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Abstra ct

Body fat values obtained with various measurement methods 
deviate substantially in many cases. The standardised bright-
ness-mode ultrasound method was used in 32 Kenyan elite 
long-distance runners to measure subcutaneous adipose tissue 
thicknesses at an accuracy and reliability level not reached by 
any other method. Subcutaneous adipose tissue forms the 
dominating part of body fat. Additionally, body mass (m), 
height (h), sitting height (s), leg length, and the mass index 
MI1  = 0.53m/(hs) were determined. MI1 considers leg length, 
which the body mass index ignores. MI1 values of all partici-
pants were higher than their body mass indices. Both indices 
for relative body weight were within narrow ranges, although 
thickness sums of subcutaneous adipose tissue deviated 
strongly (women: 20–82 mm; men: 3–36 mm). Men had 2.1 
times more embedded fasciae in the subcutaneous adipose 
tissue. In the subgroup with personal best times below world 
record time plus 10 %, no correlation between performance 
and body mass index was found, and there was also no correla-
tion with sums of subcutaneous adipose tissue thicknesses. 
Within the data ranges found here, extremely low relative body 
weight or low body fat were no criteria for the level of perfor-
mance, therefore, pressure towards too low values may be 
disadvantageous.

Introduction
Human body composition is a predominant performance factor in 
many sports [1, 2]. In weight-sensitive sports [2], many athletes use 
hazardous methods to reduce their body mass rapidly or to keep it 
at an extremely low level, which can cause severe health problems 
resulting from the associated body composition disturbances [2–5]. 
The International Olympic Committee (IOC) is concerned about ath-
letes who use such unhealthy strategies and, therefore, set up in 
2012 a working group on Body Composition, Health and Perfor-
mance in Sports. This working group published a position statement 
on how to minimise the health risks to athletes who compete in 
weight sensitive sports [6]. Currently, there are still no generally rec-
ommended lower limits of body mass, or fat values for female and 
male elite athletes competing in weight sensitive sports; one reason 

for this is that body fat values obtained with various measurement 
methods deviate substantially from each other.

Measurement of the athletes' body composition is not a simple 
task [2]: widely used field methods (e. g., skinfolds, bio-impedance 
analysis (BIA), anthropometric measures and indices) and labora-
tory methods (e. g., dual energy X-ray (DXA), MRI, CT, densitom-
etry) for body composition assessments do not work on the fine 
scale needed for performance and health analyses of top level ath-
letes, particularly if their physique is not in line with morphological 
norms of the ‘reference person’ used in the underlying assump-
tions of these methods [2, 7, 8]. Using DXA and densitometry, for 
example, negative amounts of fat resulted from measurements in 
groups of lean athletes; such impossible results demonstrate that 
the assumptions underlying these methods are not valid for use 
with athletes [9, 10].
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Ultrasound (US) was found to be a promising method because 
of the high image resolution obtainable with high frequency bright-
ness-mode (B-mode) imaging [2, 11–13]. The image resolution 
and thus the accuracy of US measurements of subcutaneous adi-
pose tissue (SAT) thickness is approximately 0.1–0.2 mm when 
using probe frequencies between 9 and 18 MHz, provided that the 
appropriate sound speed of the tissue under study is used (which 
may deviate substantially from 1540 m ∙ s-1 used in conventional 
diagnostic US systems) [11, 12, 14].

In order to optimise reliability, this recently developed method 
for measuring SAT, has been standardised: SAT compression is 
avoided by a thick layer of US gel, eight sites are used to represent 
trunk, arms, and legs, marking of sites and US measurements are 
done in defined body positions, and all marking distances are per-
centages of stature [14]. Inter-observer reliability (95 % limit of 
agreement, LOA) was found to be ± 1.1 mm [14] when athletes with 
sums of SAT thicknesses DI (the index I indicates that embedded 
fasciae are included in the thickness measurement) up to 50 mm 
were studied [14], and ± 1.2 mm in a group of athletes with DI val-
ues up to 70 mm [15]. Most recently, similar reliability results were 
found within the framework of an international multi-centre study 
when three experienced measurers of each of two participating 
centres measured each of the 16 elite athletes (of various sports) 
of their centres. However, LOA values were larger when novice 
measurers at each of the three participating ‘novice centres’ per-
formed the measurements, indicating that training of measurers 
is important. The 95 % LOA in DI of less than 1.5 mm enables track-
ing body fat changes on an accuracy level of 0.2 kg [16]; this is al-
most an order of magnitude below the daily weight changes. The 
method can be applied in all groups of body fatness reaching from 
extremely lean athletes and anorectic patients to overweight and 
obesity groups [15, 17]. The standardised US method used here 
[14–16] enables studies of SAT on a fine scale that is not reached 
by any other method. SAT is the major part of total (anatomically 
detectable) body fat [18–20]. The accuracy limits of this method 
are determined by biological reasons: furrowed borders of the tis-
sue (the micro-elevations along the tissue borders are larger than 
the image resolution), but not by technical limitations of this meas-
urement approach [2, 11, 12, 14–16].

There is no generally accepted model that analyses the role of 
body fat in long-distance running from all perspectives of rele-
vance: biomechanics, bioenergetics, and the health point of view. 
In long distance running, the athlete's centre of gravity is moved 
upwards and downwards, and several parts of the body are accel-
erated and decelerated at every step. The energy needed for these 
dynamic actions are linearly related to the involved body masses, 
and therefore - from this biomechanics point of view - increased 
(passive) body masses limit performance. On the other hand, ‘wob-
bling masses are a means to reduce high impacts by suspending 
the muscles' visco-elasticity to the skeleton’ [21]. From the bioen-
ergetics points of view, it has to be considered that: ‘Blood glucose 
and liver and muscle glycogen stores are inadequate over protract-
ed periods to both fuel exercise and maintain blood glucose level. 
Therefore, the ability to use fats as fuels is essential’ [22]. Extreme-
ly low body weight and body fat can lead to disastrous performance 
set-backs and to severe medical problems [3, 5, 6, 23]. In this study, 
we investigated body composition and relative body mass (‘pon-

derosity’) in world class Kenyan long-distance runners. Relative 
body weight was measured by using the mass index (MI1 = 0.53 m/
(ℎs)), which considers the individual’s body proportions that the 
body mass index (BMI = m/ℎ2) ignores [24–27]. However, both in-
dices can only be used to characterise relative body mass, but are 
not useful to assess body composition in athletes [2].

Preliminary normative data of SAT among competitive athletes 
have recently been published [28]. Results described here can be 
compared to the first studies using this US method in elite judokas 
[29], in competitive junior rowers [30], and in a mixed group of 76 
elite athletes of various sports investigated in five research centres 
[16].

The aims of the present study were to address the following 
questions:

▪▪ How to the ranges of SAT thickness sums (DI and DE) compare 
in female and male groups of athletes?

▪▪ What are the ranges of relative body weight in terms of the 
improved measure for relative body weight MI1, and how do 
BMI and MI1 compare in this group of Kenyan athletes?

▪▪ Are BMI and MI1 correlated with performance?
▪▪ Is body fat, represented by SAT thickness sums DI and DE, 

correlated with performance?
▪▪ Are there differences between females and males in the 

amounts of fibrous structures (fasciae) embedded in the SAT?
▪▪ Does the fat patterning, represented by the eight standard-

ised sites on trunk, arms, and legs, characterise female and 
male athletes?

Materials and Methods

Participants and locations where the study took place
The study includes 32 elite female and male Kenyan long-distance 
runners competing in international long-distance running events 
(10 000 m, half marathon, marathon, and mountain running). The 
group of Kenyan athletes included 7 female and 25 male long-dis-
tance runners. The four mountain runners (number 3, 9, 19, 22 in 
▶Table 2b) are not included in the performance analyses. The 
study took place in Kenya, at the Mount Longonot Sports & Recre-
ation Camp (April 8–14, 2017; elevation of 2400 m above sea level) 
and in Austria, at Hochrindl/Turrach (August 31–September 1, 
2017; 1600 m above sea level). All athletes gave their written in-
formed consent prior to the measurements. The study was con-
ducted in accordance with the Ethical Standards in Sport and Exer-
cise Science Research: 2020 Update [31] and approved by the eth-
ics committee of the Medical University of Graz (20–295 ex08/09).

Observer
All measurements were performed by the same experienced observer. 
The observer had been trained according to the International Associ-
ation of Sciences in Medicine and Sports (IASMS ; www.iasms.org) for 
SAT thickness measurements using the standardised US imaging 
technique. All anthropometric measurements were carried out ac-
cording to the International Society for the Advancement of Kinan-
thropometry (ISAK) [32] by the same ISAK Level 2 certified observer.
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Anthropometry and US marking
Anthropometric measurements were performed in accordance 
with the ISAK protocol [32] and included: body mass (m), stature 
(h), sitting height (s), leg length (l), waist girth (w), gluteal (hip) 
girth (g), biceps girth with arm flexed (90°) and tensed (b), and 
thigh girth (t) at the site front thigh (FT). US measurements for SAT 
detection were performed in accordance with the standardised pro-
tocol [14, 15]. Before US images were captured, all athletes were 
marked on the right side of the body in defined standing or sitting 
positions, or with the arm or foot supported. All marking distances 
were percentages of the individual’s stature. All US images were 
captured in defined lying positions: upper abdomen (UA), lower 
abdomen (LA), brachioradialis (BR) and front thigh (FT) in supine, 
erector spinae (ES) and distal triceps (DT) in prone, and lateral thigh 
(LT) and medial calf (MC) in rotated position. The standardised eight 
measurement sites are [14, 15]: UA, LA, FT, LT, MC, ES, DT, and BR. 
For calculating the relative body weight, the BMI = m/h2 and the 
improved measure for relative body weight MI1 (MI1 = 0.53 m/(hs)) 
were used [2, 25, 26]. The MI1 has been defined such that the World 
Health Organisation (WHO) cut-off points for underweight and 
overweight, and also the relative weight criterion (17.5 kgm-2, [33]) 
for diagnosing of anorexia nervosa (as one of the diagnostic criteria) 
can remain unaltered.

B-Mode US imaging and SAT thickness evaluation
For US imaging, a portable B-Mode ultrasound device (Phillips 
CX50, L12–3) was used. Tissue compression was avoided by using 
a thick layer of US gel (approximately 3–5 mm) [12, 14]. The black 
bands on top of the US images (▶Fig. 1) correspond to the gel layer 
between the probe and the skin. The US probe was placed perpen-
dicularly to the skin surface and directly above the marked site. US 
images of the standardised site UA are shown for two athletes in 
▶Fig.1a and b. For SAT thickness evaluation, the inter-active soft-
ware NISOS - BCA - F (version 3.3; Rotosport, Austria; rotosport.at) was 
used [11, 14]. A sound speed of 1450 ms-1 was set for thickness de-

termination in adipose tissue [14–16, 20]. The algorithm measures 
typically between 50 and 200 thicknesses in each US image, de-
pending on the width of the chosen region of interest (ROI). The 
automatic measurements are done in close vicinity of the marked 
site (within the chosen ROI; compare to ▶Fig. 1). Typically, the raw 
of measurements covers a few millimetres on both sides of the 
image centre. One of the criteria for choosing the standardised 
eight sites (out of a large number of tested sites) was to select sites 
that showed low variation of SAT thickness in the surrounding of 
the marked point [12, 14, 15]. Because ROIs are usually chosen 
around the image centre (corresponding to the middle beam of the 
US ray series), thickness differences resulting from different ROI 
widths are minimal and usually an order of magnitude smaller than 
the obtainable reliability that results from the US imaging devia-
tions. Details on the choice of sites and on reliability and accuracy 
can be found in previous publications [11, 14].

The mean thickness at a given site is termed d; the thicknesses 
at the eight sites represent the fat patterning of the athlete. The 
sums of these eight sites (DI and DE) are representatives of the 
athleteʼs SAT amount with fibrous structures (fasciae) included 
(Index I) or excluded (Index E). Detailed information on the meas-
urement method can be found in preceding publications 
[12, 14, 15].

Statistical methods
SPSS (v25.0) software (IBM® SPSS® Statistics) was used. Descrip-
tive statistics include means ± standard deviations (SD). Data were 
tested for normality of distribution using the Shapiro-Wilk test. 
Pearsonʼs (r) or Spearmanʼs (rs) correlation coefficient were used 
to assess relationships between BMI and MI1 with DI, and DE, respec-
tively. For normally distributed data, Pearsonʼs correlation was 
used, not normally distributed data was investigated with 
Spearmanʼs rank correlation. The t-test was used to compare BMI 
with MI1, and for analysing sexual dimorphism of the differences 
MI1-BMI. The Mann-Whitney U test was applied to compare possi-

▶Fig. 1	 Subcutaneous adipose tissue (SAT) of two male long-distance runners with similar body mass index (BMI), but large differences in SAT 
thickness sums (DI). a Site upper abdomen (UA) of athlete number 2 (of ▶Table 2S in the Supplementary Material, SM) (PB: 10k: 00:28:59, HM: 
01:02:45, BMI = 19.0 kgm-2, mass index MI1  = 19.4 kgm-2, sum of the eight standardised sites DI  = 20.2 mm). The index I indicates that embedded 
fibrous structures are included in the thickness measurements. Numbers indicate: 1: gel, 2: skin, 3: embedded fibrous structure, 4: muscle fascia, 5: 
muscle. The yellow frame represents the chosen region of interest (ROI). Numbers of thickness measurements within the ROI: the mean of these 141 
thicknesses represents the thickness dI =  5.4 mm at this site. b UA of athlete number 5 (of ▶Table 2S in the SM) (PB: M: 02:15:18, BMI =  18.7 kgm-2, 
mass index MI1 = 19.8 kgm-2, sum of the eight standardised sites DI  = 6.0 mm). Numbers of thickness measurements: 209, dI = 0.53 mm at this site.

a b
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ble differences in SAT and in embedded fibrous structures in female 
and male athletes. The paired t-test or Wilcoxon test was applied 
for comparisons of E1 (measurement series in Kenya) and E2 (a sec-
ond series in Austria, 18 weeks later) in a sub-group of nine Kenyan 
runners. Pearsonʼs and Spearmanʼs correlation (according to dis-
tribution) were used to analyse relationships between running per-
formance and DI, and between running performance and MI1.

Results
Mean values of age, body height, body mass and selected body di-
mensions (lengths, circumferences, and indices) are shown in 
▶Table 1.

▶Figs. 1a and b show two US images of two exemplarily cho-
sen male Kenyan long-distance runners. Athletes in images A and 
B (number 2 and 5 of ▶Table 2S in the Supplementary Material, 
SM) had similar BMIs (19.0 kgm− 2, and 18.7 kgm − 2), but enormous 
differences (240 %) in the SAT sums of the eight sites (A: 
DI = 20.2 mm; B: DI = 6.0 mm). The ▶Figs 1a and b show the SAT 
thicknesses (dI) at the site UA (A: dI,UA =  5.4 mm; B: dI,UA = 0.53 mm). 
Personal best times were: A: 10 km: 00:28:59; half marathon: 
01:02:45, and B: marathon: 02:15:18; for comparison to other par-
ticipants see ▶Table 2S in the SM. In the UA image on the left side, 
the SAT is coloured in red, and the structures of relevance for the 
semi-automatic contour detection and image evaluation are indi-
cated. All images were evaluated with the semi-automatic SAT con-
tour detection algorithm, which starts out from the blue circles set 
by the observer within the SAT compartments. The yellow frame 
represents the chosen region of interest (ROI). The numbers of SAT 

thickness (d) measurements in these two US images (1A and 1B) 
were 141 and 209, respectively, which resulted in robust mean and 
median thickness values.

▶Figs 2a and b show the relative body weights of female and 
male participants, respectively, represented by both the body mass 
index (BMI) and the mass index (MI1); the latter takes the individual’s 
sitting height into account (and thus, implicitly, also leg length). The 
columns are ordered according to increasing SAT thickness sums (DI). 
All athletes (N = 32) had higher MI1 than BMI values, indicating their 
longer legs when compared to groups of White Caucasians [34, 35]. 
There was no significant correlation between DI and BMI (r = 0.643, 
p = 0.119) or MI1 (r = 0.728, p = 0.063) in the female long-distance run-
ners (Kf). In the male group (Km), there was a moderate correlation 
between DI and BMI (rs = 0.427, p = 0.033), but not between DI and 
the improved measure for relative body weight MI1 (rs = 0.340, 
p = 0.096).

In ▶Figs 3a and b, the ‘underweight’ border line defined by the 
WHO [36] (BMI = 18.5 kgm−2) is marked in red. When using the BMI 
for relative body weight, seven male and three female athletes were 
underweight, four of them were even below 17.5 kgm− 2. When 
using the MI1 instead of the BMI (▶Fig. 3b), only three male and 
one female athlete were ‘underweight’, and only one female ath-
lete was below 17.5 kgm− 2. The BMI and the improved measure for 
relative body weight MI1 differed significantly in both the female  
(t (6) = -6.494, p = 0.001) and the male group (t (24) = –11.339, 
p < 0.001) because of athletes' long leg lengths (associated with 
small sitting heights s).

The differences MI1 - BMI are shown in ▶Fig. 3c; they ranged 
from 0.4 kgm− 2 to 1.3 kgm− 2 in females (bright grey columns) and 

▶Table 1	 Descriptive statistics of the Kenyan elite female (Kf) and male (Km) long-distance runners.

Kf (N = 7) Km (N = 25)

Variable Unit Mean ± SD Min Max Mean ± SD Min Max

age [years] 24.1 * (5.6) 19.0 34.0 27.2 * (3.3) 20.0 33.0

m [kg] 50.5 * (2.6) 45.8 53.1 54.0 * (4.3) 43.5 61.8

h [m] 1.647 *  (0.065) 1.566 1.780 1.680 *  (0.058) 1.547 1.792

s [m] 0.835 (0.037) 0.810 0.915 0.847 (0.026) 0.810 0.893

l [m] 0.954 *  (0.040) 0.880 1.010 0.963 *  (0.044) 0.865 1.042

BMI [kgm-2] 18.6 * (0.9) 16.8 19.5 19.1 * (1.2) 16.1 20.7

MI1 [kgm-2] 19.5 * (1.1) 17.3 20.7 20.1 * (1.2) 17.6 22.0

w [m] 0.633 *  (0.018) 0.612 0.663 0.669 *  (0.028) 0.610 0.732

g [m] 0.863 *  (0.027) 0.828 0.890 0.835 *  (0.030) 0.775 0.895

b [m] 0.238 *  (0.009) 0.229 0.251 0.259 *  (0.014) 0.220 0.282

t [m] 0.436 *  (0.017) 0.408 0.457 0.441 *  (0.023) 0.390 0.474

L = l/h [1] 0.579 *  (0.011) 0.56 0.59 0.573 *  (0.011) 0.55 0.60

C = s/h [1] 0.506 (0.008) 0.50 0.52 0.505 (0.011) 0.49 0.52

W = w/h [1] 0.385 (0.017) 0.35 0.40 0.398 *  (0.020) 0.35 0.44

10 k [hh:mm:ss] 00:33:45 (0:01:12) 00:32:17 00:35:22 00:29:23 (0:00:42) 00:28:19 00:30:43

HM [hh:mm:ss] 01:14:16 (0:02:54) 01:11:20 01:19:58 01:04:08 (0:01:32) 01:02:32 01:07:07

M [hh:mm:ss]       02:13:59 (0:01:41) 02:12:00 02:16:51

Normal distribution (Shapiro-Wilk test) is marked with ( * ). Abbreviations: body height (h), body mass (m), sitting height (s), leg length (l), 
leg-to-height ratio (L = l/h), body mass index (BMI = m/h2), mass index (MI1 = 0.53.m/hs)), Cormic index (C = s/h), waist girth (w), gluteal (hip) girth (g), 
biceps girth with arm flexed (90°) and tensed (b), thigh girth at the site front thigh (t), waist-to-height ratio (W = w/h). Means ( ± SD) of personal best 
times of the latest two years (2016–2018) were included: 10 kilometer (10 k) Kf = 6, Km = 12, half marathon (HM) Kf = 7, Km = 12, marathon (M) Km = 6.
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from 0.3 to 1.7 kgm− 2 in males (dark grey columns). All MI1 values 
were higher than the BMI values. For the differences MI1 – BMI, 
there was no significant difference (t (30) = 0.622, p = 0.539) be-
tween females (Kf,MEAN: 0.9 ± 0.3 kgm− 2) and males (Km,MEAN: 
1.0 ± 0.4 kgm− 2).

▶Figs. 4a and b show the subcutaneous fat patterning (thick-
nesses d at the eight individual measurement sites); all eight sites 
differed significantly between the groups Kf and Km. The highest 
ratio of the median SAT thicknesses with fibrous structures includ-
ed (dI) was measured at the site lateral thigh (LT: 15.0/0.8 = 18.8), 
the lowest ratio at the site distal triceps (DT: 5.4/1.7 = 3.2). The ra-
tios of all sites were: UA: 6.6/1.0 = 6.6, LA: 9.0/1.8 = 5.0, FT: 
5.3/0.9 = 5.9, LT: 15.0/0.8 = 18.8, MC: 4.5/0.6 = 7.5, ES: 4.5/0.9 = 5.0, 
DT: 5.4/1.7 = 3.2, and BR: 1.9/0.2 = 9.5. When fibrous structures 
embedded in the SAT were excluded in the thickness measure-
ments (dE), the ratios were: UA: 5.8/0.9 = 6.4, LA: 6.8/1.2 = 5.7, FT: 
4.6/0.7 = 6.6, LT: 13.8/0.3 = 46.0, MC: 4.4/0.5 = 8.8, ES: 2.7/0.7 = 3.9, 
DT: 5.0/0.8 = 6.3, and BR: 1.3/0.2 = 6.5.

▶Fig. 4c shows the SAT thickness sums including (DI) or exclud-
ing embedded fibrous structures (DE), and additionally, the percent-
ages of embedded fibrous structures 100 · F/DI. Males showed sig-
nificantly lower DI (Z = –3.715, p < 0.01) and DE (Z = –3.715, p < 0.01) 
values. The percentages (P) of fibrous structures (F) were signifi-
cantly lower in females (t (30) = 3.846, p = 0.001), which further in-
creases the body fat content in the female group.

In ▶Table 2, two measurement series E1 (in Kenya) and a sec-
ond series E2 (in Austria, 18 weeks later) performed with a sub-
group of nine male athletes are compared. There were no statisti-
cally significant differences (p ˃  0.05) between E1 and E2 concern-
ing the variables BMI, MI1, DI, and DE. At the individual eight sites, 
the SAT thicknesses (dI) also did not differ significantly.

For both groups Kf (females) and Km (males), relationships be-
tween running performance (ΔWR: percentage of time above the 
world record) and SAT thickness sums (DI) are shown in ▶Figs. 5a 

and b. In the male group (N = 19; performance level better than WR 
plus 15 %), higher body fat (represented by SAT thickness sums DI 
and DE) was not associated with lower performance (i. e., a higher 
ΔWR); in the opposite, there was a (weak) negative correlation be-
tween DI and ΔWR (rs = –0.390, p = 0.033). In the male sub-group 
with a performance level better than WR plus 10 % (N = 12; DI was 
13.4 ± 9.4 mm), no correlation (rs = 0.019, p = 0.950) was found. The 
performance of the best females (performance level close to WR 
plus 10 %, N = 3) also did not show a dependency of ΔWR on DI, how-
ever, for the whole group of females (N = 7), there was a significant 
positive correlation (r = 0.782, p = 0.002).

In the male group (N = 19), there was no correlation between 
running performance and relative body weight in terms of MI1 
(rs = –0.152, p = 0.424). In the female group (N = 7), a significant 
positive correlation was found (rs = 0.835, p < 0.001). Using the BMI 
instead of the MI1 resulted in analogous findings. The results with 
females should be interpreted with caution because of the low 
number of participants and the higher heterogeneity in perfor-
mance (see ▶Figs. 5a and c).

Discussion

Competitive performance and body fat
In the female group, five PB running times (71 %) were below the 
WR time plus 15 %, and three were close to WR time plus 10 %. The 
PB times of nineteen male athletes (i. e., 95 % of male participants) 
were better than WR time plus 15 %, and 12 (50 %) were better than 
WR time plus 10 %.

In the female group, there was a significant positive correlation 
between the deviations of their PB times from the WR (ΔWR) and 
their SAT thickness sums DI (r = 0.78, p = 0.002), but this does not 
hold true for the three female athletes with PB times close to 10 % 
above the WR: the DI-values of the female runners of this higher 

▶Fig. 2	 Relative body mass (body mass index BMI, mass index MI1), and subcutaneous adipose tissue (SAT) thickness sums (DI): a Group of female 
athletes (Kf). The columns represent BMI, the MI1, and the SAT thickness sums (DI) of the eight standardised measurement sites. The index I refers to 
thickness sums including embedded fibrous structures. Abbreviations: (m) body mass, (h) stature, (s) sitting height. The values of the female Kenyan 
runners (Kf) are ordered according to their DI. There was no significant correlation between DI and BMI (r = 0.643, p = 0.119) or MI1 (r = 0.728, 
p = 0.063). b as in A, but for male Kenyan runners (Km). There was a moderate correlation between DI and BMI (rs = 0.427, p = 0.033), but not between 
DI and MI1 (rs = 0.340, p = 0.096).
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performance class were all between 20 and 35 mm. According to 
preliminary normative data [28], two of them were in the catego-
ry ‘low’ body fat, and one was in the category ‘extremely low’. The 
median value of the whole female group was 58 mm (ranging from 
20.2 to 82.1 mm), which is close to median values found previous-
ly in other sports: in a group of 16 elite female adult judokas, the 
median was 65 mm (ranging from 45 to 88 mm) [29], and the eight 
female athletes of the German National rowing team (U 19) had a 
median of 70 mm (48 to 79 mm) [30]. Compared to the male long-
distance runners, the females' DI-median was about six times high-
er, indicating that adipose tissue, which has important endocrine 
functions [37], plays a substantial role in females.

In the male group, there was no correlation (r = 0.02, p = 0.950) 
when using the data of those 12 athletes whose running times were 
below WR plus 10 %; although their performance levels were close 
to each other, there was a surprisingly large range of SAT thickness 

sums DI (from 3 to 36 mm). When studying the whole group of 20 
male runners, there was even a weak negative correlation between 
the deviations of their PB times (ΔWR) from the WR and their SAT 
thickness sums DI (rs = –0.39, p = 0.033).

Seen from a health perspective: “There are no generally accept-
ed optimum values for body weight or percentage of fat mass in 
different sports…” [6]. Data of this and of previous studies 
[16, 29, 30] clearly indicate that the search for optimum body fat 
values and cut-off criteria for raising the alarm has to distinguish 
between sexes and to consider that such limits may largely depend 
on genetic differences of the sexes and between individuals [2]. 
The question how to minimise the health risks to athletes who com-
pete in weight-sensitive sports has been discussed in a consensus 
statement of the IOC Working Group on Body Composition, Health 
and Performance [6]. Features of long-distance runners from Kenya 
have previously been analysed by Hamilton [38]. However, research 

▶Fig. 3	 Underweight in terms of body mass index (BMI) and mass index (MI1): a The ‘underweight’ cut-off line (BMI = 18.5 kgm-2; according to the 
WHO [36]) is marked in red. In both groups (females: Kf; males: Km), neither BMI nor MI1 differed significantly (BMI: Z = –1.208, p = 0.242; MI1: 
Z = –1.527, p = 0.135), but there was a highly significant difference between subcutaneous adipose tissue (SAT) thickness sums (DI) between Kf and 
Km (Z = –3.715, p < 0.001). The BMI and the MI1 differed significantly in Kf (t (6) = –6.494, p = 0.001) and in Km (t (24) = –11.339, p < 0.001). Abbrevia-
tions: DI sum of the eight standardised sites with fibrous structures included. b as in A, but instead of the BMI the MI1 is used. When using the MI1, 
only four athletes were below the cut-off line for ‘underweight’ [36]. c Differences between MI1 and BMI: All MI1 values were higher than the accord-
ing BMI values. Differences in the group (Kf) ranged from 0.4 to 1.3 kgm-2, and in the male group (Km) from 0.3 to 1.7 kgm-2. MI1 and BMI differed 
significantly (t (30) = -13.073, p < 0.01).
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based on comprehensive data sets resulting from accurate and re-
liable measurements of body fat, is urgently needed for develop-
ing this important and complex topic of sports medicine.

Low fat reduces the ballast weight an athlete has to carry, but 
too low fat and body weight can cause severe health problems that 
may be associated with a performance breakdown [6, 13, 39–41]. 
The Working Group on Body Composition, Health and Perfor-
mance, under the auspices of the IOC Medical Commission, has 
stated [6]: “A focus on low body weight and body fat content, com-
bined with regulations in some weight-sensitive sports, are con-

sidered risk factors for extreme dieting, eating disorders and relat-
ed health consequences among athletes.”, and further: “Recently, 
a prospective controlled study showed that athletes who reported 
dieting or the desire to be leaner to improve performance are more 
likely to develop eating disorders [42, 43]. However, it is important 
to keep in mind that controlled, longitudinal studies are needed to 
examine the true risks and trigger factors…”. Recently, the authors 
of one of the few available long-time studies stated that only 72 % 
of former elite athletes who suffered from eating disorders during 
their athletic career reported that they had recovered 15–20 years 

▶Fig. 4 	 Subcutaneous adipose tissue (SAT) patterning, and SAT thickness sums DI and DE. a SAT thickness patterning (dI) at the eight standardised 
body sites including embedded fibrous structures (index I) in female (Kf) and in male (Km) long-distance runners. All eight standardised body sites 
differed significantly between Kf and Km. (UA) upper abdomen (Z = -3.123, p = 0.002), (LA) lower abdomen (Z = –3.259, p = 0.001), (FT) front thigh 
(Z = –3.989, p < 0.01), (LT) lateral thigh (Z = –3.989, p < 0.01), (MC) medial calf (Z = –3.350, p = 0.001), (ES) erector spinae (Z = –3.487, p < 0.01), (DT) 
distal triceps (Z = –3.123, p = 0.002), and (BR) brachioradialis (Z = –3.624, p < 0.01). b as in A, but the embedded fibrous structures are excluded in the 
SAT measurements (dE). All eight body sites showed significant differences between Kf and Km. UA (Z = –3.259, p = 0.001), LA (Z = –3.305, p = 0.001), 
FT (Z = –3.806, p ˂ 0.01), LT (Z = –3.943, p ˂ 0.01), MC (Z = –3.442, p = 0.001), ES (Z = –3.305, p = 0.001), DT (Z = –3.350, p = 0.001), and BR 
(Z = –3.761, p ˂ 0.01). c SAT thickness sums DI in females and males. Percentages (P) of fibrous structures (F) embedded in the SAT are also shown: 
P = 100F/DI = 100(DI-DE)/DI. There were significant differences between Kf and Km in all variables: DI (Z = –3.715, p < 0.01), DE (Z = –3715, p < 0.01), and 
P (t (30) = 3.846, p = 0.001).
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later [44]. The IOC Working Group states that there is a need for 
sport-specific and sex-specific preventive programs to establish 
recognised criteria for raising the alarm and no-start decisions for 
athletes with eating disorders, and points out the importance of 
developing standardised methods for body composition assess-
ment. Meanwhile, in cooperation with the above mentioned IOC 
Working and Research Group, important steps have been made 
concerning the latter guideline: the US method for measuring SAT 
has been standardised [14] and tested within the framework of an 
international multi-centre study [16]. This method has also been 
tested in children [45].

No significant differences in the amount of SAT were found when 
the body fat was measured a second time (4.5 months later) as can 
be seen in ▶Table 2 (comparisons of Km,E1 and Km,E2). This is not 
surprising because, when in Austria, they used the same tradition-
al African diet cooked by themselves, and training volumes, inten-
sities, and the campsite elevation were similar.

A detailed discussion of the complex physiological and patho-
physiological functions of body fat can be found in Trayhurn P and 
Beattie JH 2001 [37], and in Wajchenberg BL 2000 [19]; a chapter on 
lipid metabolism in athletes can be found in Brooks GA et al. 2005 
[46]. The over-all effects of training and food supply impact the ath-
letes' physique, which is related to their performance. As we observed 
during the study in the camp, the traditional Kenyan diet is rich in 
carbohydrates, e. g., contained in the maize dish ‘ugali’, in fruits, rice, 
and potatoes. Meat and animal fat are rare. Alcohol is not permitted 
at all [47]. According to Wilber et al. [48], the Kenyan/Ethiopian diet 
consists of 77 % carbohydrate, 13 % fat, and 10 % protein.

Inadequate food availability, food insecurity due to cultural prac-
tices, or lack of financial resources may increase the risk of low energy 

availability and severe health and performance consequences may re-
sult [3, 5]. The standardised US method can capture the over-all effect 
of nutrition and training in terms of accurate SAT measurement, which 
represents the major part of (anatomically detectable) body fat. 
Changes in body composition can easily be traced accurately with the 
standardised US method in the field. This important information on 
the body composition status should routinely be used for both opti-
mising the training and for raising the alarm when an athlete's body 
composition develops towards critically low values [3, 6, 28].

Competitive performance and relative body weight 
in Kenyan long-distance runners
▶Fig. 3e shows that all athletes' MI1-values were higher than their 
BMIs (the differences ranged from 0.3 to 1.7 kgm−2), indicating 
their longer legs (compared to ▶Table 1S in the SM) when com-
pared to Caucasian White groups [34]. Both BMI and MI1 values of 
female (18.6 ± 0.9, 19.5 ± 1.1, respectively) and male participants 
(19.1 ± 1.2, 20.1 ± 1.2) were within a very narrow range (▶Fig. 2a 
and b), but SAT thickness sums from the eight standardised sites 
(DI) ranged in the female group from 20.2 to 82.1 mm (i. e., a fac-
tor of 4), and in the male group from 3.0 to 36.2 mm (i. e., a factor 
of 12). This indicates that long-distance runners (and their coach-
es) may have focused on the measure for relative body weight rath-
er than on body fat content. One reason for this may be that they 
did not have an opportunity to measure fat accurately. BMI or MI1 
are not useful tools for assessing body composition in athletes as 
they cannot distinguish between fat and muscle mass: ▶Fig. 1, for 
example, shows the upper abdomen (UA) images of two long-dis-
tance runners with almost the same BMI (19.0 kgm-2, and 18.7 kgm-

2) whose sums of SAT thicknesses DI differed by 240 % (20.2 mm vs. 

▶Table 2	 Comparison of a sub-group of nine athletes who were measured in Kenya (E1) and in Austria 18 weeks later (E2).

VARIABLE [UNIT] Km,E1 MEAN ( ± SD) Km,E2 MEAN ( ± SD) test results

m [kg] 52.6 *  ( ± 4.9) 53.6 *  ( ± 4.4) t (8) = –1.388, p = 0.203

BMI [kgm− 2] 18.9 *  ( ± 1.6) 19.2 *  ( ± 1.5) t (8) = –1.350, p = 0.214

MI1 [kgm− 2] 19.8 *  ( ± 1.7) 20.2 *  ( ± 1.6) t (8) = –1.441, p =  0.188

SAT THICKNESS SUMS
DI and DE [mm]; MEDIAN (IQR) 

DI 6.1 (9.7) 7.0 *  (12.0) Z = –0.178, p = 0.859

DE 3.2 (6.0)  4.3 *  (9.1) Z = –1.007, p = 0.314

SAT THICKNESSES 
AT INDIVIDUAL BODY SITES dI [mm]; MEDIAN (IQR)

dI,UA  0.8 *  (1.5)  1.6 *  (1.3) t (8) = –1.177, p = 0.273

dI,LA 0.8 (2.9)  1.1 *  (4.1) Z = –1.125, p = 0.260

dI,FT  1.0 *  (1.9)  0.9 *  (2.1) t (8) = –0.494, p = 0.634

dI,LT 0.2 (0.8)  0.2 (0.6) Z = –0.296, p = 0.767

dI,MC 0.4 (1.7)  1.0 *  (1.4) Z = –0.178, p = 0.859

dI,ES 0.6 (1.5)  0.8 *  (1.1) Z = –0.296, p = 0.767

dI,DT  1.2 *  (2.1)  1.0 *  (2.6) t (8) = 0.879, p = 0.405

dI,BR  0.2 *  (0.4)  0.4 *  (0.8) t (8) = –1488, p = 0.175

Measurement series E1: Kenya, April 8–14, 2017; Measurement series E2: Austria, August 31 and September 1, 2017; Abbreviations: body mass (m), 
body mass index (BMI = m/h2), mass index (MI1 = 0.53.m/(hs)), sum of the eight standardised subcutaneous adipose tissue (SAT) sites included (DI) or 
excluded (DE) embedded fibrous structures in the thickness values. Interquartile range (IQR), (UA) upper abdomen, (LA) lower abdomen, (FT) front 
thigh, (LT) lateral thigh, (MC) medial calf, (ES) erector spinae, (DT) distal triceps, and (BR) brachioradialis. Stars ( * ) mark normally distributed data 
where the paired t-test (t) was used. Wilcoxon test (Z) was used for not normally distributed data.
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6.0 mm). In the female group (▶Fig. 5c), there was a significant 
correlation between relative body weight (in terms of both MI1 and 
BMI) and performance (quantified as ΔWR), although the BMI range 
was small. One reason for this may be that the performance heter-
ogeneity was larger in the female group. Furthermore, data should 
be interpreted with caution because the number of female athletes 
was only seven. In contrast to the female group, no correlation was 
found in the male group (▶Fig. 5d) that showed a higher perfor-

mance homogeneity (95 % of the 20 athletes had PB times below 
WR plus 15 %, and 50 % had PB times below WR plus 10 %).

This indicates that differences between athletes in BMI (or MI1), 
within the narrow range found in this group, cannot be seen as a 
performance criterion. Mooses et al. [35] stated in their review paper 
that BMI values of East African female runners were between 16.9 and 
19.9 kgm-2, and between 18.3 and 20.8 kgm-2 for male runners. 
Marc et al. [49] showed that the body mass and the BMI of the 100 
best male marathon runners decreased significantly between 1990 

▶Fig. 5	 Dependency of running performance on body fat (in terms of DI) and on relative body weight (in terms of MI1) The dependencies of perfor-
mances on subcutaneous adipose tissue thickness sums (DI) and on relative body weight (MI1) are shown for the female (Kf; N = 7) and male (Km; 
N = 25) groups. The athletes competed in marathon, or half marathon, or 10 km races, and some of them in two of these distances. Therefore, run-
ning performances are given in terms of percentual differences to the word record (WR): ΔWR [ %] = 100 . (PB-WR)/WR. Were PB are the personal 
best times. In case of athletes participating in two disciplines, both running times were used for the correlation analysis. WR until September 2019: 
10 km: females: 29:17,45; males: 26:17,54. Half marathon (HM): females: 1:04:51; males: 58:01. Marathon (M) females: 2:15:25; males: 2:01:39. a 
Female group Kf: There was a significant positive correlation between DI and running performance in Kf (r = 0.782, p = 0.002), however, the PB times 
show that there was a larger performance range in the female group compared to the male group. In the subgroup with personal best times below 
or close to world record time plus 10 %, there was no correlation. b as in A, but for the group Km. There was a (very) weak negative correlation be-
tween DI and running performance in Km (rs = –0.390, p = 0.033). c Females group (Kf). Running performance and relative body weight. There was a 
significant correlation between these variables (rs  = 0.835, p < 0.001), however, the PB times show that there was a larger performance range in the 
female group compared to the male group. In the subgroup with PB times below or close to WR time plus 10 % (N = 3), there was no correlation. d as 
in C, but for group Km. There was no significant correlation between ΔWR and MI1 (rs = –0.152, p = 0.424).
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and 2011 (m: from 59.6 ± 2.3 kg in 1990 to 56.2 ± 1.1 kg in 2011; 
BMI: from 19.8 ± 1.7 kgm-2 in 1990 to 19.4 ± 1.3 kgm-2 in 2011). In 
the study presented here, the mean body mass, and the mean BMI 
of male participants were even lower: (m: 54.0 ± 4.3 kg; BMI: 
19.1 ± 1.2 kgm-2). In other sports, e. g. in ski jumping [25–27], the 
development towards extremely low body weight was associated 
with severe health problems that made changes to the regulations 
necessary (‘BMI-rule’) to prevent further cases of anorexia nervo-
sa. The mean BMI-values found in long-distance running in the cur-
rent study and in the publications cited above show similarly low 
values as were found in ski jumping [27]: this possibly marks a dan-
gerous development towards increased health hazards, however, 
in the group of Kenyan runners, the MI1 values are higher than the 
BMIs.

It is important to point out that we did not find an indication 
that lower body mass or lower body fat were associated with sig-
nificantly higher performance in these athletes: this should be con-
sidered when discussing questions of ‘optimal body composition’. 
It is imaginable that PB times might increase when those who have 
comparatively much body fat would increase their muscle/fat ratio 
without reducing their relative body weight. However, longitudi-
nal studies are not available because sufficiently sensitive body fat 
measurement techniques were missing.

When applying the WHO criterion for ‘underweight’ (BMI less 
than 18.5 kgm-2) [36] to the long-distance runners studied here, 
ten athletes are to be classified as underweight (males and females 
together), and four of them (three males and one female) were 
even below 17.5 kgm-2 (which is used as one of the four criteria for 
diagnosing anorexia nervosa [33]). When using the MI1 instead of 
the BMI, only four athletes are ‘underweight’, and only one (female) 
athlete was below MI1  = 17.5 kgm-2. For persons with long legs, the 
BMI is misleading: “Problems arise, however, in adults whose shape 
differs from the norm, particularly those whose legs are shorter or long-
er than might be expected for their height ” [24]. The MI1 considers 
the body proportions and is, therefore, a better measure for rela-
tive body weight than the BMI. The MI1 is defined such that the BMI 
cut-off values according to the WHO criteria [36] for underweight 
(18.5 kgm-2), overweight (25.0 kgm-2), and obesity (30.0 kgm-2) 
can remain the same. This holds also true for the threshold value 
of 17.5 kgm-2 used as a diagnostic criterion for anorexia nervosa 
[33].

Subcutaneous fat patterning in elite Kenyan long-
distance runners
Additionally, to the sums of SAT thicknesses, information contained 
in the fat patterning may be important for performance analyses 
of elite long-distance runners because the distribution of the SAT 
influences the biomechanical aspects of running economy. Any ad-
ditional fat mass on the legs and arms has to be accelerated to a 
speed much higher than the running speed and slowed down again 
at every step. This costs more energy than the much lower accel-
erations of the same amount of ballast mass on the trunk; howev-
er, wobbling masses can reduce the metabolic costs of active im-
pact reduction [21].Therefore, it is of interest to compare the 
amounts of SAT found on the trunk (mean on trunk: TMEAN) repre-
sented by UA, LA, and ES, and on the legs plus arms (mean on ex-
tremities EMEAN) represented by FT, LT, MC, DT, and BR. The ratio 

EMEAN/TMEAN of 1.21 ( ± 0.89) of male participants was significantly 
lower (Z = –2.393; p = 0.017) compared to the ratio EMEAN/TMEAN of 
1.79 ( ± 0.75) in their female counterparts. This indicates that the 
women investigated in this study had to accelerate a higher per-
centage of fat mass situated on their legs and arms, which may ne-
cessitate a higher power compared to the men’s group (at the same 
running speed). Additionally, all thicknesses at the eight individual 
measurement sites (as well as their sum totals) were substantially 
higher in women than in men. Based on the data presented here, 
biomechanical modelling of endurance running could analyse these 
effects in quantitative way. Energy dissipation and damping effects 
in running due to wobbling masses have been studied already, and 
this wobbling mass model [21, 50] could be applied to the ratios 
and fat amounts found here. Detailed information on the fat pat-
terning is presented in the SM. The patterning ratios found in this 
study are in line with previous findings in another sport: in Judo, 
there was also a significant difference (Z = –3.394; p = 0.001) be-
tween the EMEAN/TMEAN ratios in female 2.21 ( ± 0.85)) and male elite 
athletes: 1.24 ( ± 0.61). In Judo, the ratio in the men’s group was al-
most the same as in the long-distance runners from Kenya. The fe-
male judokas had significantly larger fat amounts on their legs than 
the male judokas. However, the ratio of EMEAN/TMEAN in the female 
judoka group was much larger than in the female long-distance 
runners. This indicates that lower fat amounts on the legs may be 
a crucial parameter for running performance.

Conclusions and Perspectives

Ranges of body fat in female and male athletes
In the female group (N = 7), body fat, represented by SAT thickness 
sums DI and DE, showed a very wide range from DI = 20.2 to 82.1 mm, 
and DE = 14.0 to 75.3 mm (reliability of the method: ± 1 mm, 
i. e. ± 0.2 kg changes can be monitored), but there were also large 
differences in performance (PB times ranged from WR plus 10 % to 
WR plus 23 %). The best three females' runners (close to WR plus 
10 %) had DI values of 20.2 mm (‘extremely low’, according to pre-
liminary normative [28]), 27.2 mm (‘very low’), and 33.0 mm (‘very 
low’), their mean DI was 26.8 mm.

In the male group (N = 19; PB better than WR plus 15 %), DI 
ranged from 3.0 to 36.2 mm, and DE from 2.3 to 28.0 mm. The three 
male athletes with the highest fat amount (DI: 20.5, 24.1, and 
36.2 mm; mean: 26.9 mm) had similar values as the three best 
women, and these male runners were among the best ones of the 
male group. Despite higher energy costs for accelerating the fat 
ballast mass, this may be explained because fat metabolism plays 
a crucial role in endurance sports, has important endocrine func-
tions, and energy dissipation –due to wobbling masses– may also 
play a role. However, there was an accumulation at the very low fat 
edge: 17 male athletes had DI-values below 12 mm, which is ‘ex-
tremely low’ according to preliminary normative data for male ath-
letes [28].

Body fat should not only be seen as ballast mass: it should be 
considered that extremely low fat levels may be disadvantageous 
for both health and performance.
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Measures of relative body mass
Many African ethnic groups are known to have longer legs com-
pared to Caucasian persons [34, 51], which resulted in MI1 values 
higher than BMIs in all participants. The mean difference MI1-BMI 
was 0.9 kgm-2, ranging from 0.3 to 1.7 kgm-2. According to the 
WHO cut-off value (18.5 kgm-2), only four athletes were ‘under-
weight’ when using MI1, whereas ten would be appraised to be ‘un-
derweight’ when using the BMI (which does not consider leg 
length).

Correlation of relative body mass (in terms of MI1 
and BMI) with performance
BMI and MI1 values of female (18.6 ± 0.9, 19.5 ± 1.1, respectively) 
and male participants (19.1 ± 1.2, 20.1 ± 1.2) were within a narrow 
range, although SAT thickness sums DI ranged from 20.2 to 
82.1 mm in the female group, and from 3.0 to 36.2 mm in the male 
group. In the groups of female and male runners whose PB times 
were below or close to WR plus 10 %, there was no correlation be-
tween BMI or MI1 and performance, and this holds also true for the 
whole male group (PB times below WR time plus 15 %).

Correlation between body fat and performance
In the whole male group (N = 19; performance better than WR time 
plus 15 %) and in the male subgroup (WR plus 10 %), higher body 
fat (in terms of DI and DE) was not associated with lower perfor-
mance. The performance of the best three females (WR plus about 
10 %) also did not show a dependency between performance and 
DI or DE. This indicates that different elite athletes may need differ-
ent body fat amounts for optimising their individual performance. 
For the whole group of females (N = 7), there was a significant pos-
itive correlation, but this should be interpreted with caution be-
cause of the low number of participants and the performance het-
erogeneity.

Differences in fibrous structures (fascias) between 
sexes
The sexual dimorphism in body fat in terms of DE (for the medians, 
the ratio was: 49.6mm/6.7mm = 7.4) was larger than in terms of DI 
(57.6/8.6 = 6.7) because women had a lower amount of fibrous 
structures (fascias) embedded in the SAT. The percentage of these 
fibrous structures with respect to the thickness DI was 13.9 % in 
women and 29.5 % in men. Lower amounts of embedded fibrous 
structures in women than in men were also found in elite judokas 
(8.6 %, and 20.2 %, respectively) [29], and in a mixed group of 76 
elite athletes measured in five independent research centres (11 %, 
and 18 %, respectively) [16].

Fat patterning: SAT on extremity and trunk
The ratios of SAT found on the extremities (EMEAN: mean of the sites 
FT, LT, MC, DT, and BR) to SAT on the trunk (TMEAN: mean of UA, LA, 
and ES) were larger in women than in men: EMEAN/TMEAN was 1.79 
and 1.21, respectively. Previously, larger ratios in women than in 
men were also found in a group of judokas (2.21 vs. 1.24) [29], but 
the ratios were higher in the group of Kenyan female long-distance 
runners. Low fat on the legs may be a crucial parameter for running 
performance; but models mimicking elite athletes with their fat 
patterning have not yet been published.
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I. Abbreviations
I	  �Included; indicates that the fibrous structures are 

included in the SAT thickness value.
E 	  �Excluded; indicates that the fibrous structures 

embedded in the SAT are not included in the 
thickness value.

F 	  �Sum of thicknesses (of eight sites) of embedded 
fibrous structures

P 	  �Percentage of fibrous structures (F) embedded in 
the SAT 

Kf, Km	  �Female and male Kenyan elite long-distance runners
E1 	  �Examination one: April 8–14, 2017; Sports & 

Recreation Centre Kyambogo/Kenya 2380 m altitude
E2 	  �Examination two: August 31–September 1, 2017; 

Turrach/Austria 1600m altitude
KmE1, KmE2	  �Kenyan elite male long-distance runners at E1 and E2
ROI 	  Region of interest
SAT 	  Subcutaneous adipose tissue
US 	  Ultrasound
WR 	  World record in marathon, half marathon, and 10 km
PB 	  �Personal best in represented disciplines
ΔWR [ %] 	  100∙(PB-WR)/WR

Parameters and variables:
b 	  Biceps girth flexed and tensed, in m
BMI 	  Body mass index: BMI = m/h2, in kgm− 2

C 	  Cormic index: s/h
d	  �SAT thickness at a given site, in mm (this is the 

average of the distances measured in a given US 
image within the region of interest)

D	  �Sum of SAT-thicknesses of all eight sites in a given 
participant, in mm

EMEAN	  �MEAN SAT thickness of extremity sites (front thigh, 
lateral thigh, medial calf, distal triceps, brachiora-
dialis), in mm

TMEAN 	  �MEAN SAT thickness of trunk sites (upper abdomen, 
lower abdomen, erector spinae), in mm

EMEAN/TMEAN	  Extremity-to-trunk-ratio
g 	  Gluteal (hip) girth, in m
h	   Stature, in m
l	   Leg length, in m
L 	   Leg-to-height-ratio (l/h)
m 	  Body mass, in kg
MI1	   Mass index: NI1 = 0.53·  m(hs), in kgm− 2

s	   Sitting height, in m
t	   Thigh girth at the site front thigh, in m
w	   Waist girth, in m
W 	   Waist-to-height-ratio (w/h)
Statistics	  �(MEAN) mean value, (MEDIAN) median value, (N) 

number of participants, (SD) standard deviation, (r) 
correlation coefficient.

US Sites 	  �(UA) upper abdomen, (LA) lower abdomen, (FT) 
Front thigh, (LT) Lateral thigh, (MC) Medial calf, 
(ES) Erector spinae, (DT) Distal triceps, (BR) 
Brachioradialis.
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▶Table 2S  Individual performance best times of athletes and differences to the world records.

cn sex ΔWR [ %] 10k PB 10k ΔWR [ %] HM PB HM ΔWR [ %] M PB M

1 m     15.1 01:07:07 10.0 02:13:48

2 m 10.2 00:28:59 7.6 01:02:45    

3 m            

4 m 11.5 00:29:19        

5 m         11.2 02:15:18

6 m 9.0 00:28:40 11.6 01:05:05    

7 m 14.2 00:30:01 11.5 01:05:00    

8 m 13.3 00:29:47 8.1 01:03:00    

9 m 7.7 00:28:19        

10 m 7.9 00:28:22 7.3 01:02:35    

11 m            

12 m         8.5 02:12:00

13 m 14.0 00:29:58 10.6 01:04:29    

14 m         9.9 02:13:44

15 m 16.8 00:30:43        

16 m     7.3 01:02:32    

17 m 12.2 00:29:30 8.3 01:03:09    

18 m            

19 m 11.1 00:29:13        

20 m     13.8 01:06:21 12.5 02:16:51

21 m            

22 m     7.3 01:02:32    

23 m     11.5 01:05:00    

24 m            

25 m         8.7 02:12:12

26 f 13.7 00:33:19 13.4 01:13:33    

27 f 10.2 00:32:17 10.0 01:11:20    

28 f 14.3 00:33:29 16.8 01:15:44    

29 f 20.7 00:35:22 16.9 01:15:48    

30 f 11.6 00:32:41 10.9 01:11:54    

31 f     10.4 01:11:35    

32 f 20.6 00:35:20 23.3 01:19:58    

Abbreviations: (cn) code number of participant, (m) male, (f) female, (ΔWR [ %]) is the percentage running time difference compared to the world 
record (WR): ΔWR [%] = 100.(PB-WR)/WR.. (PB) personal best of the latest two years (2016–2018). WRf (WRm) until September 2019: 10 km (10k): 
29:17,45 (26:17,54); half marathon (HM): 1:04:51 (58:01); marathon (M): 2:15:25 (2:01:39). Remark: cn =  3,18,21,24, were mountain runners; for 
cn = 11, there was no official PB time available.
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