
was set at p < 0.05 (two-sided). Age- and sex-specific percentile 
curves for BMI, FMI, FFMI, FM/FFM, and FM/FFM2 were mod-
eled using LMS Chartmaker Pro (V. 2.3) curve fitting procedure 
by Cole and Green [20].

Results

Characteristics of the reference population used to 
generate the percentiles are given in Table 1. The group 
was stratified according to 3 age-groups and sex. Preva-
lence of overweight and obesity were similar in all age- Ta
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groups. BMI, FMI, and FFMI increased with age with sig-
nificant differences between boys and girls in each age-
group except for a similar BMI, FMI, and FFMI in 
5–7-year-old boys and girls. Children aged 5–7 and 9–12 
years were all at prepubertal stage (Tanner stage I). Most 

of the 13–17-year old adolescents were in Tanner stage III 
(25.5%) and IV (59.1%). Compared to girls, more boys 
were in Tanner stage II and III (Tanner stage I: 3.3% vs. 
2.2%, p < 0.05; Tanner stage II: 31.2% vs. 20.9%, p < 0.05), 
whereas more girls were classified in Tanner stage IV and 

Fig. 1. A–J Age- and sex-specific percentile curves of BMI, FMI, FFMI, FM/FFM and FM/FFM2 in the reference 
population of 15,392 5- to 17-year-old children and adolescents in Germany. FM, fat mass; BMI, body mass in-
dex; FMI, fat mass index; FFMI, fat-free mass index; FFM, fat-free mass.
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V (Tanner stage IV: 61.0% vs. 57.0%, p < 0.05; Tanner 
stage V: 15.9% vs. 8.4%, p < 0.05).

Sex-specific percentiles for BMI, FMI, FFMI, FM/
FFM, and FM/FFM2 are shown in Figure 1A–J and Ta-
ble 2. BMI, FMI, FFMI, FM/FFM, and FM/FFM2 curves 
showed similar shapes between boys and girls with a 
steady increase for BMI, FMI, FFMI, and FM/FFM (in 
girls only) and a steady decrease for FM/FFM2 curves 
during early childhood and adolescence. Sex differences 
were observed in FMI (Fig. 1C, D; Table 2) and FM/FFM 
percentiles (Fig.  1G, H; Table  2), with girls showing a 
slight decline up to the age of 9 years, followed by a slow 
increase, whereas percentile curves in boys steadily in-
creased (FMI percentiles) or slightly decreased (FM/FFM 
percentiles) throughout the whole age range between 5 
and 17 years. FFMI and FM/FFM2 percentiles showed a 
consistent increase or decrease in girls (Fig.  1F, J; Ta-
ble 2), whereas boys showed a plateau (lower percentiles) 
or only a minimal increase in FFMI or decrease in FM/
FFM2 (higher percentiles) from 9 to 11 years, followed by 
a relatively fast-growing increase in FFMI or decrease in 
FM/FFM2 up to the age of 17 years (Fig. 1E, I; Table 2).

Figure 2 shows the distribution of overweight children 
and adolescents according to their FM/FFM-ratio. When 
compared with the 90th FM/FFM percentile, the preva-
lence of a relatively low FFM (e.g., a high FM/FFM-ratio 
as defined by values exceeding the 90th percentile) was 
about 60% in boys (Fig. 2A) and in girls (Fig. 2B).

Discussion

In infants and children, body composition reference 
data have already replaced BMI charts (e.g., [8, 21, 22]). 
The present standards in the assessment of the nutrition-
al status and body composition have been published in 
2014 [21]. Although widely used BMI still is a global 
proxy of nutritional status. Conceptually, BMI has limita-
tions, for example, it is related to % FM which cannot be 
used for inter-individual comparisons and thus has been 
replaced by FMI [7], and dividing fat mass by weight (as 
done in % FM) fat is present in both nominator and the 
denominator [21]. In addition, BMI cannot be used to 
compare children from different ethnic groups and chil-
dren with specific diseases. All these are arguments 
against the BMI (thus, arguing against an ongoing use of 
the BMI is a strong argument for alternative measures). 
To overcome the limitations of the BMI, throughout the 
last 2 decades, numerous body composition reference 
data for children and adolescents using different methods G
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(including both, so-called “field” methods or techniques 
and gold standard methods using multi-component 
models) and different populations have been published 
(see Table 1 in [21]). These data can now be used “to dis-
cern and interpret the physiological basis of secular trends 
in nutritional status and to allow body composition to be 
monitored and managed in clinical practice” [21]. We 
agree that presently this is not everyone’s knowledge (but 
it should become so). Accordingly, body composition ref-
erence data have been included into the official guidelines 
defining overweight/obesity and malnutrition [23].

In a previous article we had published LMS centiles for 
% FM of a representative cohort of German children and 
adolescents [24]. When compared with % FM, FMI or 
FFMI are the height-normalized variables which improve 
the assessment of body composition as indicators of the 
nutritional status [4, 7–9]. Additionally, the ratio of FM/
FFM (or FM/FFM2) describes the relationship between 
metabolic loads accumulated by lifestyle and body func-
tion and thus could better indicate its impact on health 

than FM alone [25]. Since growth rates during infancy 
and childhood are linked to metabolic homeostasis and 
health outcomes in later life, data on body composition 
trajectories are needed to follow tissue accretion and, 
thus, the partitioning of weight into FM and FFM, during 
development and throughout changes in height and 
weight [22]. Our present reference data describe sex dif-
ferences and age-depend periods of FM and FFM accre-
tion (Fig. 1C–F; Table 2) as well as of the “metabolic load” 
to “metabolic capacity”-traits, which is reflected by the 
FM/FFM and FM/FFM2-ratios (Fig. 1G–J; Table 2) [26]. 
We may suggest that a sarcopenic obese phenotype (i.e., 
thin-fat-overweight) could be defined as >90th percentile 
of FM/FFM or FM/FFM2.

Our normative data on FMI and FFMI in children add 
to respective population data obtained from BIA mea-
surements in adults (e.g., published by [12, 27]). However, 
looking separately at FMI or FFMI may lead to misinter-
pretation because the relationship between the 2 compart-
ments, and thus the concept of the “capacity-load model” 

Fig. 2. A, B Prevalence rates of FM/FFM (kg/kg) in overweight and obese boys (A; n = 286) and girls (B; n = 297) 
at age 14–17 years defined by BMI >90th percentile of our own percentiles of the reference population of 15,392 
5–17-year-old children and adolescents in Germany. Prevalences are indicated according to ≤50th, between 
>50th and ≤90th percentile and >90th percentile of FM/FFM. FM, fat mass; FFM, fat-free mass; BMI, body mass 
index; FMI, fat mass index; FFMI, fat-free mass index; FM, fat mass; FFM, fat-free mass.
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is not taken into account [1, 10, 28]. The “capacity-load 
model” is a conceptional model that was developed to im-
prove the understanding of the life-course etiology of met-
abolic diseases [26]. “Metabolic capacity” refers to physi-
ological traits strongly influenced by factors like nutrition 
and growth during early development during pregnancy 
and infancy, which promote the long-term capacity for 
metabolic homeostasis and health outcomes later in life 
while “Metabolic load” refers to components of lifestyle 
and nutritional status that challenges the long-term ca-
pacity of metabolic homeostasis and thus disease risk [12, 
26]. Addressing the conceptual “capacity-load model” in-
stead of individual body composition components allows 
insights into metabolic and physical functioning includ-
ing perturbations and health risks due to the relationship 
between individual body composition components, for 
example, a “high fat-to-lean ratio” suggests a high meta-
bolic load for a given BMI, which increases the risk of non-
communicable diseases [1, 10–12, 27, 28].

When compared with previous body composition ref-
erence data for children, the present data addressed the 
relationship between FM and FFM, which is expressed by 
the ratios of either FM to FFM or FM to FFM2 (Fig. 1G–J). 
Sex- and BMI-specific references of body composition in-
dices of the “capacity-load model” have been already pub-
lished for adults from age 18 years to older individuals 
>60 years excluding very tall and morbidly obese subjects 
from the 1999–2004 NHANES population [12]. These 
data were taken as a suitable measure of body composi-
tion phenotypes (e.g., “sarcopenic obese phenotype” 
characterized by a low muscle mass and function in obese 
children or “thin-fat phenotype” of normal weight pa-
tients with a low lean mass and a high percentage of FM 
[1, 29, 30]) and risk stratification assuming that risk re-
sults from the relative contribution of the 2 body compo-
nents. For example, a high BMI may camouflage a low 
FFM in the case of “sarcopenic obesity.” Using the 
NHANES data, sarcopenic obesity was defined pragmat-
ically, for example, by an FMI > the 50th population-spe-
cific centile associated with a lean mass index below the 
respective P50 resulting in its prevalence of 14.7 and 
22.9% of obese women and men, respectively [11]. In our 
1st analysis, we had applied the P50 of FM/FFM com-
pared to Prado et al. [11]. Analogous to the classification 
of overweight, we considered the P90. Although we have 
used the 90th instead of the 50th centile of the FM/FFM-
ratio the prevalence of a relatively low FFM was high in 
overweight children and adolescents (Fig. 2A, B). These 
findings point out to a possible early risk of sarcopenia in 
overweight children and adolescents.

Our present LMS centiles of the ratios of FM/FFM and 
FM/FFM2 obtained in children and adolescents add to 
previous data in adults [12]. The ratio of FM/FFM can 
overestimates FM in those with greater FFM, thus the best 
assessment for whole-body fatness and the most appro-
priate index was found to be FM/FFM2 [31]. These nor-
mative data may provide a suitable basis to define differ-
ent phenotypes, which may impact growth and develop-
ment as well as nutritional status-related metabolic 
disturbances and later health risks. Thus, our reference 
data can be used to identify specific body composition 
phenotypes of children and adolescents (e.g., “sarcopenic 
obese phenotype” or “thin-fat phenotype” [10, 11]). Since 
metabolic and functional capacity of the body is deter-
mined early in life and the majority of children tend to 
track along their given centile, childhood overweight and 
presumably early manifestation of a sarcopenic obese 
phenotype may persist into adulthood [21, 32, 33]. In 
children and adolescents, reference data of indices of the 
“capacity-load model” thus add to a 1st risk assessment of 
metabolic and physical perturbations and growth disor-
ders. In addition, assessing FMI and FFMI independent-
ly and its inter-relationship are useful for children with 
chronic diseases. FMI and FFMI may be affected differ-
ently in chronic disease, and a normal BMI may then 
camouflage a reduced FFM. For example, sarcopenic obe-
sity has been identified as a phenotype of malnutrition in 
chronically ill children, for example, in survivors of pedi-
atric allogeneic hematopoietic stem-cell transplantation, 
juvenile rheumatoid arthritis, end-stage renal disease, af-
ter liver transplantation, and Crohn’s disease [1, 4–6]. 
Additionally, the “thin-fat phenotype” (also described as 
normal weight obesity, metabolic obesity, metabolically 
unhealthy nonobese) is found to be very common in 
South Asian countries, like Indian population and associ-
ated with a high cardio-metabolic risk, which is similar to 
individuals with overt obesity [30, 34].

There are some limitations of the study that have to be 
mentioned. Up to the age of 12 years, pubertal stage was 
assumed to be prepubertal, because Tanner stages were 
only queried in adolescents. The mean age at menarche 
for girls in Europe is about 12 years and followed at least 
1-year pubertal development. Compared to the represen-
tative prevalence rates of overweight and obesity of the 
German Health Interview and Examination Survey for 
Children and Adolescents (KiGGS; 15, 4% for boys and 
girls respectively, [35]), our population had lower preva-
lence rates of overweight and obesity with 13, 4% for boys 
and 13, 4% for girls. The possible value and the limitations 
of BIA have been discussed in detail [21]. As has been 
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