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Abstract
Aim: The	 specificity	 of	 muscle-	tendon	 and	 foot	 architecture	 of	 elite	 Kenyan	
middle-		and	long-	distance	runners	has	been	found	to	contribute	to	their	superior	
running	performance.	To	investigate	the	respective	influence	of	genetic	endow-
ment	and	training	on	these	characteristics,	we	compared	leg	and	foot	segmental	
lengths	as	well	as	muscle-	tendon	architecture	of	Kenyans	and	Japanese	males	(i)	
from	infancy	to	adulthood	and	(ii)	non-	athletes	versus	elite	runners.
Methods: The	 676	 participants	 were	 divided	 according	 to	 their	 nationality	
(Kenyans	 and	 Japanese),	 age	 (nine	 different	 age	 groups	 for	 non-	athletes)	 and	
performance	level	in	middle-		and	long-	distance	races	(non-	athlete,	non-	elite	and	
elite	adult	runners).	Shank	and	Achilles	tendon	(AT)	lengths,	medial	gastrocne-
mius	(MG)	fascicle	length,	pennation	angle	and	muscle	thickness,	AT	moment	
arm	(MAAT),	and	foot	lever	ratio	were	measured.
Results: Above	8 years	old,	Kenyans	had	a	longer	shank	and	AT,	shorter	fasci-
cle,	greater	pennation	angle,	 thinner	MG	muscle	as	well	as	 longer	MAAT,	with	
lower	foot	lever	ratio	than	age-	matched	Japanese.	Among	adults	of	different	per-
formance	levels	and	independently	of	the	performance	level,	Kenyans	had	longer	
shank,	AT	and	MAAT,	thinner	MG	muscle	thickness,	and	lower	foot	lever	ratio	
than	Japanese.	The	decrease	in	MG	fascicle	length	and	increase	pennation	angle	
observed	for	the	adult	Japanese	with	the	increase	in	performance	level	resulted	in	
a	lack	of	difference	between	elite	Kenyans	and	Japanese.
Conclusion: The	 specificity	 of	 muscle-	tendon	 and	 foot	 architecture	 of	 elite	
Kenyan	 runners	 could	 result	 from	 genetic	 endowment	 and	 contribute	 to	 the	
dominance	of	Kenyans	in	middle-		and	long-	distance	races.

K E Y W O R D S

endurance	running,	ethnicity,	foot	structure,	gear	ratio,	growth,	ultrasonography
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1 	 | 	 INTRODUCTION

Given	the	undeniable	success	of	Kenyan	runners	in	world	
middle-		and	long-	distance	events	for	over	half	a	century,	
their	study	is	considered	likely	to	shed	light	on	the	factors	
contributing	to	such	running	performances.	Their	domi-
nance	has	been	attributed	to	a	combination	of	factors	such	
as	 genetic	 inheritance,	 training,	 environment,	 lifestyle,	
and	social	factors.1–	4	In	particular,	the	question	arises	as	to	
the	relative	share	of	athlete	selection	and	training	versus	
the	influence	of	their	genetic	endowment.

Firstly,	Bengt	Saltin's	group	revealed	key	physiological	
aspects	of	Kenyan	runners	that	could	contribute	to	their	
superior	 endurance	 running	 performance.5,6	 In	 their	 re-
ports,	 while	 the	 elite	 Kenyan	 and	 Scandinavian	 runners	
were	 in	 the	 same	 range	 of	 maximal	 oxygen	 uptake,	 the	
Kenyans	were	metabolically	more	economical,	especially	
at	race-	pace	running	velocities.5	To	date,	these	physiolog-
ical	advantages	of	Kenyan	endurance	runners	have	been	
confirmed	by	comparison	to	other	ethnic	groups	of	elite	
and	non-	elite	runners,	such	as	Japanese7	and	Caucasians.8

Among	other	factors,	clear	evidence	has	been	provided	
that	elite	Kenyan	runners	have	long	legs	and	thin/light	calf	
muscles	 that	 may	 provide	 biomechanical	 and	 metabolic	
advantages.9–	12	In	addition,	as	suggested	by	Saltin	et	al,5,6	
the	architecture	and	function	of	the	triceps	surae	muscle-	
tendon	complex	may	also	be	of	 interest.	Supporting	 this	
hypothesis,	 our	 own	 research	 group	 repeatedly	 found	
that	 elite	 Kenyan	 runners	 are	 characterized	 by	 a	 longer	
gastrocnemius	 Achilles	 tendon	 (AT),	 shorter	 fascicles	 in	
the	 medial	 gastrocnemius	 (MG)	 muscle	 and	 longer	 AT	
moment	arm	(MAAT),	 as	well	 as	a	 lower	 foot	 lever	 ratio	
(forefoot	length	divided	by	MAAT)	than	Japanese	non-	elite	
runners13,14	and	healthy	Caucasian	adults.15	Furthermore,	
these	 specific	 muscle-	tendon	 architecture	 showed	 the	
strong	 correlationship	 to	 their	 records	 of	 running	 per-
formance.13,14	 The	 long	 AT	 and	 MAAT	 of	 elite	 Kenyan	
runners	resulted	in	reduced	AT	strain,	MG	muscle	activ-
ity	 and	 fascicle	 shortening	 during	 the	 contact	 phase	 of	
running,	compared	 to	 the	Japanese	 runners.14	Thus,	 the	
neuromuscular	interaction	using	the	inherent	anatomical	
advantages	for	Kenyan	distance	runners	may	be	a	unique	
alternative	 to	 the	 classical	 stretch-	shortening	 cycle	 con-
cept14	 for	 enhancing	 the	 running	 economy.	 However,	 it	
still	remains	to	be	seen	whether	these	differences	are	the	
effects	of	their	genetic	endowment,	lifestyle,	or	training.

Firstly,	 the	 influence	 of	 genetic	 endowment	 is	 sug-
gested	by	the	fact	that	not	only	Kenyan	elite	runners,	but	
also	 boys,	 have	 a	 thinner	 leg	 thickness	 than	 Caucasian	
(Danish)	 elite	 runners	 and	 boys.9	 It	 may	 contribute	 to	
their	 better	 running	 economy.2	 In	 Kenyan	 and	 Danish	
boys	with	similar	endurance	training	responses,	running	
economy	was	also	found	to	be	better	in	the	Kenyans.9,11,16	

Secondly,	 regarding	 the	 influence	 of	 lifestyle,	 the	 com-
parison	of	Kenyan	village	and	city	boys	showed	that	vil-
lage	 boys	 had	 a	 higher	 maximum	 oxygen	 consumption,	
but	similar	running	economy	and	response	to	endurance	
training	as	city	boys.9,11,16	These	studies	therefore	suggest	
that	Kenyan	children	already	have	the	right	genes	to	shape	
their	bodies,	contributing	to	their	good	running	economy.	
However,	these	suggestions	are	based	on	comparisons	of	
Kenyan	 and	 Caucasian	 data.	 Regarding	 the	 comparison	
of	elite	runners,	although	muscle-	tendon	unit	character-
istics	of	elite	Kenyans	have	been	compared	with	those	of	
Japanese	runners,	their	performance	levels	are	not	com-
pletely	consistent.13,14	 It	 remains	 to	be	seen	whether	 the	
specificities	 of	 the	 muscle-	tendon	 unit	 of	 Kenyan	 elite	
runners	 compared	 to	 Japanese	 elite	 runners13,14	 are	 in-
fluenced	 by	 genetic	 endowment	 rather	 than	 training	
adaptation.

Therefore,	 to	 investigate	 the	 respective	 influence	 of	
the	genetic	endowment	and	training	effect	on	the	muscle-	
tendon	characteristics	of	Kenyans,	the	present	study	com-
pared	a	 large	 sample	of	Kenyan	and	Japanese	males,	 (i)	
non-	athletes	of	different	age	groups	and	(ii)	adult	runners	
of	different	running	performance	levels.	It	was	hypothe-
sized	that	genetic	endowment	was	more	influential	than	
the	performance	level,	so	that:	Kenyans	were	expected	to	
have	a	longer	AT,	shorter	fascicles	in	the	MG	and	longer	
MAAT,	 as	 well	 as	 a	 lower	 foot	 lever	 ratio	 than	 Japanese	
from	infancy	to	adulthood	(hypothesis	1);	At	the	adult	age,	
these	differences	between	Kenyans	and	Japanese	were	ex-
pected	 to	 remain,	 irrespective	 of	 the	 performance	 level	
(hypothesis	2).

2 	 | 	 RESULTS

2.1	 |	 Inter- group differences in 
anthropometry and performance level

Group	means	and	statistical	comparisons	of	anthropom-
etry	 of	 Kenyan	 and	 Japanese	 children	 and	 non-	athlete	
adults	(from	4–	5	to	20–	30 years	old)	are	shown	in	Table 1.	
For	 body	 mass,	 a	 main	 significant	 effect	 of	 nationality	
with	small	effect	size	(p = 0.032,	η2 = 0.01)	and	a	nation-
ality × age	 interaction	with	small	effect	 size	 (p = 0.008,	
η2  =  0.04)	 were	 also	 found:	 Kenyans	 were	 lighter	 than	
Japanese	at	14–	15 years	old	(Table 1).

Comparison	 of	 the	 anthropometric	 data	 of	 the	 three	
adult	 groups	 (non-	athletes,	 non-	elite	 runners,	 and	 elite	
runners)	 revealed	 no	 significant	 nationality  ×  perfor-
mance	 level	 interaction	 for	 age,	 height	 and	 body	 mass.	
There	was	a	significant	main	effect	of	performance	level,	
with	a	small	effect	size	for	age	(p = 0.011,	η2 = 0.04)	and	
a	 large	 effect	 size	 for	 body	 mass	 (p  <  0.001,	 η2  =  0.29):	
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Non-	athlete	adults	were	younger	 than	non-	elite	 runners	
and	heavier	than	non-	elite	and	elite	runners	(Table 2).

Comparison	between	non-	elite	and	elite	runners	based	
on	the	International	Amateur	Athletic	Federation	(IAAF)	
scores17	 revealed	 a	 main	 significant	 effect	 of	 the	 perfor-
mance	level	with	a	large	effect	size	(p < 0.001,	η2 = 0.69),	
but	no	nationality × performance	level	interaction.	The	av-
erage	level	of	running	performance	was	1204 ± 40	points	
for	elite	Kenyans	and	1176 ± 21	points	for	elite	Japanese	
(e.g.,	 2:05:29–	2:09:53	 versus	 2:08:03–	2:10:23	 in	 mara-
thon),	as	well	as	1046 ± 85	points	for	non-	elite	Kenyans	
and	1063 ± 45	points	for	non-	elite	Japanese	(e.g.,	2:11:44–	
2:21:46	versus	2:13:03–	2:18:19	in	marathon).

2.2	 |	 Effects of nationality and age on 
muscle- tendon architecture in  
non- athletes

p-	values	 and	 effect	 size	 (η2)	 of	 main	 effects	 of	 national-
ity	(Kenyan,	Japanese)	and	age	(9	age	groups	from	4–	5	to		
20–	30 years	old)	as	well	as	nationality × age	interaction	are	
shown	 in	 Table  3	 for	 all	 shank,	 tendon,	 muscle	 and	 foot	
structure	parameters.	A	significant	main	effect	of	age	was	

found,	with	mostly	large	effect	size,	for	each	of	the	meas-
ured	parameters.	We	thus	concentrated	on	the	main	effect	
of	nationality	and	on	the	nationality × age	interaction.

For	the	shank	length	and	the	absolute	and	relative	AT	
lengths,	significant	main	effect	of	nationality	and	interac-
tions	were	found	(Table 3).	The	interactions	revealed	that,	
compared	with	Japanese,	Kenyans	presented	longer	values	
for	each	of	these	parameters	in	all	ages	(Figure 1A,C,E),	
larger	increases	in	shank	and	AT	lengths	in	infancy	and	
adolescence	 with	 no	 significant	 change	 in	 relative	 AT	
length.

A	 main	 effect	 of	 nationality	 was	 also	 found	 for	 the	
absolute	and	relative	MG	fascicle	 lengths	(Figure 2A,C),	
pennation	 angle,	 and	 muscle	 thickness	 (Figure  3A,C):	
Kenyans	 had	 shorter	 absolute	 and	 relative	 MG	 fas-
cicle	 lengths	 (Figure  2A,C),	 greater	 pennation	 angle	
(Figure 3A),	but	smaller	MG	muscle	thickness	(Figure 3C)	
than	Japanese.	The	significant	interactions	found	for	ab-
solute	 MG	 fascicle	 length	 (Figure  2A)	 and	 MG	 muscle	
thickness	 (Figure  3C)	 revealed	 a	 lesser	 increase	 of	 both	
of	 these	parameters	 for	Kenyans	than	for	Japanese	 from	
8–	9	to	20–	30 years	old.	In	particular,	Kenyans	increased	in	
MG	muscle	thickness	only	from	14–	15	to	16–	17 years	old	
whereas	Japanese	increased	from	10–	11	to	16–	17 years	old	

T A B L E  1 	 Anthropometric	parameters	and	sample	size	for	Kenyan	and	Japanese	non-	runners

Age (years) Height (cm) Body mass (kg) Sample size (n)

Kenyans Japanese Kenyans Japanese Kenyans Japanese Kenyans Japanese

4–	5 years 4.6 ± 0.5 4.6 ± 0.5 106.4 ± 5.5 105.5 ± 5.5 18.1 ± 2.4 16.8 ± 1.6 16 30

6–	7 years 6.5 ± 0.5 6.4 ± 0.5 121.2 ± 5.2 119.2 ± 4.3 24.3 ± 6.9 21.8 ± 2.4 20 20

8–	9 years 8.5 ± 0.5 8.3 ± 0.5 123.8 ± 5.5 125.7 ± 4.9 24.0 ± 2.7 25.1 ± 4.0 19 30

10–	11 years 10.5 ± 0.5 10.5 ± 0.5 136.3 ± 7.3 138.4 ± 5.1 31.0 ± 5.7 33.3 ± 4.8 22 28

12–	13 years 12.5 ± 0.5 12.5 ± 0.5 147.5 ± 8.2 149.7 ± 5.1 38.5 ± 8.4 40.6 ± 5.4 33 33

14–	15 years 14.5 ± 0.5 14.5 ± 0.5 161.3 ± 10.1 162.0 ± 5.6 46.4 ± 5.7 52.8 ± 8.3† 21 48

16–	17 years 16.7 ± 0.5 16.7 ± 0.5 168.6 ± 5.4 170.4 ± 4.7 59.4 ± 5.9 57.5 ± 6.4 23 51

18–	19 years 18.6 ± 0.5 18.5 ± 0.5 167.3 ± 5.3 169.8 ± 4.3 56.8 ± 6.3 59.9 ± 6.8 22 50

20–	30 years 24.0 ± 4.5 22.6 ± 2.8 171.8 ± 7.5 172.1 ± 4.8 64.3 ± 8.1 65.9 ± 7.2 33 65

Note: Group	mean ± SD	values.	Bold	values	in	case	of	statistical	significant	difference	between	Kenyans	and	Japanese.
†Significant	difference	between	Kenyans	and	Japanese	(p < 0.01).

T A B L E  2 	 Anthropometric	parameters	and	sample	size	for	the	three	Kenyan	and	Japanese	adult	groups

Age (years) Height (cm) Body mass (kg) Sample size (n)

Kenyans Japanese Kenyans Japanese Kenyans Japanese Kenyans Japanese

Non-	athletes	
(20–	30 years)

24.0 ± 4.5 22.6 ± 2.8 171.8 ± 7.5 172.1 ± 4.8 64.3 ± 8.1 65.9 ± 7.2 33 65

Non-	elite	runners 25.2 ± 4.8* 24.8 ± 4.6* 171.3 ± 7.0 171.1 ± 4.5 57.5 ± 5.5 56.5 ± 4.3‡ 36 49

Elite	runners 24.1 ± 4.1 26.7 ± 4.6 172.2 ± 7.5 171.3 ± 3.8 57.0 ± 5.4 56.0 ± 4.4‡ 17 10

Note: Group	mean ± SD	values.	Bold	values	in	case	of	statistical	significant	difference.
*	and	‡:	p	<	0.05	and	p	<	0.001,	respectively,	compared	to	non-athletes.	[Correction	added	on	April	29,	2022	after	first	online	publication.	The	values	in	the	
footnote	of	Table	2	have	been	changed		from	‘p	<	0.001	and	p	<	0.05’		to	‘p	<	0.05	and	p	<	0.001’]
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(Figure 3C).	In	both	Kenyans	and	Japanese,	we	found	that	
MG	muscle	thickness	could	be	explained	by	MG	fascicle	
length	 by	 about	 70%	 (Figure  4A)	 and	 by	 MG	 pennation	
angle	by	about	33%	(Figure 4B).

A	main	effect	of	nationality	was	found	for	MAAT	and	
foot	lever	ratio	(Figure 5C,E),	but	not	for	forefoot	length	
(Figure  5A):	 Kenyans	 showed	 longer	 MAAT	 (Figure  5C)	
and	 lower	 foot	 lever	 ratio	 than	 Japanese	 (Figure  5E).	 A	
significant	 interaction	was	only	 found	for	MAAT	 that	re-
vealed	 a	 larger	 increase	 for	 Kenyans	 than	 for	 Japanese	
from	 8–	9	 to	 20–	30  years	 old	 (p  <  0.05),	 the	 significant	
increase	 occurring	 for	 each	 group	 between	 8–	9	 to	 12–	
13 years	old	(Figure 5C).

2.3	 |	 Effects of nationality and 
performance level on muscle- tendon 
architecture in adults

p-	values	and	effect	size	(η2)	of	main	effects	of	nationality	
(Kenyan,	Japanese)	and	performance	level	(non-	athletes,	
non-	elite	and	elite	runners)	as	well	as	nationality × per-
formance	 level	 interaction	 are	 shown	 in	 Table  4	 for	 all	
shank,	tendon,	muscle	and	foot	structure	parameters.	No	
significant	 interaction	 was	 found	 for	 the	 shank	 length,	
absolute	and	relative	AT	lengths	of	Kenyan	and	Japanese	
adult	 runners.	 However,	 a	 significant	 main	 effect	 of	 na-
tionality	 was	 found	 for	 each	 of	 these	 parameters:	 Adult	
Kenyans	 were	 characterized	 by	 longer	 shank,	 absolute	
and	relative	AT	values	than	Japanese	(Figure 1B,D,F).

A	 significant	 interaction	 was	 found	 for	 both	 the	 ab-
solute	 and	 relative	 MG	 fascicle	 lengths.	 As	 shown	 on	
Figure 2	(B,D),	no	significant	difference	was	found	for	the	
Kenyans	whereas	non-	athletic	Japanese	had	longer	abso-
lute	 and	 relative	 MG	 fascicles	 than	 non-	elite	 (p  =  0.006	
and	 p  =  0.002,	 respectively)	 and	 elite	 (p  =  0.022	 and	
p = 0.012,	respectively)	runners.	The	decrease	in	fascicle	

length	observed	for	Japanese	with	the	increase	in	perfor-
mance	level	resulted	in	a	lack	of	difference	between	elite	
Kenyans	and	Japanese	in	the	absolute	MG	fascicle	length	
(Figure  2B).	 A	 significant	 difference	 between	 Kenyans	
and	Japanese	was	always	found	otherwise	(p < 0.01).

An	 interaction	was	also	 found	 for	 the	MG	pennation	
angle.	 As	 shown	 in	 Figure  3	 (B),	 non-	athletic	 Japanese	
had	 smaller	 pennation	 angle	 than	 non-	elite	 (p  =  0.031)	
and	elite	 (p = 0.011)	 runners	whereas,	 among	Kenyans,	
non-	elite	 runners	had	greater	MG	pennation	angle	 than	
non-	athletes	(p = 0.005)	and	elite	runners	(p = 0.017).	The	
increase	 in	 MG	 pennation	 angle	 observed	 for	 Japanese	
with	the	increase	in	performance	level	resulted	in	a	lack	
of	difference	between	Kenyan	and	Japanese	elite	runners	
(Figure 3B).	A	significant	difference	between	Kenyans	and	
Japanese	 was	 found	 otherwise	 (p  <0.01).	 Regarding	 the	
MG	muscle	thickness	(Figure 3D),	only	main	significant	
effects	of	nationality	and	performance	 level	were	 found:	
Independently	of	their	nationality,	non-	elite	runners	had	
thicker	 MG	 muscle	 than	 non-	athletes	 (p  =  0.023).	 All	
Kenyans	 had	 thinner	 MG	 muscle	 than	 their	 Japanese	
counterparts.

No	 significant	 interaction	 was	 found	 for	 the	 forefoot	
length,	AT	moment	arm	(MAAT)	and	lever	ratio	(forefoot	
length/MAAT)	 (Figure  5B,D,F).	 Only	 a	 main	 significant	
effect	of	nationality	was	found	for	MAAT	and	lever	ratio:	
Kenyans	 were	 characterized	 by	 longer	 MAAT	 and	 lower	
foot	lever	ratio	than	Japanese	(Figure 5D,F).

3 	 | 	 DISCUSSION

We	hypothesized	that	Kenyan	and	Japanese	structural	dif-
ferences	 in	 their	 leg	 and	 foot	 segmental	 lengths	 as	 well	
as	muscle-	tendon	architecture	(i)	would	exist	from	early	
childhood	 (hypothesis	 1)	 and	 (ii)	 would	 differ	 between	
Kenyan	and	Japanese	adults	regardless	their	performance	

T A B L E  3 	 Influence	of	nationality	and	age	on	all	parameters	among	non-	runners

Parameters pNationality (η2) pAge (η2) pNationality × Age (η2)

Shank	length <0.001	(0.36,	large) <0.001	(0.89,	large) 0.001	(0.05,	small)

Absolute	Achilles	tendon	(AT)	length <0.001	(0.53,	large) <0.001	(0.79,	large) 0.018	(0.03,	small)

Relative	AT	length <0.001	(0.31,	large) <0.001	(0.05,	small) <0.001	(0.05,	small)

Absolute	MG	fascicle	length <0.001	(0.26,	large) <0.001	(0.43,	large) <0.001	(0.06,	small)

Relative	MG	fascicle	length <0.001	(0.43,	large) <0.001	(0.23,	large) 0.065

MG	pennation	angle <0.001	(0.05,	small) <0.001	(0.28,	large) 0.473

MG	muscle	thickness <0.001	(0.27,	large) <0.001	(0.68,	large) <0.001	(0.09,	moderate)

Forefoot	length 0.111 <0.001	(0.75,	large) 0.396

Moment	arm <0.001	(0.13,	moderate) <0.001	(0.68,	large) 0.001	(0.05,	small)

Foot	lever	ratio <0.001	(0.10,	moderate) <0.001	(0.22,	large) 0.110

Note: p-	value	(effect	size	when	p-	value	is	significant).
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   | 5 of 12KUNIMASA et al.

level	 (non-	athlete,	 non-	elite	 and	 elite	 runners),	 but	 not	
between	 Kenyan	 adults	 (hypothesis	 2).	 Confirming	 hy-
pothesis	 1,	 the	 present	 study	 demonstrated	 that,	 above	
8  years	 old,	 Kenyans	 had	 longer	 shank	 and	 AT,	 shorter	
fascicle,	 greater	 pennation	 angle,	 thinner	 MG	 muscle	
as	well	as	 longer	MAAT,	with	 lower	foot-	lever	ratio	 than	
Japanese.	Hypothesis	2	was	also	partly	supported:	as	ex-
pected,	the	three	adult	groups	of	Kenyans	did	not	differ	in	
their	structural	characteristics,	and	significant	differences	

were	 found	 between	 Kenyan	 and	 Japanese	 non-	athletes	
and	non-	elite	runners.	However,	differing	from	our	expec-
tations,	Kenyan	and	Japanese	elite-	runners	did	not	differ	
in	their	absolute	MG	fascicle	length	and	pennation	angle,	
although	 significant	 differences	 were	 found	 in	 other	
parameters.

Elite	Kenyan	runners	are	characterized	by	(i)	a	small	
gastrocnemius	muscle	mass,	which	allows	them	to	run	
with	 minimal	 energy	 used	 to	 swing	 the	 lower	 limbs,6		

F I G U R E  1  Effect	of	nationality,	
age	and	performance	level	on	shank	and	
Achilles	tendon	(AT)	lengths.	The	left-	
hand	side	of	each	graph	shows	the	effect	
of	nationality	and	age	on	shank	length	
(A),	absolute	(C)	and	relative		
(E)	AT	lengths.	The	right-	hand	side	
of	each	graph	shows	the	effects	of	
nationality	and	performance	level	on	
each	of	these	parameters	(B,	D	and	F)	for	
non-	athletes	(NA),	non-	elite	(NE),	and	
elite	(E)	runners.	Results	are	presented	as	
mean ± SD.	The	two-	way	anova	analysis	
revealed	a	significant	nationality × age	
interaction,	with	significant	post- hoc	
differences	between	subsequent	age	
groups	indicated	by	thick	lines:	black	for	
different	nationalities	(p < 0.01),	red	for	
Kenyans	(p < 0.01),	and	blue	for	Japanese	
(p < 0.05).	The	thin	black	line	shows	the	
main	effect	of	nationality	between	the	
adult	groups
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6 of 12 |   KUNIMASA et al.

(ii)	short	muscle	fascicles	with	long	AT	that	reduce	the	
muscle	 fiber	 shortening	 during	 the	 contact	 phase	 and	
thus	the	energy	expenditure	of	the	muscles,14,18	and	(iii)	
long	 MAAT	 and	 low	 foot	 lever	 ratio	 to	 reduce	 plantar	
flexor	 muscle	 force	 to	 produce	 the	 same	 torque.13,14,19	
How	 did	 elite	 Kenyan	 runners	 acquire	 these	 foot	 and	
muscle-	tendon	architecture	that	give	them	the	advantage	
of	efficient	running	and	superior	running	performance?	
Resulting	the	comparison	of	the	foot	and	muscle-	tendon	
architecture	since	early	childhood	between	two	national-
ities,	most	of	the	structural	differences	between	Kenyans	
and	Japanese	were	already	present	at	the	age	of	4 years,	
with	the	difference	in	MAAT,	absolute	length	of	MG	fas-
cicles	and	MG	muscle	thickness	only	existing	after	 the	
age	of	8 years,	confirming	hypothesis	1	of	a	major	influ-
ence	of	genetic	endowment.	The	 longer	shank	and	AT	
lengths	 of	 Kenyans	 are	 in	 perfect	 agreement	 with	 the	

long	legs	and	thin/light	calf	muscles	reported	in	the	lit-
erature	to	provide	biomechanical	and	metabolic	benefits	
since	a	young	age.9–	11	The	demonstrated	longer	AT	and	
MAAT	as	well	as	the	shorter	absolute	MG	fascicle	length	
and	lower	foot	lever	ratio	in	Kenyans,	at	least	since	the	
age	 of	 8,	 provide	 further	 support	 for	 the	 influence	 of	
genetic	 endowment	 on	 the	 architectural	 characteris-
tics	 of	 elite	 Kenyan	 runners.13,14	 In	 addition,	 Kenyans	
were	 characterised	 by	 a	 greater	 influence	 of	 increas-
ing	 MG	 fascicle	 length	 than	 pennation	 angle	 on	 MG	
muscle	 thickness	 compared	 to	 Japanese.	 These	 trends	
differ	from	the	linear	relationship	reported	between	in-
creasing	 MG	 fascicle	 pennation	 angle	 and	 MG	 muscle	
thickness	in	Caucasians	from	infancy	to	adulthood.20,21	
This	could	partly	explain	the	lower	triceps	surae	muscle	
thickness	reported	for	Kenyans	(including	elite	runners)	
compared	to	Caucasians.9,11

F I G U R E  2  Effect	of	nationality,	age,	and	performance	level	on	absolute	and	relative	medial	gastrocnemius	(MG)	fascicle	lengths.	The	
left-	hand	side	of	the	graphs	shows	the	effects	of	nationality	and	age	on	absolute	(A)	and	relative	(C)	MG	fascicle	lengths.	The	right-	hand	
side	of	the	graphs	shows	the	effects	of	nationality	and	performance	level	on	each	of	these	parameters	(B,	D)	for	non-	athletes	(NA),	non-	elite	
(NE),	and	elite	(E)	runners.	Results	are	presented	as	mean ± SD.	The	two-	way	anova	analysis	revealed	significant	nationality×age	and	
nationality×performance	level	interactions,	with	significant	post- hoc	differences	between	subsequent	groups	indicated	by	thick	lines:	black	
for	different	nationalities	(p < 0.01)	and	blue	for	Japanese	(p < 0.05).	The	blue	arrow	indicates	a	significant	difference	between	non-	athletes	
(NA)	and	elite-	runners	(E)	(p < 0.05).	The	thin	lines	show	the	main	effect	of	nationality	in	black	(p < 0.01)	and	of	age	in	gray	(p < 0.001)
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   | 7 of 12KUNIMASA et al.

Hypothesis	 2	 was	 supported	 for	 all	 parameters,	 ex-
cept	 the	absolute	MG	muscle	 fascicle	 length	and	penna-
tion	 angle	 that	 did	 not	 differ	 between	 elite	 Kenyan	 and	
Japanese	runners.	In	this	study,	we	improved	the	number	
of	 participants	 and	 the	 range	 of	 running	 performance	
level	from	the	previous	studies.13,14	In	the	results,	as	previ-
ously	reported	for	middle	and	long-	distance	runners,13,14	
Kenyan	 elite	 runners	 showed	 longer	 length	 values	 of	
shank,	AT	and	MAAT,	as	well	as	thinner	MG	muscle	and	
lower	 foot	 lever	 ratio	 than	 Japanese	 non-	elite	 runners.	
However,	the	lack	of	difference	in	the	absolute	MG	fasci-
cle	length	and	pennation	angle	between	elite	Kenyan	and	
Japanese	 runners	 is	 particularly	 interesting	 as	 it	 results	
from	 the	 contrast	 between	 the	 stability	 of	 absolute	 and	
relative	fascicle	length	values	in	the	three	Kenyan	groups	

and	 the	 significant	 decreases	 observed	 in	 the	 Japanese,	
from	non-	athletes	 to	elite	runners.	Furthermore,	 the	de-
crease	in	fascicle	length	observed	among	Japanese	was	as-
sociated	with	an	increase	in	pennation	angle.	Such	trends	
were	 not	 observed	 in	 Kenyans.	 In	 our	 previous	 study,14	
we	compared	muscle-	tendon	architecture	in	Kenyan	and	
Japanese	runners	at	different	running	performance	levels	
(IAAF	score:	1126.9 ± 105.2	versus	909.4 ± 130.8	points)	
and	 showed	 that	 Kenyan	 had	 significantly	 shorter	 fasci-
cles	and	greater	pennation	angle	of	the	MG	than	Japanese.	
In	 the	 present	 study,	 however,	 we	 recruited	 both	 elite	
Kenyan	and	elite	Japanese	runners,	with	matched	group	
mean	 performance	 levels	 (1204  ±  40	 versus	 1176  ±  21	
points).	 This	 comparison	 revealed	 that	 the	 muscle	 ar-
chitecture	characteristics	(short	fascicle	length	and	large	

F I G U R E  3  Effect	of	nationality,	age	and	performance	level	on	medial	gastrocnemius	(MG)	pennation	angle	and	muscle	thickness.		
The	left-	hand	side	of	the	graphs	shows	the	effects	of	nationality	and	age	on	MG	pennation	angle	(A)	and	MG	muscle	thickness	(C).	The	
right-	hand	side	of	the	graphs	shows	the	effects	of	nationality	and	performance	level	on	each	of	these	parameters	(B,	D)	for	non-	athletes	
(NA),	non-	elite	(NE),	and	elite	(E)	runners.	Results	are	presented	as	mean ± SD.	The	two-	way	anova	analysis	revealed	significant	
nationality × age	and	nationality × performance	level	interactions,	with	significant	post- hoc	differences	between	subsequent	groups	
indicated	by	thick	lines:	black	for	different	nationalities	(p < 0.01),	red	for	Kenyans	(p < 0.05)	and	blue	for	Japanese	(p < 0.05).	The	blue	
arrow	indicates	a	significant	difference	between	non-	athletes	(NA)	and	elite-	runners	(E)	(p < 0.05).	The	thin	lines	show	the	main	effect	of	
nationality	in	black	(p < 0.001)	and	of	performance	level	in	gray	(p < 0.05)
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8 of 12 |   KUNIMASA et al.

pennation	angle)	of	 the	elite	 Japanese	 runners	was	very	
close	to	those	of	the	Kenyans.	As	suggested	by	Abe	et	al,22	
who	found	different	muscle	characteristics	in	endurance	
runners	compared	to	sprinters,	both	genetic	endowments	
and	 training	 adaptation	 may	 be	 involved.	 Supporting	
the	 latter	 hypothesis,	 Murach	 et	 al23	 reported	 decreased	
fascicle	 length	 and	 increased	 pennation	 angle	 with	 no	
change	 in	muscle	 thickness	of	 the	 lateral	gastrocnemius	
after	12 weeks	of	endurance	run	training.	These	observa-
tions	suggest	that	the	specific	muscle	architecture	of	the	
elite	Japanese	runners	could	result	from	specific	training	
and/or	 athletic	 selection	 based	 on	 genetic	 endowments,	
whereas	elite	Kenyan	runners’	features	would	be	already	
common	among	non-	athlete	Kenyan	adults.	Therefore,	the	
performance	enhancements	of	non-	elite	Kenyan	runners	

may	depend	on	the	developments	of	trainable	physiolog-
ical	factors1,24	and	on	the	success	of	economical	running	
movements	utilizing	inherent	anatomical	benefits.14

Some	methodological	limitations	need	to	be	addressed.	
First,	as	the	present	study	had	a	cross-	sectional	design,	no	
cause-	effect	 relationship	 can	 yet	 be	 drawn	 between	 the	
structural	characteristics	and	the	nationality,	age	and	run-
ning	 performance	 level	 of	 the	 middle	 and	 long-	distance	
runners.	In	addition,	the	growth	and	maturity	status	were	
not	fully	matched	between	Kenyan	and	Japanese	children.	
We	tried	to	match	height	and	body	mass	at	each	age	group,	
but	did	not	succeed	in	for	the	age	of	14–	15 years:	Kenyans	
had	a	lower	body	mass	than	the	selected	Japanese	of	the	
same	 age.	 The	 generalization	 of	 muscle-	tendon	 archi-
tecture	in	this	population	is	of	course	unknown	without	
further	 study.	 It	 cannot	 be	 sure	 that	 the	 study	 cohort	 is	
representative	of	Kenyan	children	and	non-	athletic	adults	
and	vice versa	in	Japanese	non-	athletes.	Whilst	some	selec-
tion	bias	cannot	be	excluded,	all	participants	were	identi-
fied	without	prior	knowledge	of	the	physical	activity	levels	
and	running	performance	level	and	blind	to	the	aims	and	
objectives	 of	 the	 study.	 Finally,	 the	 AT	 length	 was	 mea-
sured	with	tape	along	the	line	close	to	skin.	This	may	have	
been	 underestimated25	 or	 overestimated	 because	 the	 ac-
tual	curvature,	twist,	or	straight	of	the	AT	was	not	consid-
ered	in	this	study.

In	conclusion,	by	conducting	a	study	on	a	large	num-
ber	of	Kenyans	and	Japanese	of	all	ages,	we	have	shown	
that	 not	 only	 Kenyan	 elite	 runners	 but	 also	 the	 general	
population	 since	 early	 childhood	 have	 structural	 advan-
tages	in	their	leg	and	foot	segmental	lengths	as	well	as	in	
their	muscle-	tendon	architecture	for	middle	and	long	dis-
tance	 running	 performance.	These	 findings	 suggest	 that	
genetic	endowment	plays	a	major	role	in	the	dominance	
of	Kenyans	in	middle-		and	long-	distance	races.

4 	 | 	 MATERIALS AND METHODS

4.1	 |	 Participants

A	 total	 of	 676	 healthy	 male	 participants	 including	 chil-
dren,	 untrained	 adults	 and	 highly	 trained	 runners	 from	
Kenya	(n = 262)	and	Japan	(n = 414)	voluntered	for	this	
study.	Kenyans	were	 recruited	and	 tested	 in	 their	home	
cities	 (Nairobi,	 Kitui,	 and	 Embu	 for	 non-	athletes	 and	
Eldoret	for	elite	runners).	Non-	athletic	and	elite	Japanese	
runners	 were	 recruited	 from	 different	 Japanese	 cities	
(i.e.	 Osaka,	 Hyogo,	 Shiga,	 Okayama,	 Hiroshima,	 and	
Fukuoka),	 and	 the	 tests	 were	 conducted	 in	 Osaka.	 This	
5-	year	 global	 project	 involved	 mainly	 the	 same	 opera-
tors	for	the	US	measurements.	Children	and	non-	athlete	
adults	were	divided	according	to	their	nationality	and	age.	

F I G U R E  4  Linear	regressions	between	medial	gastrocnemius	
(MG)	fascicle	characteristics	and	muscle	thickness	for	Kenyans	
and	Japanese.	(A)	between	MG	fascicle	length	and	MG	muscle	
thickness,	and	(B)	between	MG	pennation	angle	and	MG	muscle	
thickness	for	Kenyans	(red)	and	Japanese	(blue)
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y = 0.099x -0.135, r2 = 0.35, p < 0.001

Japanese
y = 0.365x -0.176, r2 = 0.69, p < 0.001

Kenyan
y = 0.0768x -0.100, r2 = 0.32, p < 0.001

Kenyan
y = 0.397x -0.324, r2 = 0.70, p < 0.001
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   | 9 of 12KUNIMASA et al.

People	aged	4–	19 years	were	divided	into	groups	of	2 years	
each	 and	 those	 aged	 20  years	 and	 over	 into	 one	 group	
(Table  1).	 As	 shown	 in	 Table  2,	 the	 adult	 participants	
were	 divided	 based	 on	 their	 nationality	 (Kenyan	 versus	
Japanese)	 and	 running	 performance	 level	 (non-	athletes,	
non-	elite	 runners,	 and	 elite	 runners).	 The	 runners	 were	
classified	 based	 on	 their	 middle-		 and/or	 long-	distance	
running	 performance	 using	 their	 best	 official	 records.	
To	account	for	differences	 in	race	distance	(e.g.,	5000 m	

and	marathon),	their	best	official	records	were	converted	
based	on	the	IAAF	score	table	system.17	The	IAAF	scores	
of	the	elite	runners	were	set	above	1150	points	(e.g.,	2020	
Tokyo	Olympic	entry	mark	was	2:11:30	for	marathon	and	
its	corresponding	IAAF	points	were	1136).

All	 adult	 participants	 gave	 written	 informed	 consent	
to	take	part	in	this	study,	which	was	performed	in	accor-
dance	with	the	guidelines	of	the	Declaration	of	Helsinki	
and	was	approved	by	the	local	Ethics	Committee	of	Osaka	

F I G U R E  5  Effect	of	nationality,	
age,	and	performance	level	on	foot	
architecture.	The	left-	hand	side	of	the	
graphs	shows	the	effects	of	nationality	
and	age	on	forefoot	length	(A),	Achilles	
tendon	moment	arm	(MAAT)	(C),	and	
foot	lever	ratio	(forefoot	length/Achilles	
tendon	moment	arm)	(E).	The	right-	hand	
side	of	the	graphs	shows	the	effects	of	
nationality	and	performance	level	on	
each	of	these	parameters	(B,	D	and	F)	for	
non-	athletes	(NA),	non-	elite	(NE),	and	
elite	(E)	runners.	Results	are	presented	as	
mean ± SD.	The	two-	way	anova	analysis	
revealed	a	significant	nationality×age	
interaction,	with	significant	post-	hoc	
differences	between	subsequent	age	
groups	indicated	by	thick	lines:	black	for	
different	nationalities	(p < 0.05),	red	for	
Kenyans	(p < 0.05)	and	blue	for	Japanese	
(p < 0.05).	The	thin	lines	show	the	main	
effect	of	nationality	in	black	(p < 0.001)	
and	of	age	in	gray	(p < 0.001)
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University	of	Health	and	Sport	Sciences	(approval	num-
ber	16-	1).	Regarding	the	informed	consent	of	the	children,	
parents	or	teachers	(primary	schools,	junior	high	school,	
and	 high	 school)	 gave	 written	 informed	 consent	 for	 the	
children's	participation	in	the	study.

4.2	 |	 Shank and Achilles tendon length 
measurements

All	 parameters	 were	 measured	 bilaterally	 while	 stand-
ing	at	 rest	and	averaged	 for	both	 legs.	Shank length	was	
defined	 as	 the	 distance	 from	 the	 proximal	 head	 of	 the	
fibula	 to	 the	 tip	 of	 the	 lateral	 malleolus.	 The	 AT	 length	
from	the	point	of	 its	distal	 insertion	on	the	calcaneus	to	
the	AT	junction	between	medial	and	lateral	gastrocnemii	
muscles	was	quantified	using	a	portable	ultrasonography	
(Noblus,	Hitachi-	Aloka	Medical	Ltd)	and	then	was	meas-
ured	with	tape	along	the	line	close	to	the	skin.26,27

4.3	 |	 Structural measurements of medial 
gastrocnemius muscle

The	 MG	 fascicle	 length,	 pennation	 angle,	 and	 muscle	
thickness	were	measured	from	sagittal	ultrasound	images	
obtained	with	a	55 mm	linear	probe	(13–	5 MHz,	model:	
L55,	Hitachi-	Aloka	Medical	Ltd)	placed	on	the	MG	mus-
cle	belly,	in	the	mid-	sagittal	plane.	In	the	recorded	scans,	
echoes	 reflected	 from	 muscle	 fascicles	 and	 aponeuroses	
tissue	were	identified.	The	fascicle	in	the	center	of	the	MG	
ultrasound	 image	 was	 chosen	 for	 analysis.	 The	 fascicle	
length	was	measured	as	 the	distance	between	 the	 inser-
tion	of	the	fascicle	into	the	superficial	and	deep	aponeu-
roses28	 and	 these	 were	 digitized	 using	 analysis	 software	
(ImageJ,	 NIH).	 The	 muscle	 thickness	 was	 measured	 as	

the	largest	perpendicular	distance	between	deep	and	su-
perficial	 aponeuroses.	 The	 pennation	 angle	 was	 meas-
ured	 from	the	 fascicle	 insertion	points	 in	 the	superficial	
and	deep	aponeuroses	and	from	a	different	point	on	the	
deep	aponeurosis.	Apart	from	the	present	study,	the	daily	
repeatability	 of	 the	 muscle	 architecture	 measurement	
(n = 9)	was	confirmed	using	an	intraclass	correlation	co-
efficient	(ICC1,1).	We	confirmed	good	repeatability;	ICC1,1	
was	0.980,	0.971	and	0.960	(MG	fascicle	length,	pennation	
angle,	and	muscle	thickness,	respectively).

4.4	 |	 Measurements of foot 
characteristics

Achilles	tendon	moment	arm	(MAAT)	was	defined	by	a	line	
projected	 orthogonally	 from	 the	 nearest	 point	 on	 the	 AT	
force	application	line	to	the	ankle	joint	axis.	In	this	study,	
the	ankle	 joint	axis	was	defined	using	 the	 trans-	malleolar	
axis29	and	the	MAAT	was	estimated	geometrically	using	the	
Heron's	formula.30	First,	ultrasound	transverse	images	from	
each	medial	and	lateral	malleolar	tip	to	the	posterior	aspect	
of	the	AT	were	taken	by	a	portable	ultrasonography	(Noblus,	
Hitachi-	Aloka	 Medical	 Ltd)	 with	 a	 55  mm	 linear	 probe	
(13–	5 MHz,	model:	L55,	Hitachi-	Aloka	Medical	Ltd).	Then,	
image	analysis	software	was	used	to	calculate	the	distances	
from	the	center	of	the	AT	to	the	tips	of	the	medial	(Lmed)	and	
lateral	malleoli	(Llat),	respectively.	Finally,	the	distance	be-
tween	the	tips	of	the	medial	and	lateral	malleoli	(Lmal)	was	
measured	on	the	skin	using	a	Martin	breadth	caliper:

S =

(

Lmal + Lmed + Llat
)

2

MAAT =

2
√

S
(

S − Lmal
)(

S − Lmed
)(

S − Llat
)

Lmal

T A B L E  4 	 Influence	of	nationality	and	performance	level	on	all	parameters	among	adults

Parameters pNationality (η2) pPerformance level (η2) pNationality × Performance level (η2)

Shank	length <0.001	(0.33,	large) 0.636 0.237

Absolute	Achilles	tendon	(AT)	length <0.001	(0.42,	large) 0.196 0.991

Relative	AT	length <0.001	(0.22,	large) 0.256 0.570

Absolute	MG	fascicle	length <0.001	(0.16,	large) 0.203 0.009	(0.05,	moderate)

Relative	MG	fascicle	length <0.001	(0.30,	large) 0.140 0.003	(0.06,	moderate)

MG	pennation	angle 0.082 <0.001	(0.08,	moderate) 0.015	(0.04,	moderate)

MG	muscle	thickness <0.001	(0.21,	large) 0.028	(0.03,	moderate) 0.438

Forefoot	length 0.246 0.251 0.969

Moment	arm <0.001	(0.13,	moderate) 0.136 0.941

Foot	lever	ratio <0.001	(0.11,	moderate) 0.059 0.994

Note: p-	value	(effect	size	when	p-	value	is	significant).
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where	S	is	half	of	the	total	length	of	Lmal,	Lmed	and	Llat,	and	
MAAT	 is	 the	 length	of	 the	AT	moment	arm.	Repeatability	
and	reliability	of	this	method	have	been	previously	checked	
in	Japanese	participants	as	follows:	The	repeatability	of	the	
MAAT	measurement	at	two	given	times	of	the	day	in	6	par-
ticipants	 showed	 a	 high	 intraclass	 correlation	 coefficient	
(ICC1,1)	of	0.945.	The	reliability	was	confirmed	by	high	in-
traclass	correlation	coefficient	(ICC3,2 = 0.822)	when	com-
paring	the	MAAT	values	of	12	participants	obtained	either	
with	 our	 method	 or	 when	 using	 Hashizume's	 method31	
based	on	a	three-	dimensional	approach	with	magnetic	res-
onance	imaging.

Foot	lever	ratio	was	defined	as	the	ratio	of	the	forefoot	
length	 divided	 by	 MAAT,	 in	 which	 the	 forefoot	 length	 is	
the	distance	between	the	vertical	projection	of	the	lateral	
malleolus	tip	to	the	distal	head	of	the	fifth	metatarsal.

4.5	 |	 Statistics

Statistical	analyses	were	performed	using	statistical	soft-
ware	 (SPSS	 Statistics	 25,	 IBM	 Japan).	 Values	 in	 the	 text	
and	 tables	 are	 reported	 as	 mean  ±  standard	 deviation	
(SD).	 To	 test	 the	 first	 hypothesis	 (hypothesis	 1),	 a	 two-	
way	(nationality	and	age)	anova	analysis	was	conducted	
on	the	different	age	group	data	(from	4–	5	to	20–	30 years	
for	both	Kenyan	and	Japanese	non-	athletes).	To	test	 the	
second	 hypothesis	 (hypothesis	 2),	 we	 conducted	 a	 two-	
way	 (nationality	 and	 performance	 level)	 anova	 analy-
sis	 based	 on	 data	 from	 non-	athletes,	 non-	elite	 and	 elite	
runners	 from	Kenya	and	 Japan.	The	non-	athlete	groups	
corresponded	 to	 the	 20–	30  years	 age	 group	 used	 when	
testing	 hypothesis	 1.	 The	 IAAF	 scores	 of	 non-	elite	 and	
elite	runners	from	Kenya	and	Japan	were	compared	using	
a	 two-	way	 anova	 (nationality	 and	 performance	 level)	
analysis.	In	case	of	significant	interaction,	additional	one-	
way	 anova	 with	 Bonferroni	 test	 was	 performed	 to	 de-
termine	 whether	 significant	 differences	 existed	 between	
groups.	The	magnitude	of	these	differences	was	examined	
using	effect	size	η2	and	evaluated	as	small	 for	η2 > 0.01,	
moderate	for	η2 > 0.06,	and	large	for	η2 > 0.14.32	Linear	
regression	 analysis	 was	 used	 to	 assess	 the	 relationships	
between	MG	muscle	thickness	and	MG	fascicle	length	or	
pennation	 angle	 in	 Kenyan	 and	 Japanese	 non-	athletes.	
The	coefficient	of	determination	(r2)	was	used	to	quantify	
the	 variance	 explained	 by	 the	 given	 factors.	 A	 criterion	
alpha	 level	of	p < 0.05	was	used	 to	determine	statistical	
significance	for	all	data.
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