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Abstract	
Background:	 Water	 running,	 and	 more	
specifically	 aquatic	 treadmill	 (ATM)	 running,	 has	
become	 increasingly	 popular	 as	 part	 of	 the	
rehabilitation	of	 injuries	and	as	a	means	of	cross-
training.	 Purpose:	 The	 primary	 purpose	 of	 this	
narrative	 review	 was	 to	 discuss	 the	 kinematic,	
kinetic,	 spatiotemporal,	 and	 muscle	 activation	
differences	 between	 ATM	 and	 land	 treadmill	
running.	A	secondary	purpose	was	to	examine	the	
possible	 benefits	 and	 limitations	 of	 applying	 an	
ATM	 running	 intervention	 as	 a	 means	 for	
returning	 to	 run	 or	 sport	 were	 discussed.	
Methods:	 A	 critical	 appraisal	 of	 the	 current	
literature	 revealed	 a	 series	 of	 studies	 related	 to	
ATM	 training	 and/or	 rehabilitation.	 Findings:		
Water	 provides	 a	 unique	 training	 and	
rehabilitation	 environment	 owing	 to	 the	 fluid	
forces	 acting	upon	 the	body	during	 immersion.	A	
growing	body	of	evidence	supports	the	safety	and	
efficacy	 of	 ATM	 for	 both	 training	 and	
rehabilitation	 purposes.	 Current	 evidence	
indicates	 that	 ATM	 running	 does	 not	 result	 in	
differential	 biomechanical	 adaptations	 in	
comparison	to	land	treadmill	running.	Conclusion:	
Considering	 the	 potential	 beneficial	
characteristics	 of	 water	 immersion	 and	 the	
increasing	 popularity	 of	 ATM	 running,	 a	 clearer	
understanding	of	 the	biomechanical	alterations	 is	
warranted	 in	 order	 to	 aid	 practitioners	 in	
enhancing	 outcomes	 when	 prescribing	 ATM	
running.	 Health	 &	 Fitness	 Journal	 of	 Canada	
2018;11(4):65-78.		
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Introduction	
Running	 is	 a	 popular	 form	 of	 exercise	

for	recreational	and	competitive	athletes.	
In	the	United	States	alone	an	estimated	36	
million	 individuals	participate	 in	 running	
each	year,	with	10.5	million	 running	100	
or	more	 days	 per	 year	 (American	 Sports	
Data,	 2003).	 Unfortunately,	 overuse	
injuries	(i.e.,	stress	fractures)	are	common	
among	 runners	 with	 rates	 ranging	 from	
5%	 to	 16%	 (Matheson	 et	 al.,	 1987)	 and	
epidemiological	 studies	 have	 reported	
that	between	19%	and	76%	of	all	distance	
runners	 experience	 at	 least	 one	 lower	
extremity	 injury	 per	 year	 (Daoud	 et	 al.,	
2012;	 Van	 Gent	 et	 al.,	 2007).	 Systematic	
reviews	 on	 injuries	 in	 distance	 runners	
have	identified	high	training	loads	to	be	a	
strong	 risk	 factor	 for	 injury	 (Van	
Middlekoop	 et	 al.,	 2008;	 Yeung	 and	
Yeung,	 2001).	 Given	 the	 amount	 of	
training	 stress	 it	 is	 common	 practice	 to	
use	 alternate	 forms	 of	 running,	 such	 as	
deep	water	and	shallow	water	running,	to	
aid	 in	 recovery	 of	 lower	 body	 injuries	 in	
runners	 (Town	 and	 Bradley,	 1991).	 The	
water	 provides	 unique	 characteristics	 as	
there	 are	 fluid	 forces	 acting	 on	 the	 body	
during	 immersion.	 The	 buoyancy	 force	
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(upward)	acts	in	the	opposite	direction	to	
the	 force	 of	 gravity,	 whereas	 the	 drag	
force	acts	in	the	opposite	direction	to	the	
movement	 of	 an	 object	 (e.g.,	 limb	
movement)	 through	 the	 water	
(Masumoto	 and	 Mercer,	 2008).	 When	
walking	 in	 the	 water	 immersed	 to	 the	
xiphoid	process	 level,	 the	buoyancy	 force	
will	 reduce	 weight	 bearing	 by	 71%	
compared	 with	 being	 on	 dry	 land	
(Harrison	 et	 al.,	 1992).	 Previous	 findings	
have	 suggested	 that	 deep	water	 running,	
where	 individuals	 run	 in	 place	 with	 a	
floatation	 belt	 or	 across	 a	 pool	 without	
touching	 the	 ground,	 is	 different	 from	
land	running	 in	terms	of	 lower-extremity	
muscle	 recruitment	 and	 kinematics	
(Moening	 et	 al.,	 1993).	 Shallow	 water	
running,	 running	 while	 making	 ground	
contact	 in	 shallow	 water	 without	 a	
moving	 floor,	 is	 more	 similar	 to	 land	
running	 than	 deep	water	 running	 (Reilly	
et	 al.,	 2003;	 Frangolias	 and	 Rhodes,	
1996);	 however,	 the	 increased	 frontal	
plane	 resistance	 of	 the	water	 produces	 a	
different	 strategy	 of	 locomotion	
compared	to	land	running	(Moening	et	al.,	
1993;	 Kato	 et	 al.,	 2001).	 More	 recently,	
there	 has	 been	 an	 increase	 in	 the	
popularity	 of	 aquatic	 treadmills	 (ATM).	
Similar	 to	 deep	 and	 shallow	 water	
running,	several	studies	have	investigated	
the	 physiological	 and	 biomechanical	
comparisons	 between	 ATM	 and	 land	
treadmill	 running	 (Silvers	 et	 al.,	 2007;	
Schaal	 et	 al.,	 2012;	 Greene	 et	 al.,	 2011;	
Watson	et	al.,	2012;	Rutledge	et	al.,	2007;	
Porter	et	al.,	2014;	Brubaker	et	al.,	2011;	
Pohl	 and	 McNaughton,	 2003;	 Gleim	 and	
Nicholas,	1989;	Garner	et	al.,	2014;	Rife	et	
al.,	2010;	Silvers	et	al.,	2014;	Bressel	et	al.,	
2016).	 It	appears	 that	although	 there	are	
biomechanical	 alterations	 during	 ATM	
running,	 ATM	 running	 provides	 a	 more	
similar	 pattern	 to	 running	 on	 land	 as	

compared	 to	 deep	 water	 and	 shallow	
water	 running.	 ATM	 running	 eliminates	
forward	 locomotion	 through	 the	 water	
due	 to	 the	 moving	 floor	 belt,	 which	
mitigates	 the	 increased	 frontal	resistance	
seen	 in	 shallow	 water	 running.	 This	
allows	 for	 a	 more	 natural	 gait	 pattern	
(Silvers	 et	 al.,	 2007).	 Considering	 the	
increasing	 popularity	 of	 ATM	 running	 a	
clearer	 understanding	 of	 the	
biomechanical	 alterations	 is	 warranted.	
Therefore,	 the	 purpose	 of	 this	 narrative	
review	 was	 to	 discuss	 the	 kinematic,	
kinetic,	 spatiotemporal,	 and	 muscle	
activation	 differences	 between	 ATM	 and	
land	 treadmill	 running.	 Our	 secondary	
purpose	 was	 to	 examine	 the	 possible	
benefits	 and	 limitations	 of	 applying	 an	
aquatic	 running	 intervention	 as	 a	means	
for	returning	to	run	or	sport.	
	
Methods	
We	 conducted	 a	 rigorous	 narrative	

review	 of	 the	 literature	 synthesizing	 the	
findings	 from	 computerized	 database	
searches	 (including	 MEDLINE,	 Embase, 
Cochrane Central Register of Controlled 
Trials (CENTRAL), Web of Science, 
SPORTDiscus, and CINAHL),	 hand	
searches,	 and	 leading	 texts	 in	 the	 field.	
Owing	to	the	relatively	limited	number	of	
studies	 in	 the	 field	 we	 opted	 for	 a	
narrative	appraisal	of	the	literature.	
	
Findings	
Properties	of	water	 immersion	during	
exercise	
Aquatic	 exercise	 is	 well	 accepted	 as	 a	

form	 of	 conditioning	 for	 individuals	
recovering	from	injury	and/or	seeking	an	
effective	mode	of	cross-training	(Reilly	et	
al.,	 2003;	 Silvers	 et	 al.,	 2014).	 When	
considering	 the	 biomechanical	 response	
to	 ATM	 running,	 there	 are	 two	 primary	
factors	 to	consider.	The	 first	 factor	 is	 the	
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buoyancy	 that	 an	 aquatic	 environment	
provides	 (Newman,	 1997).	 It	 has	 been	
reported	 that	 based	 off	 the	 depth	 of	
submersion,	 the	 upward-lifting	 force	 of	
buoyancy	 markedly	 unloads	 the	 lower	
extremities	 as	 demonstrated	 by	 the	
reduced	 vertical	 ground-reaction	 forces	
during	 walking	 in	 water	 (Barela	 et	 al.,	
2006;	 Nakazawa	 et	 al.,	 1994;	 Roesler	 et	
al.,	2006).	The	second	factor	to	consider	is	
the	drag	forces	imposed	when	limbs	move	
through	 water	 (Newman,	 1997;	 di	
Prampero,	 1986),	 which	 increase	 the	
resistance	 to	 movement,	 as	 water	 is	
approximately	800	 times	denser	 than	air	
(di	 Prampero,	 1986).	 The	 magnitude	 of	
the	 drag	 encountered	 is	 proportional	 to	
the	 relative	 squared	 limb	 velocity	 and	
frontal	 surface	 area	 of	 the	moving	 limbs	
(di	 Prampero,	 1986).	 Considering	 the	
contribution	 of	 the	 upper	 body	 to	 ATM	
running,	 this	 is	 a	 large	 factor	 to	 consider	
when	 comparing	 alterations	 during	 ATM	
and	 land	 running.	 It	 has	 also	 been	
suggested	 that	 the	 transition	 from	
walking	 to	 running	may	occur	at	a	 lower	
speed	 during	 ATM	 compared	 land	
treadmill	locomotion	(Kato	et	al.,	2001).		
	
Kinematic	 differences	 between	 land	
and	ATM	running	
Many	 kinematic	 measures	 are	 critical	

for	 understanding	 injury	 risk	 potential	
(Daoud	 et	 al.,	 2012)	 and	 have	 been	
associated	with	impact	peaks	and	loading	
rates	 in	 studies	 assessing	 injury	 risk	 in	
distance	 running	 (Bonacci	 et	 al.,	 2013;	
Chambon	 et	 al.,	 2015;	 Lieberman	 et	 al.,	
2010;	Squadrone	et	al.,	2015).	Many	have	
suggested	 that	 alterations	 in	 gait	
kinematics	 in	 water	 reflect	 a	 strategy	 to	
overcome	 buoyancy	 and	 dynamic	 drag	
forces	 in	water	 (Kato	et	al.,	2001;	Silvers	
et	 al.,	 2014;	 Bressel	 et	 al.,	 2016).	 	 In	
addition,	it	has	been	suggested	that	distal	

segment	 kinematics	 could	 be	 more	
affected	 in	 water	 than	 proximal	
kinematics	 as	 they	display	 larger	 radii	 of	
rotation	 about	 the	 hip,	 which	 produces	
greater	 tangential	 velocities	 and	
exponentially	greater	drag	forces	(Bressel	
et	 al.,	 2012).	 Peak	 ankle	 plantar	 flexion,	
knee	 flexion,	 and	 hip	 flexion	 angles	 have	
been	 reported	 to	 be	 greater	 during	 ATM	
compared	to	land	treadmill	running	(Kato	
et	 al.,	 2001).	 It	 has	 been	 suggested	 that	
during	 ATM	 running	 individuals	
demonstrate	a	greater	hip	joint	flexion	to	
move	the	knee	position	higher	and	enable	
a	 greater	 knee	 joint	 flexion	 (Kato	 et	 al.,	
2001).	 It	 is	 possible	 that	 these	
adjustments	occur	 in	order	 to	reduce	 the	
hydrodynamic	resistance	of	the	water	and	
achieve	 economical	 locomotion	 (Kato	 et	
al.,	 2001).	 In	 addition,	 although	 the	
maximum	range	was	greater	during	ATM	
running	speeds	of	2.78	m∙s-1	and	3.33	m∙s-
1	 for	 thigh	 angle,	 knee	 angle,	 and	 ankle	
angle,	 the	 entire	 range	 of	 these	 joints	
during	 ATM	 running	was	 only	 greater	 in	
the	knee	joint	and	was	similar	in	the	thigh	
and	ankle	joints	(Kato	et	al.,	2001).	It	has	
been	reported	that	during	ATM	running	at	
the	 hip	 level	 the	 ankle	 joint	 velocity	was	
lower	 between	 10%	 and	 90%	 of	 stride	
duration	 and	 the	 knee	 joint	 velocity	was	
lower	 between	 20-70%	 and	 at	 100%	 of	
stride	 duration	 (Kato	 et	 al.,	 2001).	
Interestingly,	 Kato	 et	 al.	 (2001)	 also	
reported	 that	 the	 velocity	 of	 the	 ankle	
joint	 in	 water	 at	 3.33	 m∙s-1	 running	 was	
almost	 always	 held	 to	 1.7	m∙s-1	 between	
40%	 to	 80%	 stride	 duration,	 which	
occupied	part	of	 the	non-support	phases.	
This	differed	 from	the	knee	 joint	velocity	
and	it	was	suggested	that	there	might	be	a	
physiologically	 maximum	 speed	 of	
movement	 in	 water	 for	 each	 body	
segment	(Kato	et	al.,	2001).		
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Other	 kinematic	 measures	 that	 have	
been	 associated	 with	 reduced	 impact	
peaks	 and	 loading	 rates	 include	 stride	
index,	 overstride	angle,	 and	knee	 contact	
angle	(Bressel	et	al.,	2016).	Stride	index	is	
defined	as	the	centre	of	pressure	location	
at	 foot	 strike	 and	 is	 often	 reported	 as	
percentage	of	total	 foot	 length	(Cavanagh	
and	 Lafortune,	 1980).	 In	 general,	 lower	
percentages	 (i.e.,	 0-33%)	 indicate	 a	 rear-
foot	 strike	 pattern	 while	 higher	
percentages	 (i.e.,	 34-67%	 and	 68-100%)	
indicate	 a	 mid-foot	 and	 forefoot	 strike	
pattern,	respectively	(Bressel	et	al.,	2016).	
Overstride	 angle	 is	 defined	 as	 the	
absolute	angle	between	the	shank	and	the	
horizontal	plane	at	 foot	strike	(Bressel	et	
al.,	2016).	Knee	contact	angle	is	defined	as	
the	 relative	 knee	 angle	 at	 foot	 strike	
where	greater	values	equate	to	more	knee	
extension	 (Bressel	 et	 al.,	 2016).	 It	 has	
been	 reported	 that	 strike	 index	 during	
ATM	 running	 immersed	 to	 the	 xiphoid	
process	 was	 61.3%	 compared	 to	 land	
treadmill	 running	 at	42.7%,	 representing	
at	 18.6%	 difference	 between	 the	 two	
environments	(Bressel	et	al.,	2016).	These	
percentages	 suggest	 that	 participants	
appeared	 to	 adopt	 a	 mid-foot	 strike	 in	
both	environments;	however,	participants	
contacted	more	with	their	forefoot	during	
ATM	 running.	 Interestingly,	 foot	 strike	
index	 was	 statistically	 greater	 during	
ATM	running	compared	to	 land	treadmill	
running	 at	 all	 speeds	 between	 2.9	 –	 3.8	
m∙s-1,	however,	there	did	not	appear	to	be	
a	 difference	 between	 speeds	within	 each	
condition.	 Knee	 contact	 angle	 tended	 to	
decrease	 (greater	 knee	 flexion)	 and	
overstride	angle	tended	to	either	increase	
(less	 overstride)	 or	 not	 change	 during	
ATM	compared	to	 land	treadmill	running	
(Bressel	et	al.,	2016),	possibly	suggesting	
a	 more	 compliant	 strike	 pattern	 in	 the	
ATM	environment	(Lieberman,	2014).	

One	concern	with	ATM	running	and	the	
influences	 of	 buoyancy	 could	 be	 the	
increase	 in	 vertical	 displacement	 of	 the	
center	of	mass.	It	was	reported	that	there	
was	 no	 difference	 in	 the	 vertical	
displacement	of	the	hip	joint	during	ATM	
and	land	treadmill	running	at	speed	of	2.2	
–	3.33	m∙s-1	 (Kato	et	al.,	2001).	However,	
it	 must	 be	 noted	 that	 participants	 were	
running	at	waist	level	water	immersion	as	
opposed	 to	 the	 level	 of	 the	 xiphoid	
process	 that	 is	 more	 common	 in	 the	
literature.	Therefore,	it	is	unclear	whether	
a	 deeper	 level	 of	 immersion	 and	
increased	 amount	 of	 buoyancy	 would	
influence	the	vertical	displacement	of	the	
hip	joint	differently.		
	
Kinetic	 differences	 between	 land	 and	
ATM	running	
Measuring	 kinetic	 forces	 (i.e.,	 vertical	

ground	reaction	forces)	while	running	on	
land	is	very	common	in	the	literature	as	it	
has	been	linked	to	many	lower-extremity	
injuries,	 such	 as	 stress	 fractures	 and	
patellofemoral	 syndrome	 (Pohl	 et.,	 2008;	
Milner	 et	 al.,	 2006;	 Milner	 et	 al.,	 2010).	
Vertical	ground	reaction	 force	represents	
the	 force	 exerted	 by	 the	 ground	 on	 the	
body	in	contact	with	it	in	the	vertical	axis.	
During	running,	the	mass	of	an	individual	
along	with	the	downward	force	of	gravity	
creates	a	vertical	ground	reaction	force	of	
2.5-2.8	 times	 the	 body	 weight	 (Miller,	
1990).	 This	 amount	 of	 repetitive	 force	
through	the	joints	can	either	increase	the	
risk	 of	 injury	 or	 limit	 the	 amount	 of	
running	 an	 individual	 can	 complete	
following	 injury	as	 repetitive	 loading	 is	a	
key	part	of	 the	pathophysiology	of	 stress	
fractures	 and	 other	 injuries	 (Beck,	 1998;	
Bennell	 et	 al.,	 1999;	 Jones	 et	 al.,	 2002;	
Pepper	et	al.,	2006).	It	has	been	suggested	
that	 various	 running	 injuries	 can	 be	
related	 to	 the	 kinetic	 forces	 during	 the	
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gait	 cycle	 including	vertical-force	 loading	
rates	during	the	early	part	of	stance	phase	
in	 running	 (Davis	 et	 al.,	 2004;	 Milner	 et	
al.,	2006).	
In	 environmental	 space	 studies	

locomotion	 under	 a	 simulated	 reduced	
gravity	condition	has	been	investigated	to	
determine	 kinetic	 alterations.	 Davis	 and	
colleagues	 (1996)	 measured	 ground	
reaction	 forces	 using	 a	 land-based	 hypo-
gravity	 simulator	 and	 reported	 lower	
peak	 ground	 reaction	 forces	 during	
locomotion.	 With	 increasing	 depth	 of	
water	immersion,	the	upward-lifting	force	
of	 buoyancy	markedly	unloads	 the	 lower	
extremities	 as	 demonstrated	 by	 the	
reduced	 vertical	 ground-reaction	 forces	
during	 walking	 in	 water	 (Barela	 et	 al.,	
2006;	 Nakazawa	 et	 al.,	 1994;	 Roesler	 et	
al.,	 2006).	 Immersion	 to	 the	 anterior	
superior	 iliac	 spine,	 xiphoid	process,	 and	
the	 seventh	 cervical	 vertebra	 reduces	
limb	 loading	 by	 57%,	 71%,	 and	 85%,	
respectively	 during	 walking	 (Harrison	 et	
al.,	1992).	Vertical	ground	reaction	forces	
during	shallow	water	running	in	hip	deep	
water	 reached	 a	 peak	 of	 100%	 of	 body	
weight	and	was	 reduced	 to	80%	 in	 chest	
deep	 water	 (Haupenthal	 et	 al.,	 2010).	
Similarly,	 Barela	 et	 al.	 (2006)	 reported	
that	 the	 rate	 and	 magnitude	 of	 peak	
vertical	 ground	 reaction	 forces	 were	
about	 90%	 and	 23%	 lower,	 respectively,	
during	 shallow	water	 versus	 overground	
walking.	 Although	 these	 studies	 are	 very	
encouraging,	 the	 parameters	 are	 very	
different.	 Participants	 completed	 shallow	
water	 running	 on	 a	 stationary	 floor	 at	 a	
self-selected	 pace	 and	 stepped	 on	 an	
underwater	 force	 plate.	 Ground	 reaction	
forces	 positively	 correlate	 with	 running	
speed	 and	 as	 running	 speed	 increases	
ground	 reaction	 forces	 increase	 as	 well	
(Nilsson	 and	 Thorstensson,	 1989).	 As	
suggested	 above	ATM	running	 allows	 for	

a	more	comparable	gait	 to	 land	treadmill	
running	 by	 eliminating	 forward	
locomotion	 through	 the	water	due	 to	 the	
moving	 floor	 belt	 and	 mitigating	 the	
increased	 frontal	 resistance	 seen	 in	
shallow	 water	 running	 (Silvers	 et	 al.,	
2007).	 Therefore,	 the	 kinetic	 forces	
reported	 during	 shallow	 water	 running	
may	 be	 quite	 different	 for	 ATM	 running.	
Although	the	percentages	listed	above	are	
not	 specific	 to	 running	 on	 an	 ATM,	 it	 is	
likely	 that	 ATM	 running	 would	 result	 in	
reduced	 kinetic	 forces	 as	 the	 effects	 of	
buoyancy	during	water	 immersion	 act	 to	
counterbalance	the	force	of	gravity.	
	
Spatiotemporal	 differences	 between	
land	and	ATM	running	
Due	 to	 the	 combined	 effects	 of	

buoyancy	 and	 drag	 forces	 during	 ATM	
running	 various	 alterations	 in	
spatiotemporal	 characteristic	 of	 running	
have	 been	 noted.	 For	 a	 matched	 speed	
and	 metabolic	 demand	 during	 ATM	 and	
land	 treadmill	 running,	 it	was	 found	 that	
stride	 cycle	 and	 swing	 duration	 were	
greater	 during	 ATM	 running	 at	 xiphoid	
level	immersion.	It	was	also	reported	that	
stance	 duration	 was	 similar	 between	
environments,	 however,	 stance	 duration	
was	 lower	 and	 the	 swing	 duration	 was	
higher	 during	ATM	 running	 compared	 to	
land	 running	 when	 expressed	 as	 a	
percentage	 of	 the	 stride	 cycle	 (Silvers	 et	
al.,	 2014).	 It	 should	 be	 noted	 that	 these	
characteristics	are	only	qualitative	trends	
based	 off	 of	 means	 and	 standard	
deviations	 as	 they	 were	 secondary	
measures	 that	 did	 not	 include	 statistical	
analyses.	 In	 agreement,	 Kato	 and	
colleagues	 (2001)	 reported	 that	 the	
stance	duration	was	similar	and	the	swing	
phase	 was	 significantly	 longer	 during	
ATM	running.	It	 is	 important	to	note	that	
Silvers	 and	 colleagues	 (2014)	 was	 using	
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xiphoid	 level	 water	 immersion,	 whereas	
Kato	and	colleagues	(2001)	used	hip	level	
immersion.	 Therefore,	 the	 agreement	
between	these	two	investigations	appears	
to	 be	 evident	 among	 various	 levels	 of	
water	 immersion.	 It	 has	 also	 commonly	
been	 reported	 that	 stride	 frequency	 is	
lower	 during	 ATM	 running	 by	 22%	 to	
30%	 at	 speeds	 between	 1.95-3.8	 m∙s-1	
(Rutledge	 et	 al.,	 2007;	 Pohl	 and	
McNaughton,	2003;	Rife	et	al.,	2010;	Kato	
et	 al.,	 2001;	 Silvers	 et	 al.,	 2014).	
Interestingly,	 it	 has	 been	 suggested	 that	
the	 highest	 stride	 frequency	 occurred	 at	
1.67	 m∙s-1	 for	 both	 ATM	 and	 land	
treadmill	 running	 (Kato	 et	 al.,	 2001).	 In	
contrast,	 Silvers	 and	 colleagues	 (2014)	
reported	increasing	stride	frequency	with	
increasing	 speed	 up	 to	 3.8	 m∙s-1.	 It	 is	
possible	 that	 the	 transition	 from	walking	
to	 running	 at	 1.67	 m∙s-1	 as	 reported	 by	
Kato	et	al.	 (2001)	may	have	 led	to	a	very	
short	 non-support	 phase	duration	 that	 is	
not	typical	of	land	running	and	could	have	
resulted	 in	 a	 higher	 stride	 frequency	
(Newman	 et	 al.,	 1994).	 In	 addition,	
although	 it	 can	 be	 agreed	 that	 stride	
frequency	 is	 lower	 during	 ATM	 running	
using	 both	 hip	 level	 and	 xiphoid	 level	
water	immersion,	the	differences	in	water	
depth	could	have	 influenced	the	speed	at	
which	the	highest	stride	frequency	occurs.	
	
Muscle	 activity	 differences	 between	
land	and	ATM	running	
Vast	 amounts	 of	 literature	 have	

investigated	 electromyographic	 activity	
during	various	modes	of	aquatic	exercise	
including	ATM	walking	(Chevutschi	et	al.,	
2007;	 Masumoto	 et	 al.,	 2008;	 Masumoto	
et	 al.,	 2004),	 shallow	water	walking	 in	 a	
pool	 (Barela	 et	 al.,	 2006;	 Kaneda	 et	 al.	
2007;	 Kaneda	 et	 al.,	 2008),	 deep	 water	
running	 (Kaneda	 et	 al.,	 2008),	 and	
stationary	 running	 in	a	pool	 (Alberton	et	

al.,	2011).	One	theme	that	has	often	been	
reported	 during	 aquatic	 exercise	 is	 that	
normalized	 muscle	 activity	 was	
consistently	 reduced	 in	 select	 lower-
extremity	 muscles	 during	 ATM	
locomotion	 (Masumoto	 and	 Mercer,	
2008).	However,	averaged	muscle	activity	
during	ATM	walking	has	been	reported	to	
be	 greater	 (Chevutschi	 et	 al.,	 2007)	 and	
muscle-activation	 patterns	 during	
shallow	 water	 walking	 were	 flatter	
compared	 with	 land	 when	 submersion	
depths,	 treadmill	 speeds	 and/or	
metabolic	demands	were	matched	(Barela	
et	 al.,	 2006).	 In	 response	 to	 external	
loading	 during	 land	 treadmill	 running	 or	
walking	 it	 has	 been	 reported	 that	
metabolic	 cost	 and	 normalized	 muscle	
activation	 increased	 (Bourdon	 et	 al.,	
1995;	 Groppo	 et	 al.,	 2005),	 whereas	
vertical	 unloading	 decreased	 metabolic	
cost	(Grabowski	and	Kram,	2008;	Colby	et	
al.,	 1999;	 Farley	 and	 McMahon,	 1992;	
Teunissen	 et	 al.,	 2007)	 and	 muscle	
activation	 (Colby	 et	 al.,	 1999;	 Klarner	 et	
al.,	 2010;	 Liebenberg	 et	 al.,	 2011).	
Therefore,	considering	the	upward	thrust	
of	 buoyancy	 causes	 an	 unloading	 effect	
during	ATM	running	it	would	be	expected	
that	 changes	 in	 muscle	 activity	 would	
occur.	 	 Despite	 the	 analyses	 of	 muscle	
activation	 during	 other	 forms	 of	 aquatic	
exercise,	 only	 one	 study	has	 investigated	
the	 electromyographic	 response	 to	 ATM	
running	 (Silvers	 et	 al.,	 2014).	 These	
authors	 examined	 normalized	 muscle	
activation	in	the	lower	extremities	during	
ATM	 and	 land	 treadmill	 running	 at	
matched	 running	 speeds,	 as	 well	 as	 the	
absolute	 duration	 and	 total	 amount	 of	
muscle	 activation	 during	 the	 running	
stride	 cycle.	 It	 was	 reported	 that	 the	
percent	of	maximal	voluntary	contraction	
(%MVC)	 was	 44%	 and	 26.9%	 lower	
during	 ATM	 running	 in	 the	 vastus	
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medialis	 and	 gastrocnemius,	 respectively	
(Silvers	 et	 al.,	 2014).	 In	 contrast,	 the	
%MVC	 for	 the	 rectus	 femoris	 during	 the	
swing	 phase	 was	 48.7%	 greater	 during	
ATM	running	(Silvers	et	al.,	2014).	It	was	
further	reported	that	during	ATM	running	
significant	 increases	 in	 %MVC	 in	 the	
rectus	 femoris	 and	 tibialis	 anterior	were	
seen	with	 increasing	 running	 speed.	 The	
absolute	 duration	 of	 activation	 for	 the	
vastus	 medialis,	 rectus	 femoris,	 biceps	
femoris,	 and	 tibialis	 anterior	 were	
213.1%	128.1%,	41.3%,	and	33%	greater	
respectively	 during	 ATM	 compared	 with	
land	 treadmill	 running	 (Silvers	 et	 al.,	
2014).	When	comparing	the	total	activity	
of	 the	 lower	 extremity	 it	 was	 reported	
that	 the	 vastus	medialis,	 tibialis	 anterior,	
and	 biceps	 femoris	 were	 41.9%,	 35.7%,	
and	 29.2%	 greater,	 respectively,	 during	
ATM	compared	to	land	treadmill	running.	
In	 contrast,	 total	 activity	 for	 the	
gastrocnemius	 was	 40.1%	 lower	 during	
ATM	running	(Silvers	et	al.,	2014).	It	was	
also	 reported	 that	 total	 activity	 of	 the	
tibialis	anterior	increased	with	increasing	
speed	during	ATM	running	(Silvers	et	al.,	
2014).	 Therefore,	 it	 appears	 that	 due	 to	
the	 resistance	 of	 the	 water	 and	 the	
influence	 of	 buoyancy	 there	 are	
alterations	 in	muscle	 activation	based	on	
running	 speed	 and	 between	
environments.		
	

Benefits	 of	 applying	 an	 aquatic	
running	 intervention	 for	 returning	 to	
run	
Considering	 the	 properties	 of	 water,	

the	reduced	impact	force,	and	the	similar	
metabolic	 demands	 (Silvers	 et	 al.,	 2007)	
between	ATM	and	land	treadmill	running,	
individuals	may	be	able	 to	begin	running	
earlier	 in	 the	rehabilitation	process	 in	an	
effort	 to	 return	 to	 running.	This	not	only	
includes	 biomechanical	 aspects	 of	

returning	 to	 running,	 but	 also	 allows	
individuals	 to	 incorporate	 energy	 system	
development	 training	 specific	 to	 running	
earlier	 in	 the	 rehabilitation	 process.	 It	
would	be	beneficial	 for	 practitioners	 and	
participants	 returning	 to	 running	 if	 the	
characteristics	 of	 ATM	 running	 could	
positively	 alter	 the	 biomechanical	
measures	 during	 land	 treadmill	 running.	
In	 this	 way	 it	 would	 help	 determine	 if	
ATM	running	is	a	viable	surrogate	to	land	
treadmill	 running	 (Bressel	 et	 al.,	 2016).	
Previous	 investigations	 have	 shown	 that	
training	 interventions	 that	 include	
footwear	(Willson	et	al.,	2014),	stretching	
(Caplan	 et	 al.,	 2015),	 and	 augmented	
feedback	(Agresta	and	Brown,	2015)	have	
demonstrated	the	possibility	to	alter	land-
running	 kinematics.	 In	 addition,	 it	 has	
been	suggested	that	using	real-time	visual	
feedback	 can	 reduce	 the	 magnitude	 of	
peak	 positive	 acceleration,	 impact	 peak,	
average	 loading	 rate,	 and	 instantaneous	
loading	rate	when	running	(Crowell	et	al.,	
2010).	 During	 a	 six-week	 ATM	 running	
intervention,	 acute	 carry-over	 changes	 in	
strike	index	and	knee	contact	angles	from	
ATM	 to	 land	 treadmill	 running	 has	 been	
demonstrated	 (Bressel	 et	 al.,	 2016).	
However,	 no	 retention	 was	 reported	 in	
any	 measures	 within	 one	 week	 of	
withdrawing	 the	 ATM	 intervention.	
Specifically,	 strike	 index	 may	 have	
produced	 an	 acute	 carry-over	 effect	 to	
land	 treadmill	 running,	 however	 acute	
changes	were	quickly	lost	(i.e.,	within	one	
week)	 once	 the	 ATM	 running	 was	
removed	 (Bressel	 et	 al.,	 2016).	 It	 was	
suggested	 that	 individuals	 that	 displayed	
a	 rearfoot	 strike	 pattern	 on	 land	 in	
baseline	 testing	 shifted	 towards	 a	 more	
mid-foot	 strike	 pattern	 on	 land.	 This	
pattern	 would	 be	 favourable	 if	 the	
alterations	 were	 maintained	 during	 land	
running	 to	 reduce	 impact	 peaks.	 It	 is	
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possible	 that	 a	 frequent	 use	 of	 ATM	
running	 over	 a	 longer	 period	 or	 as	 a	
larger	 percentage	 of	 total	 training	 could	
potentially	 increase	 the	 retention	 of	 a	
greater	 strike	 index	 and	 other	 positive	
alterations	(Bressel	et	al.,	2016).	Although	
the	 lack	 of	 long-term	 alterations	 in	
running	mechanics	by	implementing	ATM	
running	 may	 be	 seen	 as	 a	 limitation,	 it	
could	 also	 be	 seen	 as	 a	 benefit	 assuming	
that	 an	 individual	 possesses	 an	 effective	
and	 efficient	 gait	 pattern.	 Based	 on	 the	
current	 literature,	 an	 individual	may	 not	
negatively	 influence	 their	 gait	 by	
including	 ATM	 running.	 This	 could	 be	
beneficial	 for	 individuals	 returning	 to	
running	after	 injury,	or	adding	additional	
miles	 to	 training	 with	 reduced	
musculoskeletal	 load	 that	 do	 not	wish	 to	
adopt	mechanics	that	are	associated	with	
ATM	 running	 (Bressel	 et	 al.,	 2016).	 In	
order	 to	 better	 understand	 the	 influence	
of	 ATM	 running	 on	 land	 running	
mechanics	 more	 research	 is	 suggested	
that	 includes	 longer	 interventions	 or	
pairing	 multiple	 interventions	 together	
(i.e.,	ATM	running	and	visual	feedback).		
There	 are	 other	 important	

considerations	 when	 examining	 the	
current	 literature	 on	 the	 acute	 and	
chronic	 effects	 of	 ATM	 running	 from	 a	
biomechanical	perspective.	First	of	all,	the	
only	 study	 completed	 used	 a	 single-
subject	 design	 analysis	 of	 only	 three	
participants	 that	 limits	 the	 ability	 to	
generalize	results	(Bates,	1996).	Secondly,	
it	 is	 important	 to	 note	 that	 the	 design	 of	
the	 intervention	 was	 to	 assess	 the	
effectiveness	 of	 alterations	 during	 ATM	
running	 to	 land	 running	 mechanics.	
Therefore,	it	did	not	include	education	on	
running	 mechanics	 that	 could	 possibly	
lead	 to	 enhanced	 retention.	 It	 is	 possible	
that	 completing	 the	 same	 intervention	
with	 the	 addition	 of	 verbal	 feedback	 and	

education	 on	 the	 desired	 adaptations	
could	potentially	lead	to	greater	retention	
in	 land-based	 running	 mechanics.	
Similarly,	 including	 visual	 feedback	 via	
underwater	 cameras	 that	 are	 common	 in	
some	 ATM	 (i.e.,	 HydroWorx	 series	 ATM)	
could	 further	 enhance	 retention	 and	
create	 awareness	 of	 desired	 adaptations.	
However,	these	are	currently	speculations	
as	further	research	is	needed.	
Studies	 in	 microgravity	 environments	

have	 indicated	 that	 fast-twitch	 muscle	
fibres	 would	 be	 more	 active	 than	 slow-
twitch	muscle	 fibres.	 (Kozlovskaya	 et	 al.,	
1984).	 Additionally,	 a	 microgravity	
environment	 simulated	 by	 water	
immersion	 may	 alter	 the	 recruitment	
order	 of	 motor	 units	 facilitating	
recruitment	of	larger	motor	units	as	force	
gradation	within	a	muscle	follows	the	size	
principle	 (Sugajima	 et	 al.,	 1995).	 It	 is	
possible	 that	 facilitation	of	 a	 recruitment	
order	 change	 and	 selective	 activation	 of	
fast	 twitch	muscle	 fibres	 could	 influence	
work	efficiency	(Kato	et	al.,	2001).	During	
ATM	 running,	 recruitment	 inefficiency	
may	have	a	negative	influence	on	running	
mechanics	 throughout	 the	 entirety	 of	 an	
exercise	 session	 or	 possibly	 lead	 to	
adaptation	 of	 muscle	 fibres	 that	 would	
not	 be	 beneficial	 during	 land	 running.	
Conversely,	 it	 is	possible	 that	 completing	
ATM	running	as	a	smaller	portion	of	total	
running	could	be	used	to	selectively	train	
fast	twitch	muscle	fibres.					
Increases	 in	 running	 performance	 in	

long	distance	runners	can	be	improved	by	
enhancing	 running	 economy.	 Large	
correlations	 have	 been	 shown	 between	
steady	 state	 oxygen	 consumption	 at	
various	 speeds	 and	 10-km	 time	 (Conley	
and	 Krahenbuhl,	 1980).	 One	 mechanism	
for	 improved	 running	 economy	 appears	
to	 be	 alterations	 in	 lower	 leg	
musculotendinous	stiffness	 (Spurrs	et	al.,	
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2003)	leading	to	an	ability	of	the	muscles	
to	 store	 and	 release	 elastic	 energy	
(Saunders	 et	 al.,	 2004).	 During	 running,	
kinetic	 energy	 is	 stored	 during	 forced	
stretch	 of	 a	 muscle	 and	 is	 partly	 reused	
during	 the	 subsequent	 phase	 of	
concentric	 work	 (Asmussen	 and	 Bonde-
Petersen,	 1974;	 Simonsen	 et	 al.,	 1985).	
However,	during	ATM	running	 it	appears	
that	 the	 impact	 force	 is	 reduced	 which	
could	 possibly	 limit	 the	 reuse	 of	 stored	
energy	 in	 the	 series	 elastic	 component	
(Kato	 et	 al.,	 2001).	 For	 this	 reason,	 it	 is	
possible	 that	 frequent	 ATM	 use	 could	
negatively	 influence	 running	 economy.	
However,	 it	 has	 been	 suggested	 that	
plyometric	 training	 can	 increase	 running	
economy	 (Saunders	 et	 al.,	 2006)	 and	
multiple	 studies	 suggest	 that	 plyometric	
training	 while	 immersed	 in	 water	 may	
offer	similar	benefits	that	are	experienced	
with	 land	 based	 plyometrics	 (Arazi	 and	
Asadi,	 2011;	 Held	 et	 al.,	 In	 Press;	
Robinson	 et	 al.,	 2004).	 Therefore,	
effective	programming	that	includes	some	
aquatic	 plyometric	 training	 could	 help	
offset	 this	 potential	 limitation	 and	
perhaps	 further	 enhance	 load	 tolerance	
and	 economy	when	 returning	 to	 running	
on	land.	
	
Conclusions	
Various	 biomechanical	 alterations	

occur	 during	 ATM	 running	 compared	 to	
land	 treadmill	 running.	 These	
modifications	 occur	 due	 to	 the	 effects	 of	
buoyancy	 and	 drag	 force	 during	 water	
immersion	 and	 alter	 the	 kinematics,	
kinetics,	 spatiotemporal,	 and	 muscle	
activity	measures	of	running.	Currently,	it	
is	 suggested	 that	 chronic	 biomechanical	
adaptations	 of	 ATM	 running	 to	 land	
treadmill	running	do	not	occur	(Bressel	et	
al.,	 2016).	 In	 order	 to	 better	 understand	
the	 influence	 of	 ATM	 running	 on	 land	

running	 mechanics	 more	 research	 is	
suggested	 that	 includes	 longer	
interventions	 or	 pairing	 multiple	
interventions	 together	 (i.e.,	 ATM	 running	
and	visual	feedback).	Further	information	
would	help	practitioners	to	determine	the	
appropriate	 implementation	 of	 ATM	
running	to	enhance	the	rehabilitation	and	
return	to	run	process,	as	well	as	the	long-
term	adaptations	to	regular	use.	
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