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Abstract
Whole-	body	vibration	(WBV)	is	an	exercise	mimetic	that	elicits	beneficial	meta-
bolic	effects.	This	study	aims	to	investigate	the	effects	of	WBV	amplitude	on	meta-
bolic,	inflammatory,	and	muscle	oxygenation	responses.	Forty	women	and	men	
were	assigned	to	a	high	(HI;	n = 20,	Age:	31 ± 6 y)	or	a	low-	amplitude	group	(LO;	
n = 20,	Age:	33 ± 6 y).	Participants	engaged	in	10	cycles	of	WBV	[1	cycle =1 min	
of	vibration	followed	by	30 s	of	rest],	while	gastrocnemius	muscle	oxygen	con-
sumption	(mVO2)	was	assessed	using	near-	infrared	spectroscopy	(NIRS).	Blood	
samples	were	collected	PRE,	POST,	1H,	3Hs,	and	24H	post-	WBV	and	analyzed	
for	insulin,	glucose,	and	IL-	6.	In	the	LO	group,	Homeostatic	Model	Assessment	
for	Insulin	Resistant	(HOMA-	IR)	at	3 h	(0.7 ± 0.2)	was	significantly	lower	com-
pared	to	PRE	(1.1 ± 0.2;	p = 0.018),	POST	(1.3 ± 0.3;	p = 0.045),	1H	(1.3 ± 0.3;	
p = 0.010),	and	24H	(1.4 ± 0.2;	p < 0.001).	In	addition,	at	24H,	HOMA-	IR	was	
significantly	lower	in	the	LO	when	compared	to	the	HI	group	(LO:	1.4 ± 0.2	vs.	
HI:	2.2 ± 0.4;	p = 0.030).	mVO2	was	higher	(p = 0.003)	in	the	LO	(0.93 ± 0.29 ml/
min/100 ml)	when	compared	to	the	HI	group	(0.63 ± 0.28 ml/min/100 ml).	IL-	6	
at	3H	(LO:	13.2 ± 2.7	vs.	HI:	19.6 ± 4.0 pg·ml−1;	p = 0.045)	and	24H	(LO:	4.2 ± 1.1	
vs.	HI:	12.5 ± 3.1 pg·ml−1;	p = 0.016)	was	greater	in	the	HI	compared	to	the	LO	
group.	These	findings	indicate	that	low-	amplitude	WBV	provides	greater	meta-
bolic	benefits	compared	to	high-	amplitude	WBV.
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1 	 | 	 INTRODUCTION

Metabolic	 disorders,	 such	 as	 Type	 2	 diabetes	 (T2D)	 and	
metabolic	syndrome,	affect	35%	of	the	United	States	pop-
ulation	(Aguilar	et	al.,	2015)	and	current	trends	indicate	
that	two	out	of	every	five	Americans	will	develop	T2D	in	
their	lifetime	(Prevention.,	C.f.D.C.a.,	&	National	Diabetes	
Statistics	 Report,	 2017).	 It	 is	 estimated	 that	 only	 one	 in	
eight	 Americans	 is	 achieving	 optimal	 metabolic	 health	
(Araujo	et	al.,	2019).	Poor	glucose	metabolism,	including	
tissue	insulin	resistance	and	reduced	pancreatic	beta-	cell	
function,	precedes	the	development	of	hyperglycemia	and	
subsequent	T2D	(Fonseca,	2009).

Physical	inactivity	increases	the	relative	risk	for	devel-
oping	T2D	by	up	to	112%	(Hamilton	et	al.,	2014).	Skeletal	
muscle	 is	 responsible	 for	 up	 to	 90%	 of	 circulating	 glu-
cose	disposal	 (DeFronzo	&	Tripathy,	2009)	and	exercise-	
induced	enhancements	in	skeletal	muscle	VO2	have	been	
shown	to	improve	glycemic	regulation	in	people	with	T2D	
(Russell	et	al.,	2017).	In	addition,	exercise	increases	skel-
etal	muscle	production	of	cytokines,	known	as	myokines,	
which	act	as	paracrine,	endocrine,	and	autocrine	signals	
(Pedersen	et	al.,	2001).	Myokines	regulate	a	variety	of	fac-
tors,	 including	 muscle	 size	 (Lee	 &	 Jun,	 2019)	 and	 mac-
ronutrient	metabolism	(Ahima	&	Park,	2015;	Leal	et	al.,	
2018).	Arguably,	the	most	studied	myokine	is	interleukin-	6	
(IL-	6).	Although	high	basal	concentrations	of	IL-	6	are	re-
garded	to	be	inflammatory	and	have	been	linked	to	insulin	
resistance	(Leal	et	al.,	2018),	acute	exercise-	induced	IL-	6	
that	is	produced	by	skeletal	muscle	can	increase	both	in-
sulin	sensitivity	and	glucose	uptake	(Glund	et	al.,	2007).	
Despite	the	overall	benefits	provided	by	exercise,	most	in-
dividuals	at	risk	for	T2D	cannot	or	choose	not	to	adhere	to	
regular	exercise	(Pietiläinen	et	al.,	2008).

Whole-	body	vibration	(WBV)	has	emerged	as	an	exer-
cise	mimetic	that	may	be	more	tolerable	than	traditional	
modes	of	exercise,	such	as	treadmill	walking/running	or	
cycling	(Zago	et	al.,	2018).	Similar	to	traditional	exercise	
modalities,	WBV	can	elicit	beneficial	effects	on	metabolic	
health.	In	fact,	a	single	bout	of	WBV	increases	circulating	
concentrations	of	IL-	6,	which	correspond	with	the	normal-
ization	of	glucose	and	insulin	in	obese	individuals	(Blanks	
et	al.,	2020).	During	bouts	of	traditional	exercise,	improve-
ments	 in	 glucose	 metabolism	 are	 intensity-	dependent	
(Clark	 et	 al.,	 2003;	 Richter	 et	 al.,	 1985).	 A	 greater	WBV	
amplitude	 appears	 to	 contribute	 to	 greater	 increases	 in	
muscle	 activation	 when	 compared	 to	 lower	 amplitude	
(Alizadeh-	Meghrazi	et	al.,	2014),	however,	a	greater	WBV	
amplitude	is	accompanied	by	an	increase	in	perceived	ex-
ertion	(Cochrane	et	al.,	2008).	Furthermore,	this	increased	
perceived	exertion	is	thought	to	reduce	exercise	adherence	
(Witlox	et	al.,	 2019).	WBV	undoubtedly	provides	benefi-
cial	changes	in	glucose	metabolism,	however,	it	is	unclear	

if	a	low	WBV	amplitude	can	induce	similar	metabolic	re-
sponses	as	a	high	WBV	amplitude.	Accordingly,	 the	aim	
of	this	study	is	to	compare	metabolic,	myokine,	and	mus-
cle	 oxygenation	 responses	 between	 High	 (HI)	 and	 Low	
(LO)	amplitude	WBV.	It	is	hypothesized	that	LO	will	have	
greater	metabolic,	myokine,	and	muscle	oxygenation	re-
sponses	when	compared	to	the	HI	WBV.

2 	 | 	 METHODS

Forty	healthy	men	and	women	ages	18–	45 years	old	were	
recruited	from	a	larger	twin	study	to	take	part	in	this	study.	
The	 40	 twins	 included	 12	 twin	 pairs	 and	 16	 singletons.	
Each	twin	set	was	paired	together	and	assigned	into	the	
same	amplitude	group.	Seven	sets	out	of	the	12	twin	pairs	
were	 randomly	 assigned	 into	 low	 amplitude,	 while	 five	
sets	 were	 randomly	 assigned	 into	 high	 amplitude.	 Since	
the	twin	pairs	are	not	independent	participants,	statistical	
analysis	was	used	to	take	care	of	this	non-	independence.	
Participants	were	excluded	if	they	had	a	clinical	diagnosis	
of	 cardiovascular	 disease,	 cancer,	 or	 chronic	 obstructive	
pulmonary	disease.	All	study	protocols	were	approved	by	
the	Institutional	Review	Board	at	Augusta	University.

2.1	 |	 Experimental design

All	participants	reported	to	the	Laboratory	of	Integrative	
Vascular	and	Exercise	Physiology	(LIVEP)	at	the	Georgia	
Prevention	Institute	following	an	overnight	fast	and	hav-
ing	abstained	from	moderate-	to-	vigorous	physical	activity	
for	24 h	prior	to	investigation.	The	study	visit	consisted	of	
the	informed	consent	process,	anthropometric	measures,	
and	 body	 composition	 assessment.	 Twenty	 participants	
each	were	randomly	assigned	to	either	the	HI	or	the	LO	
group.

2.2	 |	 Participants’ characteristics, 
clinical laboratory values, and IL- 6

Height	and	weight	were	determined	using	a	stadiometer	and	
a	standard	platform	scale	(CN20,	DETECTO©)	and	used	for	
calculation	of	body	mass	 index	 (BMI).	Total	body	 fat	was	
determined	using	dual-	energy	X-	ray	absorptiometry	(QDR-	
4500W;	Hologic).	Resting	systolic	and	diastolic	blood	pres-
sures	were	evaluated	using	established	protocols	 (Kapuku	
et	al.,	1999).	An	intravenous	catheter	was	inserted	into	an	
antecubital	vein	and	blood	was	separated	via	centrifugation	
and	plasma	samples	were	aliquoted,	 flash-	frozen	in	 liquid	
nitrogen,	and	stored	at	−80°C	until	analysis.	Blood	samples	
were	obtained	at	baseline	(PRE),	immediately	after	(POST),	
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1 h	(1H),	and	3 h	(3H)	post-	WBV.	Twenty	four	hours	(24H)	
following	 the	 acute	 WBV	 session,	 participants	 returned	
to	 the	LIVEP	in	a	 fasted	state	and	a	venous	blood	sample	
was	 obtained.	 Fasting	 concentrations	 of	 total	 cholesterol	
(TC),	 high-	density	 lipoproteins	 (HDL),	 low-	density	 lipo-
proteins	(LDL),	triglycerides	(TG),	glucose,	 insulin,	hemo-
globin,	and	hematocrit	were	assessed	using	 standard	core	
laboratory	techniques	(Laboratory	Corporation	of	America	
Holdings).	 In	order	 to	assess	basal	 systemic	 inflammatory	
status,	C-	reactive	protein	(CRP)	within	the	detection	range	
of	0.064–	16.0 mg/L,	was	determined	from	PRE	plasma	sam-
ples	using	Simple	Plex	cartridges	run	on	the	Ella	platform.	
The	homeostasis	model	assessments-	2	for	insulin	resistance	
(HOMA-	IR)	and	beta-	cell	function	(HOMA	β-	cell	function)	
were	calculated	for	all	time	points	using	circulating	glucose	
and	insulin	concentrations	(Matthews	et	al.,	1985).	Plasma	
concentrations	of	IL-	6,	within	the	detection	range	of	0.26–	
16.3  pg/ml,	 were	 determined	 for	 each	 time	 point	 using	
microfluidic	ELISA	Simple	Plex	cartridges	run	on	the	Ella	
platform	 (ProteinSimple)	 according	 to	 the	 manufacturer's	
instructions.

2.3	 |	 Whole body vibration protocol

A	 synchronous	 whole-	body	 vibration	 platform	 (Power	
Plate	 Pro	 5,	 Performance	 Health	 Systems)	 was	 used	 for	
this	investigation.	Participants	were	instructed	to	remove	
any	 footwear	 and	 to	 stand	 mid-	center	 on	 the	 platform	
with	a	loose	grip	on	the	front	handrails.	Participants	were	
instructed	 to	 stand	 in	 a	 static	 squat	 position,	 consisting	
of	 knee	 flexion	 (~60°)	 with	 a	 stable	 non-	flexed	 trunk.	
Vibration	 frequency	 was	 set	 to	 30  Hz	 as	 this	 frequency	
has	 been	 demonstrated	 to	 elicit	 the	 highest	 amount	 of	
gastrocnemius	 activation	 compared	 to	 other	 vibration	
frequencies	(Cardinale	et	al.,	2007),	yet	is	well	below	the	
frequency	in	which	potential	harm	may	occur	(Cardinale	
&	Wakeling,	2005).	The	vibration	amplitude	was	set	to	5	
and	2.5 mm	for	the	HI	and	LO	group,	respectively.	These	
settings	 yielded	 a	 calculated	 peak	 acceleration	 of	 9.0  g	
(88.7 ms−2)	for	the	HI	group	and	4.5 g	(44.4 ms−2)	for	the	
LO	group	(Rauch	et	al.,	2010),	and	intensity	dials	of	150	
and	75 W/m2,	respectively.	The	WBV	protocol	consisted	
of	10	cycles	of	1 min	of	vibration	exercise,	followed	by	30 s	
of	standing	rest,	which	has	been	demonstrated	to	induce	
changes	 in	 the	 metabolic	 and	 myokine	 profile	 (Blanks	
et	al.,	2020).

2.4	 |	 Muscle oxygenation

Oxygen	 consumption	 was	 measured	 during	 the	 WBV	
exercise	 using	 Near-	Infrared	 Spectroscopy	 (NIRS)	 as	

previously	described	 (Colier	et	al.,	 1995).	Prior	 to	 initia-
tion	of	WBV,	a	continuous-	wave	NIRS	device	 (Portalite,	
Artinis	Medical	Systems)	was	attached	to	the	muscle	belly	
of	 the	 medial	 portion	 of	 the	 right	 gastrocnemius	 using	
tape.	A	cover	was	used	to	shield	the	probe	from	ambient	
light	and	minimize	the	change	in	contact	pressure	while	
allowing	 it	 to	 move	 with	 the	 skin	 during	 contractions.	
Emitted	light	wave-	lengths	of	760	and	850 nm	were	used	
to	detect	relative	changes	in	concentrations	of	oxygenated	
hemoglobin	 (O2Hb),	 deoxygenated	 hemoglobin	 (HHb),	
total	hemoglobin	(tHb = O2Hb + HHb),	and	Hemoglobin	
difference	 (Hbdiff  =  HHb  –	  O2Hb).	 Light	 wavelengths	
were	 emitted	 from	 LEDs	 with	 an	 inter-	optode	 distance	
of	 4  cm,	 thereby	 allowing	 for	 a	 theoretical	 penetration	
depth	of	2 cm	(Chance	et	al.,	1992).	A	differential	path-	
length	factor	of	four	was	used	to	correct	for	photon	scat-
tering	within	the	tissue	and	data	were	collected	at	10 Hz	
(Oxysoft;	 Artinis	 Medical	 Systems).	 Tissue	 saturation	
index	 (TSI),	 a	 measure	 of	 percent	 absolute	 oxygenated	
hemoglobin,	 was	 measured	 using	 multi-	distance	 algo-
rithms	incorporated	into	the	Oxysoft	software	from	three	
tissue	depths.	The	thickness	of	adipose	tissue	superficial	
to	the	muscle	belly	of	the	gastrocnemius	where	the	NIRS	
device	was	attached	was	determined	using	B-	mode	ultra-
sound	(Logiq	7,	GE	Medical	Systems).	After	correcting	for	
blood	volume	change	 (Ryan	et	al.,	2012),	an	estimate	of	
muscle	oxygen	consumption	(mVO2)	was	obtained	from	
the	average	of	%Hbdiff	signal	during	each	minute	of	WBV	
and	converted	into	milliliters	of	O2	per	minute	per	100 g	
of	tissue	{m	V̇ 	O2	[ml	O2 min−1	(100 g) − 1] = abs[([HbDi
ff/2] × 60)/(10 × 1.04) × 4] × 22.4/1000},	assuming	22.4 L	
for	the	volume	of	gas	(STPD)	and	1.04 kg	l−1	for	muscle	
density	[(Lucero	et	al.,	2018;	Sanni	&	McCully,	2019)].

2.5	 |	 Cardiopulmonary variables

Measures	 of	 cardiopulmonary	 variables	 were	 assessed	
to	 control	 for	 cardiorespiratory	 load	 between	 WBV	 am-
plitudes.	 During	 the	 WBV	 protocol,	 signal-	morphology	
impedance	thoracic	cardiography	and	high-	definition	im-
pedance	 (PhysioFlow®,	 Manatec	 Biomedical)	 were	 used	
to	measure	heart	rate,	stroke	volume	(SV),	stroke	volume	
indexed	to	body	surface	area	(SVi),	cardiac	output	(CO),	
cardiac	output	indexed	to	body	surface	area	(CI),	systemic	
vascular	 resistance	 (SVR),	 and	 systemic	 vascular	 resist-
ance	indexed	to	body	surface	area	(SVRi).	Oxygen	satura-
tion	(SpO2)	was	obtained	using	an	Onyx	II	fingertip	sensor	
(Nonin	Medical).	Expired	gases	were	collected	breath-	by-	
breath	using	a	TruOne	2400	metabolic	cart	(Parvo	Medics)	
and	30-	s	averages	were	used	to	obtain	oxygen	consump-
tion	 (VO2)	 during	 each	 cycle	 of	 WBV.	 Systemic	 oxygen	
extraction	(O2Ex)	was	calculated	using	a	derivative	of	the	
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Fick	equation	(O2Ex =100 –	 [SpO2 − VO2/13.9 × CO × C
])	(Jubran	et	al.,	1998).	All	cardiopulmonary	variables	are	
reported	as	average	values	during	each	1-	minute	vibration	
session	throughout	the	entire	WBV	protocol.

2.6	 |	 Statistical analyses

All	 statistical	 analyses	 were	 performed	 using	 SPSS	 ver-
sion	 25	 (IBM	 Corporation).	 In	 order	 to	 control	 for	 the	
dependence	 of	 twin	 pairs,	 generalized	 estimating	 equa-
tions	(GEE)	were	performed	to	identify	group	differences	
(i.e.,	LO	vs.	HI)	 in	demographics	and	clinical	 laboratory	
markers.	GEE	is	a	multiple	regression	techniques	that	al-
lows	for	non-	independence	of	twin	or	family	data	yielding	
unbiased	 standard	 errors	 and	 p-	values.	 Excess	 adiposity	
has	 been	 shown	 to	 significantly	 impact	 the	 metabolic	
and	 myokine	 responses	 to	 WBV	 (Blanks	 et	 al.,	 2020).	
Additionally,	 cholesterol	 has	 been	 shown	 to	 have	 a	 sig-
nificant	 impact	 on	 muscle	 oxygenation	 (Leea,	 2009).	 To	
account	for	these	confounding	effects,	body	fat	and	total	
cholesterol	 were	 analyzed	 as	 covariates	 for	 all	 WBV	 re-
sponse	 variables.	 Multilevel	 linear	 mixed	 models	 were	
used	 to	 test	 for	 the	group,	 time	and	group*time	 interac-
tion	effects	on	metabolic	parameters	and	IL-	6	response	to	
WBV	protocol	with	 families	 (i.e.,	 twins)	and	 individuals	
used	 as	 random	 effects.	 A	 significant	 overall	 time	 effect	
was	 followed	 by	 post	 estimation	 pairwise	 comparisons	
and	 multiple-	comparison	 adjustment	 was	 conducted	
using	 Bonferroni	 correction.	 Generalized	 estimating	
equations	were	also	used	to	test	 for	group	differences	 in	
muscle	oxygenation,	tissue	saturation,	and	cardiopulmo-
nary	variables.	A	priori	sample	size	calculations	based	on	
previously	published	data	(Blanks	et	al.,	2020)	determined	
that	18	participants	per	group	would	be	needed	to	detect	
statistically	significant	differences	in	HOMA-	IR	following	
WBV	(α = 0.05	and	power = 95%).	Values	are	presented	as	
mean ± SEM	unless	otherwise	noted.	An	alpha	<0.05	was	
considered	statistically	significant	for	all	analyses.

3 	 | 	 RESULTS

3.1	 |	 Participant characteristics and 
laboratory values

Participant	 characteristics	 and	 clinical	 laboratory	 values	
are	presented	in	Table	1.	There	was	a	significant	difference	
in	a	race	among	the	two	groups,	therefore	race	was	used	
as	a	covariate	in	the	analysis	for	all	variables.	Hemoglobin	
and	Hematocrit	were	significantly	greater	in	the	LO	group	
compared	 to	 the	HI	group.	All	other	characteristics	and	
laboratory	values	were	similar	between	groups.

3.2	 |	 Metabolic response to WBV

Figure	 1a	 illustrates	 the	 time-	course	 of	 the	 glucose	 re-
sponse	 to	 WBV	 for	 both	 groups.	 There	 was	 no	 signifi-
cant	group	by	time	interaction	observed	in	blood	glucose	
(F = 0.30,	p = 0.88),	however,	there	was	a	main	effect	of	
time	(F = 28.08,	p < 0.01).	Cholesterol	had	a	significant	
covariate	effect	(F = 7.37,	p = 0.01)	on	glucose.

A	 significant	 group	 by	 time	 interaction	 (F  =  2.88,	
p = 0.03)	was	observed	for	insulin	(Figure	1b).	Specifically,	
insulin	 in	 the	 HI	 group	 at	 POST	 (14.3  ±  2.1  µIU·ml−1;	
p < 0.001)	and	24H	(17.2 ± 2.1 µIU·ml−1;	p = 0.004)	was	
significantly	greater	compared	to	PRE	(7.2 ± 3.2	µIU·ml−1),	
1H	(8.3 ± 1.8 µIU·ml−1;	p = 0.001)	and	3H	(7.4 ± 1.2 µI-
U·ml−1;	p < 0.001).	Furthermore,	insulin	was	significantly	
greater	in	the	HI	compare	to	LO	(HI:	16.8 ± 3.2 µIU·ml−1;	
p = 0.031	vs.	LO:	10.4 ± 1.6)	at	24 h.	Cholesterol	had	a	
significant	covariate	effect	(F = 5.15,	p = 0.03)	on	insulin.

A	 significant	 group	 by	 time	 interaction	 (F  =  3.40,	
p = 0.011)	was	observed	for	HOMA-	IR	(Figure	1c).	In	the	HI	
group,	HOMA-	IR	was	significantly	higher	in	POST	(1.8 ± 0.3;	
p < 0.001)	and	24H	(2.2 ± 0.4;	p = 0.003)	compared	to	PRE	
(1.0 ± 0.2)	and	1H	(1.1 ± 0.2),	and	was	significantly	higher	at	
POST	(1.8 ± 0.3;	p < 0.001)	and	24H	(2.2 ± 0.4;	p < 0.001)	com-
pared	to	3H	(0.9 ± 0.2).	In	the	LO	group,	HOMA-	IR	was	sig-
nificantly	lower	at	3H	(0.7 ± 0.2)	compared	to	PRE	(1.1 ± 0.2;	
p = 0.018),	POST	(1.3 ± 0.3;	p = 0.045),	1H	(1.3 ± 0.3;	p = 0.010),	
and	24H	(1.4 ± 0.2;	p < 0.001).	Moreover,	HOMA-	IR	was	sig-
nificantly	greater	in	the	HI	than	the	LO	at	24H	(HI:	2.2 ± 0.4;	
p = 0.030	vs.	LO:	1.4 ± 0.2).	Cholesterol	had	a	significant	co-
variate	effect	(F = 8.75,	p < 0.01)	on	HOMA-	IR.

A	 significant	 group	 by	 time	 interaction	 (F  =  3.70,	
p = 0.007)	was	observed	for	beta-	cell	function	(Figure	1d).	
Beta-	cell	function	was	not	significantly	changed	in	the	LO	
group	over	time.	In	the	HI	group,	beta-	cell	function	was	
significantly	greater	at	POST	(121.1 ± 8.8%;	p = 0.002)	and	
24H	(141.1 ± 14.0%;	p = 0.002)	than	PRE	(94.0 ± 8.7).	In	ad-
dition,	beta-	cell	function	was	significantly	greater	at	POST	
(121.1 ± 8.8%)	compared	to	1H	(94.8 ± 11.7%;	p = 0.042)	
and	was	significantly	greater	at	24H	(141.1 ± 14.0)	com-
pared	to	1H	(94.8 ± 11.7;	p = 0.009)	and	3H	(111.2 ± 7.9%;	
p  =  0.021).	 Furthermore,	 beta-	cell	 function	 was	 signifi-
cantly	greater	in	the	HI	group	compared	to	the	LO	group	
at	3H	(HI:	111.2 ± 7.9%	vs.	LO:	85.0 ± 9.4;	p = 0.019)	and	
24H	(HI:	141.1 ± 14.0%	vs.	LO:	99.5 ± 10.1;	p = 0.010).

3.3	 |	 Muscle oxygenation responses 
to WBV

Average	muscle	oxygen	consumption	(mVO2)	to	the	gastroc-
nemius	was	significantly	(p = 0.003)	greater	in	the	LO	group	
(0.93 ± 0.29 ml/min/100 ml)	when	compared	to	the	HI	group	



   | 5 of 11SANNI et al.

(0.63  ±  0.28  ml/min/100  ml;	 Figure	 2a).	 In	 addition,	 the	
average	TSI	was	significantly	(p = 0.037)	greater	in	the	LO	
group	(60.2 ± 1.4%)	compared	to	the	HI	group	(56.2 ± 1.3%;	
Figure	2b).	Average	TSI	was	associated	with	HOMA-	IR	at	
POST	(r = −0.330,	p = 0.023)	and	3H	(r = −0.317,	p = 0.028).

3.4	 |	 Cardiopulmonary responses to WBV

The	 cardiopulmonary	 responses	 to	 WBV	 are	 presented	
in	Tables	2	and	3.	Average	SV	was	significantly	greater	in	
the	HI	group	than	the	LO	group	(p = 0.02).	However,	av-
erage	SVi	was	not	significantly	different	between	groups	
(p = 0.13).	In	addition,	CO	(p = 0.06)	and	COi	(p = 0.16)	
were	not	significantly	different	between	groups.	All	other	
average	cardiopulmonary	variables	were	similar	between	
groups	throughout	the	WBV	protocol.

3.5	 |	 Myokine response to WBV

Figure	 3	 illustrates	 the	 time-	course	 of	 the	 IL-	6	 response	
to	 WBV	 for	 both	 groups.	 There	 was	 no	 significant	

amplitude × time	interaction	(F = 2.22,	p = 0.07);	how-
ever,	 there	was	a	significant	overall	main	effect	 for	con-
centrations	of	IL-	6	for	both	amplitude	(F = 4.22,	p = 0.47)	
and	time	(F = 11.76,	p < 0.01).	Bodyfat	has	a	significant	
covariate	effect	(F = 13.2,	p < 0.01)	on	IL-	6.

4 	 | 	 DISCUSSION

Acute	 whole-	body	 vibration	 alters	 glucose	 metabolism	
and	myokine	responses,	both	of	which	may	reduce	the	
risk	 of	 developing	 metabolic	 diseases	 such	 as	 Type	 2	
diabetes	 and	 metabolic	 syndrome.	 Whether	 or	 not	 in-
creasing	 the	 amplitude	 of	 WBV	 offers	 greater	 physio-
logical	effects	has	yet	to	be	elucidated.	Accordingly,	the	
present	 investigation	 sought	 to	 determine	 the	 effect	 of	
WBV	amplitude	on	the	metabolic,	muscle	oxygenation,	
and	myokine	responses.	Findings	demonstrate	that	both	
high-	amplitude	 and	 low-	amplitude	 WBV	 elicit	 meta-
bolic	and	myokine	responses	in	a	sample	of	the	general	
population.	In	addition,	we	present	data	for	the	first	time	
to	demonstrate	that	compared	to	high-	amplitude	WBV,	
low-	amplitude	WBV	elicits	greater	muscle	oxygenation	

Variable

Low- amplitude High- amplitude

p- value

(LO) (HI)

n = 20 n = 20

Sex	(M/F) 6/14 5/15 0.78

Race	(black/white) 3/17 13/7 0.002*

Age	(y) 32.8 ±	1.7 30.7 ±	1.5 0.351

Height	(cm) 165.0 ± 2.0 170.3 ± 2.0 0.062

Weight	(kg) 79.7 ± 8.5 100.6 ± 7.9 0.073

Body	mass	index	(kg·m−2) 30.1 ± 2.7 33.8 ± 2.6 0.323

Body	fat	(%) 40.2 ± 2.0 44.3 ± 1.9 0.129

Systolic	blood	pressure	(mm	Hg) 117.4 ± 2.8 119.3 ± 2.7 0.613

Diastolic	blood	pressure	(mm	Hg) 73.5 ± 1.8 73.6 ± 1.7 0.981

Clinical	laboratory	values

Total	cholesterol	(mg·dl−1) 189 ± 10 170 ± 10 0.153

HDL	(mg·dl−1) 54 ± 3 49 ± 3 0.255

LDL	(mg·dl−1) 103 ± 10 100 ± 9 0.814

TC:HDL 3.9 ± 0.4 3.7 ± 0.4 0.743

VLDL 31 ± 4 20 ± 4 0.070

Triglycerides	(mg·dl−1) 165 ± 27 102 ± 26 0.093

Hemoglobin	(g·dl−1) 13.8 ± 0.4 12.6 ± 0.3 0.014*

Hematocrit	(%) 41.5 ± 0.9 38.7 ± 0.9 0.039*

C-	reactive	protein	(mg·L−1) 0.57 ± 0.3 0.60 ± 0.3 0.951

Note: Generalized	estimating	equations.	Mean	and	standard	error.
Abbreviations:	HDL,	High-	density	lipoprotein;	LDL,	Low-	density	lipoprotein;	TC	HDL,	Total	cholesterol	
HDL	ratio.
*p < 0.05	(bold).

T A B L E  1 	 Participant	demographics	&	
laboratory	values
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and	this	response	coincided	with	more	favorable	meta-
bolic	responses.

4.1	 |	 Metabolic response to WBV

Traditional	 forms	 of	 exercise,	 such	 as	 treadmill	 walk-
ing/running	or	cycling,	have	been	shown	to	alter	glucose	
metabolism	 in	 an	 exercise	 intensity	 dependent	 manner	
(Haddad	et	al.,	 2003).	However,	 lower	 intensity	exercise	
increases	exercise	adherence	in	comparison	to	higher	in-
tensity	exercise	of	the	same	frequency	and	duration	(Tse	
et	al.,	2015).	Recently,	WBV	has	emerged	as	an	exercise	
mimetic	that	is	capable	of	inducing	alterations	in	glucose	
metabolism	similar	to	those	that	occur	in	response	to	tra-
ditional	exercise	 (Blanks	et	al.,	2020;	Gomes-	Neto	et	al.,	
2019).	 Consistent	 with	 previous	 investigations	 (Blanks	
et	 al.,	 2020;	 Gomes-	Neto	 et	 al.,	 2019),	 the	 current	 study	
demonstrated	a	significant	reduction	in	blood	glucose	in	
response	to	acute	WBV	that	was	independent	of	the	exer-
cising	amplitude.	In	the	LO	group,	a	significant	reduction	
in	 insulin	 resistance	was	observed	3 h	post-	WBV	which	

could	 result	 in	 an	 increase	 in	 glucose	 metabolism.	 This	
result	is	consistent	with	our	previous	report	of	significant	
metabolic	 alterations	 occurring	 3  h	 following	 an	 acute	
bout	of	WBV	(Blanks	et	al.,	2020).	In	addition,	a	single	ses-
sion	of	WBV	has	been	shown	to	improve	circulating	glu-
cose	in	women	with	type	2	diabetes	(Pessoa	et	al.,	2018)	
and	8 weeks	of	WBV	can	improve	glucose	concentrations	
to	a	similar	degree	as	aerobic	exercise	in	males	with	diabe-
tes	(Behboudi	et	al.,	2011).	Traditional	exercise	increases	
skeletal	muscle	glucose	uptake	by	increasing	myocyte	sen-
sitivity	to	insulin	as	well	as	by	increasing	GLUT4 glucose	
transport,	independent	of	insulin	(Richter	&	Hargreaves,	
2013).	 Although	 not	 measured	 in	 the	 current	 investiga-
tion,	 WBV	 likely	 induced	 similar	 alterations	 in	 GLUT4	
transport,	 thereby	 reducing	 insulin	 resistance	 in	 the	
LO	group.	However,	 compared	 to	 the	LO	group,	a	post-	
WBV	reduction	in	HOMA-	IR	was	not	observed	in	the	HI	
group	due	to	differential	insulin	responses.	During	bouts	
of	 acute	 exercise,	 pancreatic	 insulin	 secretion	 increases	
in	 an	 intensity-	dependent	 manner	 (Malin	 et	 al.,	 2016).	
Although	speculative,	this	mechanism	likely	explains	the	
significant	increases	in	insulin	and	HOMA-	IR	observed	in	

F I G U R E  1  Time-	course	of	glucose	(a),	insulin	(b),	HOMA-	IR	(c),	and	beta-	cell	function	(d)	in	response	to	low-	amplitude	(LO-	circles)	
and	high-	amplitude	(HI-	triangles)	whole	body	vibration.	*p < 0.05	between	groups,	**p < 0.05	versus	PRE	in	the	HI	group,	$p < 0.05	versus	
POST	in	the	HI	group,	†p < 0.05	versus	1H	in	the	HI	group,	‡versus	3H	in	the	HI	group,	#p < 0.05	versus	1H	in	the	LO	group	††p < 0.05	
versus	3H	in	the	LO	group;	Linear	mixed	model	with	repeated	measures
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the	HI	group,	despite	the	post-	WBV	glucose	response	that	
was	 similar	 to	 the	 LO	 group.	 Moreover,	 high-	amplitude	
WBV	elicited	an	improvement	in	beta-	cell	function	which	
led	to	a	significant	difference	in	beta-	cell	function	between	
groups	at	3H	and	24H.	Although	high-	amplitude	WBV	ap-
pears	to	have	a	beneficial	impact	on	beta-	cell	function,	this	

may	be	an	attempt	to	compensate	for	the	lack	of	improve-
ment	 in	 insulin	resistance.	Taken	together,	 these	results	
suggest	that	although	both	high	and	low-	amplitude	WBV	
provides	 favorable	 metabolic	 benefits,	 low-	amplitude	
WBV	provides	a	more	robust	HOMA-	IR	response	in	com-
parison	to	high-	amplitude	WBV.

4.2	 |	 Muscle oxygenation response 
to WBV

An	increase	in	mVO2	contributes	to	the	improvement	in	
glucose	 metabolism	 (Baron	 &	 Clark,	 1997;	 Kemppainen	
et	al.,	2003).	During	exercise,	skeletal	muscle	oxygenation	
is	 increased	 in	 an	 intensity-	dependent	 manner	 to	 meet	
metabolic	 demand	 for	 oxygen	 and	 nutrients	 (Joyner	 &	
Casey,	2015).	However,	intense	isometric	exercise,	such	as	
the	static	squat	that	was	performed	by	participants	in	the	
current	 investigation,	 has	 been	 shown	 to	 limit	 mVO2	 in	
the	working	muscles	(McNeil	et	al.,	2015).	The	findings	of		
the	present	study	are	consistent	with	previous	observations	
that	demonstrated	a	reduced	mVO2	in	the	working	mus-
cle	during	a	higher	intensity	WBV	exercise.	Accordingly,		
it	 is	 plausible	 that	 the	 HI	 group	 experienced	 more	 in-
tense	muscle	contractions	that	led	to	reduced	blood	flow	
to	 the	 gastrocnemius	 thereby	 leading	 to	 reduced	 mVO2	
in	 the	gastrocnemius	muscle	when	compared	 to	 the	LO	
group.	 In	 addition,	 gravitational	 forces	 generated	 dur-
ing	 WBV	 have	 been	 shown	 to	 increase	 activation	 of	 the	
gastrocnemius,	vastus	lateralis,	and	vastus	medialis	in	an	
intensity-	dependent	manner	(Roelants	et	al.,	2006).	Thus,	
it	 cannot	 be	 ruled	 out	 that	 high-	amplitude	 WBV	 could	
elicit	greater	increases	in	mVO2	to	the	vastus	lateralis	and	
vastus	medialis,	 thereby	 resulting	 in	 lower	mVO2	 to	 the	

F I G U R E  2  Average	muscle	oxygen	consumption-	mVO2	(A)	
and	tissue	saturation	index-	TSI	(B)	during	low-	amplitude	and	
high-	amplitude	whole	body	vibration.	*p < 0.05	between	groups;	
Generalized	estimating	equations

Variable LO HI p- value

RER 0.29 ± 0.03 0.32 ± 0.03 0.393

Systemic	oxygen	extraction 0.31 ± 0.02 0.28 ± 0.02 0.459

Mean	arterial	pressure	(mm	Hg) 94.9 ± 2.5 103.9 ± 2.3 0.011*

SVR	(dyn.s/cm5) 997.9 ± 41.6 1010.9 ± 41.9 0.828

SVRi	(dyn.s/cm5·m2) 1929.8 ± 92.7 2066.6 ± 127.6 0.382

Heart	rate	(bpm) 86.6 ± 3.0 86.2 ± 2.1 0.907

Stroke	volume	(ml) 81.7 ± 2.9 91.6 ± 3.4 0.130

Stroke	volume	index	(ml/m2) 43.9 ± 1.3 45.5 ± 1.4 0.443

Cardiac	output	(L/min) 7.4 ± 0.4 7.8 ± 0.3 0.362

Cardiac	output	index	(L/min/m2) 3.8 ± 0.2 3.9 ± 0.2 0.684

Note: Average	of	a	cardiopulmonary	base	to	whole-	body	vibration	in	low-	amplitude	(LO)	and	high-	
amplitude	(HI)	groups.	Mean	and	standard	error.
Abbreviations:	RER,	respiratory	exchange	ratio;	SVR,	systemic	vascular	resistance;	SVRi,	systemic	
vascular	resistance	index	(SVRi);	VO2,	oxygen	consumption.
*p < 0.05	between	groups	(bold);	Generalized	estimating	equations.

T A B L E  2 	 Baseline	cardiopulmonary	
measures



8 of 11 |   SANNI et al.

gastrocnemius	in	the	HI	group	compared	to	the	LO	group.	
Future	studies	are	warranted	to	evaluate	the	distribution	
of	 muscle	 mVO2	 during	 WBV.	 Nonetheless,	 low	 tissue	
oxygenation	plays	an	important	role	in	the	pathogenesis	
and	 progression	 of	 T2D	 as	 glucose	 concentration	 sens-
ing	is	dependent	on	oxygenation	(Wilson	&	Matschinsky,	
2019).	In	addition,	data	support	that	the	rate	of	muscle	ox-
ygen	saturation	is	dependent	on	WBV	type	(Games	et	al.,	
2015).	In	addition	to	the	evidence	of	higher	mVO2	in	the	
LO	group,	there	was	a	significant	inverse	relationship	be-
tween	tissue	saturation	index	and	HOMA-	IR	at	different	

time	points.	Taken	together,	these	data	suggest	that	low-	
amplitude	WBV	elicits	greater	increases	in	gastrocnemius	
muscle	oxygenation,	which	appears	to	contribute	to	more	
favorable	improvements	in	glucose	metabolism	compared	
to	high-	amplitude	WBV.

4.3	 |	 Myokine response to WBV

Myokines	 are	 produced	 by	 contracting	 skeletal	 muscle	
and	have	a	variety	of	autocrine,	paracrine,	and	endocrine	
functions.	IL-	6	is	the	most	readily	produced	myokine	by	
skeletal	 muscle	 (Leal	 et	 al.,	 2018).	 Although	 chronically	
elevated	basal	concentrations	of	IL-	6 have	been	linked	to	
both	 inflammation	 and	 disease,	 transient	 elevations	 in	
IL-	6	produced	by	skeletal	muscle	act	as	an	“energy	sen-
sor”	and	enhance	glucose	metabolism	(Keller	et	al.,	2001).	
Recently,	our	lab	has	demonstrated	that	a	single	bout	of	
WBV	 can	 transiently	 increase	 circulating	 IL-	6	 (Blanks	
et	al.,	2020).	The	findings	of	the	present	investigation	are	
consistent	with	previous	data	and	provide	evidence	 that	
the	3 h	increase	in	circulating	IL-	6	and	the	concominant	
decrease	in	glucose	is	independent	of	WBV	amplitude.	In	
addition,	the	peak	IL-	6	response	in	the	current	study	not	
only	occurred	3 h	following	completion	of	the	WBV	pro-
tocol,	 but	 the	 peak	 also	 corresponded	 with	 the	 most	 fa-
vorable	metabolic	improvements	in	both	groups.	Muscle	
activation	during	exercise	elicits	increases	in	IL-	6	release	
from	 skeletal	 muscle	 in	 an	 intensity-	dependent	 manner	
(Pedersen	et	al.,	2001).	Although	an	increase	in	IL-	6	con-
centration	has	been	observed	after	an	acute	eccentric	ex-
ercise,	concentric	exercise	did	not	elicit	an	IL-	6	response	

Variable LO HI p- value

VO2	(L/min) 0.72 ± 0.07 0.79 ± 0.08 0.502

VO2	(ml/kg/min) 9.0 ± 0.6 8.69 ± 0.5 0.684

RER 1.01 ± 0.02 1.03 ± 0.02 0.679

Systemic	oxygen	extraction 0.31 ± 0.02 0.29 ± 0.02 0.552

Mean	arterial	pressure	(mm	Hg) 99.5 ± 3.9 104.8 ± 4.0 0.427

SVR	(dyn.s/cm5) 613.9 ± 29.2 569.1 ± 31.1 0.293

SVRi	(dyn.s/cm5·m2) 1186.1 ± 74.4 1173.7 ± 77.1 0.909

Heart	rate	(bpm) 134.0 ± 4.7 135.7 ± 4.9 0.797

Stroke	volume	(ml) 94.4 ± 4.9 110.3 ± 5.0 0.024*

Stroke	volume	index	(ml/m2) 49.1 ± 1.5 52.3 ± 1.5 0.128

Cardiac	output	(L/min) 12.7 ± 0.8 14.9 ± 0.8 0.064

Cardiac	output	index	(L/min/m2) 6.6 ± 0.3 7.1 ± 0.4 0.275

Note: Average	cardiopulmonary	responses	to	whole-	body	vibration	in	low-	amplitude	(LO)	and	high-	
amplitude	(HI)	groups.	Mean	and	standard	error.
Abbreviations:	RER,	respiratory	exchange	ratio;	SVR,	systemic	vascular	resistance;	SVRi,	systemic	
vascular	resistance	index	(SVRi);	VO2,	oxygen	consumption.
*p < 0.05	between	groups	(bold);	Generalized	estimating	equations.

T A B L E  3 	 Cardiopulmonary	responses

F I G U R E  3  Time-	course	of	IL-	6	in	response	to	low-	amplitude	
(LO)	and	high-	amplitude	(HI)	whole	body	vibration.	*p < 0.05	
between	groups,	**p < 0.05	versus	PRE	in	the	HI	group,	$p < 0.05	
versus	POST	in	the	HI	group,	†p < 0.05	versus	1H	in	the	HI	group,	
††p < 0.05	versus	3H	in	the	HI	group,	#p < 0.05	versus	1H	in	the	LO	
group,	††p < 0.05	versus	3H	in	the	LO	group.	Linear	mixed	model	
with	repeated	measures
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(Bruunsgaard	 et	 al.,	 1997;	 Hellsten	 et	 al.,	 1997;	 Koenig	
et	 al.,	 2016)	 and	 suggest	 that	 the	 increase	 in	 IL-	6	 might	
be	related	to	microtear	of	the	muscle.	In	contrast,	4 h	of	
simulated	multi-	axial	vibration	did	not	 increase	creatine	
kinase,	albeit	an	increase	in	circulating	concentrations	of	
IL-	6	(Kia	et	al.,	2020).	Although	muscle	activation	was	not	
assessed	in	the	current	investigation,	muscle	activation	is	
increased	with	increasing	vibration	amplitude	(Alizadeh-	
Meghrazi	et	al.,	2014).	Accordingly,	 the	 lower	peak	IL-	6	
response	 observed	 in	 the	 LO	 group	 is	 likely	 due	 to	 less	
muscle	activation	compared	to	what	 the	HI	group	expe-
rienced.	Moreover,	numerous	investigations	have	demon-
strated	significant	 IL-	6	production	by	 skeletal	muscle	 in	
response	to	the	contraction	in	a	time-	course	similar	to	that	
of	 the	current	 investigation	(Garneau	et	al.,	2020;	Keller	
et	 al.,	 2001;	 Schild	 et	 al.,	 2016).	 Although	 the	 source	 of	
IL-	6	cannot	be	confirmed	by	the	present	investigation,	it	
is	very	likely	that	post-	WBV	increases	in	IL-	6	were	derived	
from	skeletal	muscle;	however	additional	sources	of	IL-	6	
cannot	be	ruled	out.	Nonetheless,	peak	concentrations	of	
WBV-	induced	IL-	6	corresponded	with	the	most	favorable	
alterations	in	glucose	metabolism	in	both	groups.	Taken	
together,	 these	 data	 suggest	 that	 both	 low	 and	 high-	
workload	acute	WBV	induce	beneficial	increases	in	circu-
lating	concentrations	of	IL-	6.

4.4	 |	 Experimental considerations

Although	 the	 present	 investigation	 utilized	 a	 cross-	
sectional	design	without	a	no	vibration	control,	we	be-
lieve	 that	 this	 approach	 most	 effective	 design	 for	 this	
first	of	its	kind	study.	In	addition,	both	amplitude	groups	
were	instructed	to	stand	on	the	vibration	platform	in	the	
same	squat	position	 to	help	control	 for	 the	effects	of	a	
static	squat.	It	is	also	important	to	note	that	differences	
in	hemoglobin	and	hematocrit	were	observed	between	
the	 two	 groups	 and	 could	 have	 impacted	 the	 NIRS	
data.	However,	 it	 is	unlikely	that	 the	slight	differences	
observed	 would	 affect	 the	 rate	 of	 oxygen	 delivery	 and	
subsequent	 muscle	 oxygen	 consumption.	 Nonetheless,	
future	 studies	 are	 needed	 to	 investigate	 the	 effect	 of	
hemoglobin	 and	 hematocrit	 on	 muscle	 oxygen	 con-
sumption	using	NIRS.

5 	 | 	 CONCLUSION

For	 the	 first	 time,	 data	 from	 the	 present	 investiga-
tion	 demonstrate	 that	 acute	 synchronous	 whole-	body	
vibration	 elicits	 alterations	 in	 glucose	 metabolism	
and	 myokine	 production	 in	 the	 general	 population.	
Perhaps	 even	 more	 importantly,	 findings	 indicate	 that	

low-	amplitude	WBV	contributes	 to	more	 favorable	 im-
provements	in	glucose	metabolism	and	muscle	oxygen-
ation	 when	 compared	 to	 high-	amplitude	 WBV.	 Taken	
together,	these	results	suggest	that	low-	workload	WBV	
can	elicit	metabolic	and	skeletal	muscle	improvements	
and	 may	 represent	 a	 novel	 method	 to	 reduce	 the	 risk	
of	metabolic	diseases	by	improving	muscle	oxygen	con-
sumption	 and	 glucose	 metabolism.	 WBV	 represents	 a	
novel	approach	when	prescribing	exercise	for	those	who	
show	poor	compliance	or	are	unable	or	unwilling	to	use	
traditional	modes	of	exercise.
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