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INTRODUCTION



The	purpose	of	this	book	is	very	simple:	it	is	to	provide	you	with	a	framework
that	can	explain	how	hypertrophy	results	from	muscular	contractions,	by
reference	to	certain	basic	principles	of	exercise	physiology.

To	build	that	framework	will	require	us	to	go	on	a	journey	to	understand	the	way
in	which	muscles	produce	force	in	different	contexts,	to	learn	the	nature	of	the
adaptations	produced	by	various	different	types	of	strength	training,	and	to
appreciate	exactly	how	and	when	muscle	fibers	produce	the	force	that	they	then
experience	as	mechanical	loading,	which	is	what	then	leads	to	them	increasing	in
size.

Let's	get	started!



MECHANISMS	OF
HYPERTROPHY



WHAT	IS	MUSCLE	GROWTH?



Increasing	muscle	size	through	strength	training	is	key	to	improving	body
composition.	This	is	why	lifting	weights	is	essential	to	bodybuilding,	personal
training,	and	strength	coaching	alike.

In	recent	years,	a	great	deal	of	research	has	been	published	(and	continues	to	be
published)	exploring	the	effects	of	strength	training	on	muscle	size.	This	is	an
exciting	opportunity	for	all	of	us	working	in	the	fitness	industry,	because	it
enables	us	to	continually	improve	the	effects	of	our	training	programs,	by	adding
to	our	knowledge	over	time.

To	integrate	each	study	as	it	is	published,	I	think	it	helps	to	have	a	basic
framework	in	which	to	set	new	information.	This	framework	should	help	you
identify	the	strengths	and	limitations	of	new	research,	as	well	as	link	concepts
from	different	papers	together,	to	create	a	clear	understanding	of	how	strength
training	works	to	produce	muscle	growth.

My	basic	framework	starts	by	defining	what	each	measurement	of	muscle
growth	actually	means.	It	then	sets	out	a	clear	picture	of	how	muscle	fibers
increase	in	size.	Finally,	it	provides	a	model	of	how	a	strength	training	workout
stimulates	the	increase	in	muscle	protein	synthesis	that	causes	fiber	hypertrophy.

What	are	muscle	growth,	hyperplasia,	and	fiber	hypertrophy?

Muscles	often	increase	in	volume	(and	therefore	in	mass)	after	long-term
strength	training.

Since	they	are	made	up	of	many	individual	fibers,	muscles	can	theoretically
increase	in	volume	because	either	(1)	the	number	of	fibers	increases	(called
hyperplasia),	or	(2)	the	volume	of	each	muscle	fiber	increases	(called	fiber
hypertrophy).

Either	of	these	processes	involve	an	increase	in	the	protein	content	of	the	whole
muscle,	which	is	known	as	hypertrophy.



#1.	Hyperplasia

Research	in	rodents	has	found	increases	in	fiber	number	after	mechanical
loading,	with	greater	increases	being	observed	after	exposure	to	higher	forces	at
longer	muscle	lengths.	The	new	fibers	are	often	smaller	than	the	older	ones,	and
some	researchers	have	suggested	that	this	happens	because	fibers	split	so	that
they	can	multiply.

Split	fibers	are	often	observed	in	tandem	with	increases	in	fiber	number	in
rodent	studies.	However,	fibers	also	split	when	muscles	experience	contusions
that	do	not	stimulate	muscle	growth,	so	whether	this	splitting	represents	a	useful
adaptation	or	is	a	side	effect	of	severe	muscle	damage	is	unclear.

In	humans,	researchers	have	observed	signs	of	fiber	splitting	after	very	strenuous
programs	of	voluntary	strength	training,	but	to	date	we	have	no	really	solid
indications	that	long-term	strength	training	causes	increases	in	muscle	fiber
number.	Indeed,	some	research	suggests	that	strength	training	does	not	cause
hyperplasia	in	humans,	as	indicated	by	comparisons	of	untrained	people	and
bodybuilders	that	show	similar	numbers	of	muscle	fibers	in	the	muscles	of	both
populations.	Therefore,	it	seems	unlikely	that	hyperplasia	contributes
meaningfully	to	whole	muscle	growth	after	strength	training.

#2.	Fiber	hypertrophy

Increases	in	the	protein	content	(and	therefore	the	volume)	of	individual	muscle
fibers	can	occur	because	either	(1)	they	increase	in	diameter	or	cross-sectional
area,	or	(2)	they	increase	in	length.

It	can	seem	odd	to	think	about	muscle	fibers	increasing	in	length	after	training,
because	the	locations	of	the	origin	and	insertion	of	the	whole	muscle	cannot



change.	Even	so,	the	whole	muscle	can	increase	in	length	after	training,	by
bulging	out	slightly	in	the	middle,	even	while	its	starting	and	ending	points	are
fixed.

Many	studies	in	humans	have	shown	that	muscle	fascicle	length	(fascicles	are
bundles	of	muscle	fibers)	increases	after	long-term	strength	training.	This
happens	particularly	often	when	the	strength	training	program	involves
eccentric-only	contractions,	or	when	the	peak	contraction	of	the	exercise	occurs
at	long	muscle	lengths.

Similarly,	researchers	have	found	that	the	diameter	of	individual	muscle	fibers
also	increases	after	long-term	strength	training.	Increases	in	diameter	are
sometimes	greater	in	type	II	fibers,	likely	because	type	I	fibers	are	more
commonly	(but	not	always!)	linked	with	the	lowest	threshold	motor	units,	and
generally	only	the	higher	threshold	motor	units	increase	in	size	after	strength
training.

How	do	we	measure	muscle	growth?

Researchers	can	measure	muscle	growth	in	several	ways,	which	can	be
subdivided	into	(1)	those	that	assess	the	whole	body,	(2)	those	that	assess
muscles,	and	(3)	those	that	assess	muscle	fibers.

#1.	Whole	body

One	common	approach	to	measuring	changes	in	muscle	mass	after	strength
training	is	to	use	whole	body	scanning	with	X-rays	(DEXA),	which	allows
researchers	to	estimate	lean	(non-fat)	body	mass.	By	combining	these	data	with
other	measurements,	such	as	total	body	volume	using	air-displacement
plethysmography,	and	total	body	water	using	bioelectrical	impedance,	a	more
accurate	assessment	can	be	achieved.



This	type	of	measurement	is	valuable,	because	it	gives	us	a	good	overview	of
changes	in	whole	body	composition	after	strength	training.	However,	it	does	not
tell	us	much	about	how	each	muscle	itself	has	adapted.

#2.	Muscle

Other	scanning	methods,	such	as	magnetic	resonance	imaging	(MRI),	computed
tomography	(CT),	and	ultrasonography	can	give	us	an	insight	into	how
individual	muscles	change	in	size	in	each	of	their	dimensions.	However,	muscles
do	not	increase	in	size	in	all	directions	equally	after	strength	training,	and	this
affects	how	we	interpret	the	results	of	each	scanning	measurement.

When	multiple	axial	scans	are	done	along	the	length	of	the	muscle,	this	produces
a	series	of	cross-sectional	images.	Combining	these	together	allows	researchers
to	calculate	whole	muscle	volume.	This	type	of	measurement	is	useful,	because
it	does	not	matter	whether	individual	muscle	fibers	increase	in	length	or
diameter,	nor	whether	the	arrangement	of	the	fibers	inside	the	muscle	alters	after
training,	nor	whether	different	regions	of	the	muscle	increase	in	size	more	than
others.

Sometimes,	multiple	scans	are	not	performed,	and	only	a	single,	axial	cross-
sectional	image	is	recorded	(the	image	is	described	as	“axial”	when	it	is
perpendicular	to	the	body	in	the	anatomical	position).	This	measurement	is
called	the	anatomical	cross-sectional	area.	Unlike	measures	of	muscle	volume,
recording	anatomical	cross-sectional	area	can	cause	us	to	underestimate	or
overestimate	a	real	change	in	muscle	volume,	if	the	arrangement	of	the	fibers
inside	the	muscle	alters	after	training,	or	if	different	regions	of	the	muscle
increase	in	size	more	than	others.

Indeed,	the	arrangement	of	fibers	inside	a	muscle	*does*	change	after	strength
training.	Their	angle	relative	to	the	line	of	pull	(called	the	pennation	angle)
increases	in	conjunction	with	increases	in	fiber	diameter.	Similarly,	many
muscles	do	increase	in	size	in	some	regions	more	than	others,	depending	on	the
exercise	used	in	training,	because	they	have	functional	subdivisions,	each	of



which	is	best-suited	to	producing	force	in	a	different	direction	or	at	a	different
joint	angle.

If	you	visualize	muscle	fibers	as	running	from	one	end	of	a	muscle	to	the	other,
it	can	seem	odd	to	think	about	them	changing	their	angle	within	a	muscle	after
strength	training.	However,	fibers	often	run	diagonally	across	muscles,	between
broad	sheets	of	collagen	tissue	(called	aponeuroses)	on	either	side.	After	strength
training,	as	muscle	fibers	increase	in	pennation	angle,	they	become	less	parallel
to	the	aponeuroses,	and	more	perpendicular.

More	recently,	ultrasound	has	been	adopted	by	some	researchers	to	assess
changes	in	muscle	size,	because	the	equipment	is	inexpensive.	The	most
common	measurement	recorded	by	ultrasound	is	muscle	thickness.	This	refers	to
the	perpendicular,	linear	distance	between	the	superficial	and	distal	aponeuroses.
It	is	fairly	closely	related	to	anatomical	cross-sectional	area,	and	is	subject	to	the
same	limitations.

#3.	Individual	fiber

Some	studies	record	changes	in	single	fiber	diameter	after	strength	training.	To
do	this	requires	taking	a	muscle	biopsy	both	before	and	after	the	long-term
strength	training	program,	and	then	taking	cross-sectional	slices	of	the	muscle
tissue,	before	performing	staining	procedures	and	imaging	to	identify	the	borders
(and	therefore	the	diameter)	of	each	muscle	fiber.

Often,	the	staining	procedures	allow	researchers	to	identify	muscle	fibers	of
different	types,	and	this	means	that	average	changes	in	fiber	type-specific	cross-
sectional	area	can	be	measured.

Since	muscle	growth	in	humans	seems	to	arise	mainly	from	increases	in	single
fiber	volume,	studying	changes	in	the	diameter	of	individual	muscle	fibers	is	an
attractive	method.	However,	the	main	downside	is	that	fibers	can	also	increase	in
length,	and	this	change	does	not	get	recorded	by	this	approach.



What	happens	inside	a	muscle	fiber	during	hypertrophy?

Muscles	contain	many	tens	of	thousands	of	muscle	fibers.	In	humans,	an
increase	in	the	size	of	whole	muscles	arises	predominantly	from	increases	in	the
volume	of	some	of	these	muscle	fibers.	These	muscle	fibers	increase	in	volume
mainly	because	of	increases	in	their	diameter,	but	also	partly	because	of
increases	in	their	length.

When	muscle	fibers	increase	in	diameter,	this	involves	an	increase	in	the	number
of	sarcomeres	in	parallel.	When	muscle	fibers	increase	in	length,	this	involves	an
increase	in	the	number	of	sarcomeres	in	series.

Sarcomeres	are	short	sections	of	actin	and	myosin	myofibrils	and	their
associated	cytoskeletal	structures,	which	allow	muscles	to	produce	force.	These
sections	are	joined	together	in	long	strings,	down	the	length	of	each	fiber.	Each
fiber	involves	many	myofibrillar	strings	arranged	in	parallel.	Rodent	and	human
studies	have	shown	us	that	there	can	be	1,000	–1,500	myofibrils	inside	a	single
fiber.

Whether	the	volume	of	a	muscle	fiber	is	increased	because	of	an	increase	in	the
number	of	sarcomeres	in	each	myofibrillar	string,	or	because	of	an	increase	in
the	number	of	myofibrillar	strings	inside	the	muscle	fiber,	this	requires	an
increase	in	the	protein	content	of	the	fiber,	which	happens	through	an	increase	in
the	rate	of	muscle	protein	synthesis.

This	additional	protein	comprises	the	various	molecules	that	are	needed	to	create
the	new	sarcomeres,	and	their	surrounding	sarcoplasmic	support	structures.

Can	myofibrillar	hypertrophy	and	sarcoplasmic	hypertrophy
happen	independently?

Some	researchers	have	speculated	that	the	density	(number	per	unit	cross-
sectional	area)	of	myofibrillar	strings	in	parallel	inside	each	muscle	fiber	could



vary.	This	would	affect	the	strength	of	a	muscle	fiber	(and	therefore	of	a	muscle)
relative	to	its	size,	since	it	is	the	myofibrillar	strings	that	are	responsible	for
producing	force.

This	hypothesis	arose	in	order	to	explain	why	strength	increases	by	far	more
than	muscle	size	after	strength	training,	and	why	strength	increases	by	more	after
strength	training	with	heavy	loads	than	after	strength	training	with	light	loads,
despite	similar	gains	in	muscle	size.

Specifically,	it	was	suggested	that	strength	training	with	heavier	loads	might
cause	more	myofibrillar	hypertrophy,	and	less	sarcoplasmic	hypertrophy,
compared	to	strength	training	with	lighter	loads.

However,	this	probably	does	not	happen.

Research	has	shown	that	the	number	of	myofilaments	in	a	muscle	fiber	increases
in	proportion	to	its	cross-sectional	area	after	strength	training,	and	this	is
probably	why	the	force	that	a	single	muscle	fiber	can	exert	relative	to	its	cross-
sectional	area	tends	to	remain	constant	after	strength	training.

Also,	we	now	know	that	strength	training	increases	strength	by	more	than	size,
because	there	are	many	other	adaptations	that	contribute	to	an	increased	ability
to	produce	force,	and	these	adaptations	are	preferentially	stimulated	when	using
heavy	weights.	So	the	hypothesis	that	myofibrillar	and	sarcoplasmic	hypertrophy
can	occur	independently	is	unnecessary.

What	stimulates	hypertrophy	to	occur?

Muscle	fibers	are	able	to	detect	mechanical	tension	using	receptors	located	at	the
cell	membrane.	When	these	receptors	inside	the	muscle	fiber	detect	the	presence
of	mechanical	loading,	this	triggers	a	sequence	of	signaling	events	in	a	process
known	as	mechanotransduction.

It	is	very	important	to	note	that	it	is	the	muscle	fiber	that	detects	the	presence	of
mechanical	loading,	and	not	the	whole	muscle,	because	we	know	that	whole
muscles	can	experience	one	level	of	mechanical	loading,	while	individual



muscle	fibers	inside	them	experience	a	completely	different	stimulus.	Therefore,
we	always	need	to	think	about	the	stimulus	that	the	muscle	fiber	experiences,
and	not	the	whole	muscle.

What	is	the	takeaway?

Muscle	growth	in	humans	happens	predominantly	through	increases	in	the
volume	of	single	muscle	fibers,	although	not	all	measurement	methods	are	ideal
for	recording	this.	It	seems	unlikely	that	an	increase	in	muscle	fiber	number
(hyperplasia)	contributes	in	any	meaningful	way	to	muscle	growth	in	humans.

Single	muscle	fibers	increase	in	volume	mainly	because	of	increases	in	their
diameter,	but	also	partly	because	of	increases	in	their	length.	This	increase	in
volume	involves	an	increase	in	protein	content,	which	happens	by	an	increase	in
the	rate	of	muscle	protein	synthesis,	and	the	increase	in	fiber	size	involves
proportional	increases	in	both	myofibrillar	and	sarcoplasmic	elements.

Single	muscle	fibers	are	triggered	to	grow	when	receptors	located	at	their	cell
membranes	detect	the	presence	of	mechanical	loading.	This	mechanical	loading
can	be	different	from	the	mechanical	loading	experienced	by	the	muscle	as	a
whole,	but	it	is	the	stimulus	detected	by	the	individual	fiber	that	determines	how
it	adapts	to	the	strength	training	program.



WHAT	CAUSES	MUSCLE	GROWTH?



For	many	centuries,	we	have	known	that	lifting	weights	increases	strength,	as
well	as	muscle	mass.

Thousands	of	years	ago,	Milo	of	Croton	developed	tremendous	strength	for
Olympic	wrestling	by	lifting	a	calf	on	his	shoulders	each	day,	growing	bigger
and	stronger	as	it	grew	heavier.

More	recently,	in	the	late	1800s,	strongmen	like	Eugen	Sandow	included	posing
routines	at	the	end	of	their	weight	lifting	performances,	to	show	off	the	muscular
development	they	had	achieved	through	training.

In	other	words,	we	figured	out	a	long	time	ago	that	lifting	progressively	heavier
weights	was	necessary	to	keep	increasing	strength	and	size.	However,	it	was	not
until	recently	that	researchers	began	studying	strength	training,	and	applied	the
scientific	method	to	identify	exactly	what	causes	muscle	growth,	by	exploring
the	mechanisms	and	processes	through	which	lifting	weights	causes	hypertrophy.

This	research	is	an	important	resource	for	our	understanding	of	strength	training.
By	learning	about	the	mechanisms	and	processes	by	which	strength	training
causes	muscle	growth,	we	can	structure	our	training	programs	to	maximize	the
results	we	want	to	achieve.

What	are	the	mechanisms	and	processes	that	lead	to	muscular
hypertrophy?

There	are	three	main	phases	in	the	process	through	which	strength	training
causes	muscle	growth.	Each	of	these	phases	has	been	examined	by	researchers,
although	some	have	been	given	more	attention	than	others.

Firstly,	there	is	an	initial	stimulus,	often	called	the	primary	mechanism.	Since
muscle	growth	happens	primarily	through	an	increase	in	the	size	of	individual
muscle	fibers,	this	must	be	detected	by	receptors	inside	the	muscle	cells.
Secondly,	there	are	molecular	signaling	events	inside	the	muscle.	These	last
several	hours,	and	result	from	the	initial	stimulus.	Thirdly,	there	is	a	temporary
increase	in	the	rate	of	muscle	protein	synthesis,	which	is	triggered	by	the



molecular	signaling	events.	This	is	what	leads	to	increases	in	overall	muscle
size,	which	can	then	be	measured	in	various	ways.

#1.	Initial	stimulus

Researchers	have	hypothesized	that	there	are	three	primary	mechanisms	that
might	stimulate	muscle	growth:	(1)	mechanical	tension,	(2)	metabolic	stress,	and
(3)	muscle	damage.	These	mechanisms	are	environmental	conditions	that	can	be
detected	by	single	muscle	fibers,	which	then	stimulate	the	molecular	signaling
events	that	increase	muscle	protein	synthesis	rates,	and	subsequently	cause	the
accumulation	of	protein	inside	individual	muscle	fibers.

Currently,	we	have	a	fairly	clear	model	for	how	mechanical	tension	triggers
muscle	growth,	although	the	location	and	identity	of	the	mechanoreceptors
within	the	muscle	fibers	are	still	unknown.	In	contrast,	it	is	unclear	how	muscle
damage	and	metabolic	stress	might	play	a	role.	This	is	partly	because	of	the
problems	inherent	in	examining	these	factors.

The	main	difficulty	faced	by	researchers	when	trying	to	understand	the
independent	effects	of	mechanical	tension,	muscle	damage,	and	metabolic	stress
is	that	it	is	very	difficult	to	stimulate	a	muscle	with	either	muscle	damage	or
metabolic	stress	while	not	providing	the	mechanical	tension	stimulus	at	the	same
time.

Some	researchers	have	also	suggested	that	muscle	fiber	activation,	resulting
from	motor	unit	recruitment,	is	a	primary	mechanism	through	which	muscle
growth	is	stimulated.	But	this	cannot	be	the	case,	because	full	motor	unit
recruitment	is	approached	in	high-velocity	muscle	contractions,	which	cause
little	muscle	growth.

Moreover,	when	muscle	activation	is	maintained	constant	at	high	levels,
increasing	the	velocity	of	a	contraction	reduces	hypertrophy.	This	seems	to
happen	because	faster	contraction	velocities	reduce	the	mechanical	tension
produced	by	each	muscle	fiber,	and	therefore	the	amount	of	mechanical	loading
detected	by	its	mechanoreceptors.



#2.	Molecular	signaling

Researchers	have	revealed	a	complex	array	of	anabolic	signaling	pathways	that
are	activated	in	response	to	strength	training	workouts,	and	which	seem	to	be
involved	in	elevating	muscle	protein	synthesis,	and	causing	the	accumulation	of
protein	inside	muscle	fibers.

The	most	famous	of	these	molecular	pathways	is	the	mTOR	signaling	pathway.
Within	this	signaling	pathway	is	an	enzyme	called	p70S6K.	Increases	in	the
activity	of	this	enzyme	have	been	closely	related	to	long-term	increases	in
muscle	size	in	both	animals	and	humans.	Also,	elevated	p70S6K	signaling	is
observed	when	we	use	training	variables	that	are	known	to	lead	to	greater
hypertrophy,	such	as	higher	workout	volumes.

However,	some	training	variables	that	do	not	appear	to	enhance	muscle	growth
also	display	elevated	p70S6K	signaling,	including	eccentric	(compared	to
concentric)	contractions.	This	may	imply	that	mTOR	signaling	is	also	involved
in	other	processes,	such	as	the	repair	of	muscle	damage,	as	lengthening
contractions	cause	more	muscle	damage	than	shortening	contractions.

In	fact,	there	are	even	situations	in	which	mTOR	signaling	can	be	stimulated	and
p70S6K	is	increased,	but	muscle	protein	synthesis	rates	are	not	elevated.	This
has	been	reported	in	cases	of	overtraining,	which	can	cause	muscle	loss,	and
where	oxidative	stress	seems	to	inhibit	muscle	protein	synthesis	from	being
increased.	The	results	of	such	experiments	provide	a	cautionary	note.	We	should
not	assume	that	a	greater	increase	in	mTOR	signaling	will	*always*	cause	a
greater	increase	in	muscle	protein	synthesis	rates	and	a	subsequent	long-term
increase	in	muscle	size.

#3.	Muscle	protein	synthesis



Until	very	recently,	researchers	had	been	unable	to	link	the	increases	in	muscle
protein	synthesis	rates	after	a	workout	to	the	long-term	gains	in	muscle	size	after
a	strength	training	program	comprising	a	sequence	of	that	type	of	workout,
although	they	often	observed	transitory	increases	after	a	single	workout.

Even	though	the	protein	content	of	a	muscle	fiber	is	determined	by	the	ongoing
balance	of	muscle	protein	synthesis	and	muscle	protein	breakdown	rates,	this
was	still	frustrating,	because	there	was	good	evidence	to	suggest	that	it	was	the
increase	in	muscle	protein	synthesis	rate	that	was	responsible	for	the	change	in
muscle	size	over	time.

Consequently,	it	was	a	real	breakthrough	when	a	research	group	identified	very
recently	that	elevations	in	muscle	(myofibrillar)	protein	synthesis	could	be
related	to	long-term	gains	in	muscle	size	after	taking	away	the	uplift	in	muscle
protein	synthesis	rates	required	to	repair	damaged	muscle	tissue.

This	discovery	was	important,	not	only	because	it	confirmed	the	central	role	of
increasing	muscle	protein	synthesis	rates	for	causing	hypertrophy,	but	also
because	it	hinted	that	while	muscle	damage	repair	and	muscle	growth	are	very
similar	processes,	repairing	muscle	damage	probably	does	not	enhance	increases
in	muscle	size.

Additionally,	the	study	also	suggests	that	the	popular	study	design	in	which	post-
workout	elevations	in	muscle	protein	synthesis	are	measured	may	not	be	as
useful	as	we	had	previously	hoped.	Since	muscle	protein	synthesis	rates	are
increased,	both	in	order	to	repair	muscle	damage	(which	does	not	enhance
hypertrophy)	and	also	to	increase	muscle	fiber	protein	content	(which	causes
hypertrophy),	such	studies	may	lead	us	to	conclude	*incorrectly*	that	more
muscle-damaging	workouts	lead	to	greater	muscle	growth.

Therefore,	as	with	molecular	signaling,	we	should	be	cautious	about	how	we
interpret	the	findings	of	studies	exploring	changes	in	muscle	protein	synthesis
after	a	workout,	since	such	changes	could	easily	reflect	the	repair	of	muscle
damage,	rather	than	the	growth	of	muscle	tissue.

What	do	we	know	about	mechanical	tension?



Introduction

There	are	three	important	areas	to	address	when	thinking	about	the	role	of
mechanical	tension	in	muscle	growth:	(1)	the	nature	of	active	and	passive
mechanical	tension,	(2)	the	role	of	external	resistance,	and	(3)	the	effects	of
fatigue.

#1.	Active	and	passive	mechanical	tension

Muscles	can	experience	mechanical	tension	either	when	they	are	contracting
actively	or	when	they	are	passively	stretched.	When	they	are	actively
contracting,	they	can	produce	force	either	while	shortening,	lengthening,	or
remaining	at	a	constant	length	(isometric).	In	all	cases,	the	amount	of	mechanical
tension	has	been	related	to	the	subsequent	change	in	muscle	size,	thereby
confirming	the	key	role	of	this	mechanism	in	hypertrophy.

While	we	are	most	accustomed	to	muscle	growth	happening	after	strength
training	using	active	muscle	contractions,	hypertrophy	has	also	been	reported
after	passive	stretching	of	inactive	muscle,	in	both	humans	and	animals,	and	very
likely	involves	somewhat	similar	molecular	signaling	through	the	mTOR
pathway.

Interestingly,	however,	it	seems	likely	that	muscle	fibers	can	detect	the
difference	between	mechanical	tension	provided	by	active	contractions	and	by
passive	loading.

This	is	reflected	in	the	nature	of	the	molecular	signaling	through	the	mTOR
pathway,	and	also	in	the	long-term	adaptations	to	strength	training,	which	are
often	greater	after	combining	both	active	and	passive	loading,	even	when	muscle
forces	are	equated.	Practically	speaking,	this	suggests	that	muscular	contractions
and	stretching	provide	independent	and	additive	stimuli	that	lead	to	muscle
growth.



#2.	The	role	of	external	resistance

The	way	in	which	mechanical	tension	causes	muscle	growth	is	frequently
misunderstood,	because	we	tend	to	think	of	the	external	resistance	as	being	the
mechanical	stimulus.

While	this	is	appropriate	when	thinking	about	passive	stretching	of	muscle
tissue,	it	is	not	valid	when	thinking	about	strength	training	in	which	active
muscle	contractions	are	involved.

The	mechanical	tension	signal	that	leads	to	hypertrophy	is	detected	by	single
fibers	and	not	by	the	muscle	as	a	whole,	by	mechanoreceptors	that	are	probably
located	on	the	membrane	of	each	muscle	cell.	This	is	an	important	factor,
because	it	means	that	we	need	to	define	the	mechanical	tension	stimulus	in
relation	to	the	forces	experienced	by	each	individual	muscle	fiber,	and	not	by	the
whole	muscle.

In	this	respect,	there	are	two	key	points.

Firstly,	in	an	active	muscle	contraction,	the	tensile	force	sensed	by	a	muscle	fiber
is	essentially	the	force	it	produces	itself.	Even	so,	in	the	absence	of	fatigue,	it	is
the	external	resistance	that	determines	the	speed	at	which	each	fiber	can	contract.
Since	slower	contraction	velocities	allow	more	actin-myosin	crossbridges	to
form	inside	a	fiber,	larger	external	resistances	thereby	increase	the	tension	that
each	fiber	produces,	because	the	number	of	attached	actin-myosin	crossbridges
determines	the	force	produced	by	a	fiber.	Indeed,	while	the	resistance	must	be
external	to	the	muscle,	it	can	be	internal	to	the	body,	such	as	when	contracting
the	agonist	and	antagonist	muscles	simultaneously.

Secondly,	muscle	fibers	interact	with	one	another,	bulging	outwards	in	the
middle	of	the	sarcomere	and	exerting	force	laterally,	and	the	whole	muscle	bends
and	changes	shape	during	a	contraction.	This	means	that	a	muscle	contraction
exposes	its	fibers	to	a	variety	of	external	constraints.	This	leads	to	different	fiber
shortening	velocities,	mechanical	tension,	and	length	changes,	and	this	affects
the	fibers	of	some	regions	more	than	others.	This	is	probably	why	muscles	do
not	adapt	uniformly	after	strength	training,	but	some	regions	increase	fiber
diameter	and/or	length	more	than	others.



#3.	The	effects	of	fatigue

When	doing	multiple,	repeated	muscle	contractions,	fatigue	develops.	This
means	that	the	muscle	fibers	governed	by	the	working	motor	units	become
unable	to	produce	the	required	force.	This	causes	higher	threshold	motor	units	to
be	recruited,	and	their	associated	muscle	fibers	are	then	activated.

In	addition,	the	fatigue	causes	the	working	muscle	fibers	to	reduce	their
contraction	velocity	over	the	set.	This	reduction	in	contraction	velocity	is	closely
linked	to	the	amount	of	metabolic	stress	in	the	muscle.

Consequently,	during	fatiguing	sets	with	any	load,	high-threshold	motor	units
that	grow	after	strength	training	are	activated,	and	their	muscle	fibers	contract	at
a	slow	speed.	Since	the	muscle	fibers	shorten	at	a	slow	speed,	a	large	number	of
attached	actin-myosin	crossbridges	are	formed.	This	produces	mechanical
tension	on	the	fiber,	which	stimulates	it	to	grow.

What	do	we	know	about	metabolic	stress?

Training	with	heavy	or	light	loads	produces	similar	muscle	growth	(so	long	as
sets	are	performed	to	failure),	and	light	load	training	with	blood	flow	restriction
also	produces	similar	gains	in	muscle	size	to	heavy	load	training.

Such	observations	have	sometimes	been	used	to	support	the	role	of	metabolic
stress	in	hypertrophy.	However,	as	noted	above,	there	is	a	very	simple
explanation	for	how	fatigue	leads	to	increased	mechanical	tension	on	the	muscle
fibers	of	high-threshold	motor	units,	stimulating	them	to	grow.

In	fact,	because	of	this	effect	of	fatigue	on	mechanical	tension,	it	is	extremely
difficult	to	explore	the	independent	effects	of	metabolic	stress	on	muscle	growth.

To	get	around	the	problem,	some	researchers	have	tested	the	long-term	effects	of
periodically	applying	blood	flow	restriction	to	a	muscle	without	any



simultaneous	muscular	contractions,	either	as	a	standalone	intervention	in
rodents,	or	immediately	after	a	workout	in	humans.	However,	the	findings	of	this
research	have	been	conflicting.	At	present,	it	seems	likely	that	the	effects	of
metabolic	stress	are	*largely*	mediated	by	fatigue,	insofar	as	fatigue	enhances
muscle	growth	by	increasing	mechanical	loading.

Consequently,	there	actually	is	no	real	need	to	hypothesize	a	role	for	metabolic
stress,	because	the	effects	that	it	was	originally	hypothesized	to	explain	can
actually	be	more	easily	explained	by	mechanical	loading,	as	a	result	of	the
effects	of	fatigue.

What	do	we	know	about	muscle	damage?

It	is	often	thought	that	eccentric	training	causes	greater	muscle	growth	than
concentric	training.	Similarly,	training	at	long	muscle	lengths	(involving	stretch)
often	(but	not	always)	causes	more	muscle	growth	than	training	at	short	muscle
lengths.

Since	both	eccentric	contractions	and	training	at	long	muscle	lengths	cause	more
muscle	damage	than	concentric	contractions	and	training	at	short	muscle	lengths,
these	observations	have	been	used	to	support	the	role	of	muscle	damage	in
hypertrophy.

While	eccentrics	do	cause	more	muscle	damage	than	concentrics,	this	does	not
translate	to	greater	hypertrophy	in	rodent	models.	And	in	humans,	suppressing
the	muscle-damaging	effects	of	eccentric	contractions	seems	to	have	little	impact
on	muscle	growth.	Also,	if	eccentrics	do	cause	more	muscle	growth	than
concentrics,	then	the	effect	is	quite	small.	The	differences	between	eccentric	and
concentric	training	observed	in	some	studies	may	be	related	to	the	measurement
methods	used:	new	research	has	shown	that	eccentrics	cause	larger	increases	in
muscle	fiber	length,	while	concentrics	cause	greater	gains	in	fiber	diameter,
while	overall	hypertrophy	is	similar.

Perhaps	more	importantly,	carefully-controlled	rodent	research	has	shown	that
the	varying	effects	of	different	types	of	muscle	contractions	(concentric,
eccentric,	and	isometric)	on	muscle	growth	are	explained	almost	entirely	by	the



amount	of	mechanical	tension	involved.	In	other	words,	while	some	eccentric
training	programs	might	indeed	produce	greater	muscle	growth	than	a
comparable	concentric	training	program,	the	effect	is	most	likely	mediated	by
the	higher	level	of	mechanical	tension	and/or	work	done	that	can	be	achieved
with	lengthening	contractions.

Similarly,	the	role	of	increased	muscle	length	in	stimulating	muscle	growth	is
unclear.	While	passive	stretching	can	cause	muscle	growth	in	both	humans	and
animals,	it	is	unclear	whether	this	happens	because	of	a	tension-sensing
mechanism	or	a	damage-sensing	mechanism.	Given	that	passive	stretching	rarely
causes	muscle	soreness	(unlike	strength	training),	it	seems	plausible	that	the
mechanism	involves	sensing	tension	rather	than	damage.

Increasingly,	therefore,	researchers	are	suggesting	that	the	repair	of	muscle
damage	is	a	separate	process	from	muscle	growth.	Indeed,	studies	have	shown
that	elevations	in	muscle	protein	synthesis	are	only	related	to	long-term	gains	in
muscle	size	after	taking	away	the	uplift	in	muscle	protein	synthesis	rates
required	to	repair	damaged	muscle	tissue.

However,	all	of	the	above	research	involved	drawing	conclusions	from	strength
training	workouts	in	which	both	mechanical	tension	and	muscle	damage	could
have	stimulated	hypertrophy.	As	with	metabolic	stress,	it	is	very	difficult	to
explore	the	independent	effects	of	mechanical	tension	and	muscle	damage	on
muscle	growth.

To	get	around	the	problem,	some	researchers	have	tested	the	long-term	effects	of
other	types	of	mechanical	loading,	such	as	mechanical	compression,	on	muscle
growth.	Mechanical	compression	produces	similar	muscle	damage	as
mechanical	tension,	even	causing	split	muscle	fibers	in	some	cases,	and	all	types
of	muscle	damage	seem	to	be	repaired	in	much	the	same	way.

If	the	process	of	muscle	repair	after	compressive	loading	were	to	trigger
hypertrophy,	then	this	would	be	good	evidence	that	it	is	a	primary	mechanism
that	leads	to	muscle	growth.	So	far,	however,	the	research	suggests	that	it	does
not,	and	it	may	in	fact	cause	the	loss	of	some	muscle	fibers	as	a	result	of	the
damage.	Other	studies	have	also	shown	that	excessive	muscle	damage	is	likely
responsible	for	both	overreaching	and	muscle	loss,	when	delivered	alongside
mechanical	tension,	both	in	humans	and	animals.



At	present,	it	therefore	seems	most	likely	that	that	any	apparent	effects	of	muscle
damage	are	*largely*	a	function	of	the	muscle-damaging	workout	involving
either	(1)	greater	mechanical	loading,	or	(2)	the	sensing	of	stretch.

Consequently,	there	actually	is	no	real	need	to	hypothesize	a	role	for	muscle
damage	in	hypertrophy,	because	the	effects	that	it	was	originally	hypothesized	to
explain	can	actually	be	more	easily	explained	by	mechanical	loading,	as	a	result
of	the	effects	of	stretching	the	passive	structures	of	the	fibers.

What	is	the	takeaway?

There	are	three	main	phases	in	the	process	through	which	strength	training
causes	muscle	growth,	which	have	been	examined	by	researchers:	(1)	the
primary	mechanism,	(2)	molecular	signaling	events,	and	(3)	changes	in	muscle
protein	synthesis	rates,	which	are	responsible	for	the	long-term	accumulation	of
protein	inside	muscle	fibers,	and	an	increase	in	muscle	size.

Currently,	we	have	a	clear	model	for	how	the	primary	mechanism	of	mechanical
tension	can	produce	muscle	growth,	and	it	is	determined	by	the	tension	produced
and	detected	by	each	muscle	fiber.	This	tension	is	produced	by	the	number	of
attached	actin-myosin	crossbridges,	which	is	greater	at	slower	fiber	contraction
velocities.	Fiber	contraction	velocity	(and	therefore	the	amount	of	mechanical
tension)	can	be	reduced	by	either	a	higher	external	resistance	or	more	fatigue.

In	contrast,	the	roles	of	metabolic	stress	and	muscle	damage	are	much	less	clear,
mainly	because	they	are	difficult	to	investigate	independently	from	mechanical
tension.	Currently,	the	role	of	metabolic	stress	can	be	explained	well	by	the
effects	of	fatigue	on	increasing	mechanical	tension.	Similarly,	any	potential
effects	of	muscle	damage	that	might	arise	when	eccentric	training	or	training	at
long	muscle	lengths	can	be	just	as	easily	explained	by	greater	mechanical
loading	or	the	sensing	of	stretch.



WHAT	CAN	JUMPING	TEACH	US	ABOUT
MUSCLE	GROWTH?



The	mainstream	fitness	industry	is	*plagued*	by	myths	and	superstitions	about
how	muscle	growth	happens,	and	about	how	we	should	structure	workouts	to
maximize	gains.	In	contrast,	the	serious	bodybuilding	and	professional	strength
and	conditioning	communities	are	far	better	educated,	and	very	well	grounded	in
the	science	of	hypertrophy.

Even	so,	there	is	still	one	misconception	that	presents	a	barrier	to	the
understanding	of	muscle	growth	of	even	the	most	well-read	strength	coaches	and
personal	trainers,	which	is	how	the	degree	of	motor	unit	recruitment	affects
subsequent	hypertrophy.

Fortunately,	we	can	fix	this	problem	by	comparing	the	effects	of	high-velocity
strength	training	programs,	such	as	those	that	involve	jumping	or	plyometrics,
and	conventional	bodybuilding	programs.

Before	we	get	to	that,	let’s	go	over	the	basics	of	motor	unit	recruitment.

What	is	motor	unit	recruitment?

Motor	units	are	defined	as	motor	neurons	and	the	muscle	fibers	that	they
innervate.	There	are	typically	hundreds	of	motor	units	in	any	given	muscle,	but
the	exact	number	can	vary	quite	widely	between	muscles.

When	the	central	nervous	system	causes	an	action	potential	(an	electrical	signal)
to	travel	along	a	motor	neuron,	this	“recruits”	the	motor	unit,	and	causes	all	of
the	muscle	fibers	governed	by	that	motor	unit	to	be	activated.	Once	muscle
fibers	are	activated,	they	immediately	produce	force	and	try	to	shorten	as	quickly
as	they	can.

How	are	motor	units	recruited?

Motor	units	are	recruited	in	order	of	motor	neuron	(not	muscle	fiber)	size,	which
can	be	identified	by	the	amplitude	of	the	action	potential,	because	larger	motor



neurons	display	large	action	potentials.	This	is	called	“Henneman’s	size
principle.”

We	can	measure	the	level	of	force	at	which	individual	motor	units	are	recruited
during	muscular	contractions,	and	this	provides	a	measurement	of	the
recruitment	threshold.	This	threshold	is	simply	the	force	(in	Newtons)	or	torque
(in	Newton	meters)	at	which	the	motor	unit	is	first	switched	on	by	the	central
nervous	system.

Motor	units	that	are	recruited	earlier	in	sequence,	often	at	relatively	lower	levels
of	force,	are	called	“low-threshold	motor	units”	and	they	govern	a	small	number
of	muscle	fibers.	Motor	units	that	are	recruited	later	in	sequence,	at	higher	levels
of	force,	are	called	“high-threshold	motor	units”	and	they	govern	a	large	number
of	muscle	fibers.

How	does	motor	unit	recruitment	relate	to	static	force
production?

When	non-fatigued	muscles	are	prevented	from	shortening,	such	as	when	we
perform	a	static	(isometric)	contraction,	the	amount	of	force	they	can	produce	is
determined	by	(1)	the	number	of	motor	units	that	are	recruited,	and	(2)	the
frequency	of	the	action	potential	discharges.

It	was	also	once	believed	that	the	degree	of	motor	unit	synchronization	could	be
altered	to	affect	the	level	of	muscle	force,	but	we	now	think	that	this	is	fixed,	and
does	not	change.

Muscle	force	increases	dramatically	with	increasing	motor	unit	recruitment,	with
the	recruitment	of	some	high-threshold	motor	units	involving	one	hundred	times
more	force	than	the	recruitment	of	the	early	low-threshold	motor	units.	This
increase	in	force	happens	mainly	because	*more*	muscle	fibers	are	activated
with	increasing	recruitment	levels,	and	this	happens	in	two	ways.

Firstly,	as	more	motor	units	are	recruited,	all	of	the	previous	motor	units	remain
active.	Therefore,	there	is	an	incremental	increase	in	the	number	of	active
muscle	fibers	as	the	number	of	recruited	motor	units	increases.



Secondly,	the	number	of	muscle	fibers	controlled	by	a	motor	unit	increases
exponentially	with	recruitment	order.	While	there	are	hundreds	of	thousands	of
fibers	inside	a	muscle,	the	number	of	fibers	controlled	by	each	motor	unit	varies
widely,	from	a	handful	up	to	a	couple	of	thousand.	Therefore,	the	amount	of
force	that	a	low-threshold	motor	unit	can	produce	is	far	smaller	than	the	amount
of	force	exerted	by	a	high-threshold	motor	unit.

In	addition	to	the	number	of	active	muscle	fibers,	force	production	is	also
affected	by	the	size	and	type	of	the	fibers	themselves.	Larger	diameter,	more
fatiguable	fibers	can	produce	slightly	more	force	than	smaller	diameter,	less
fatiguable	fibers.	While	it	is	true	that	low-threshold	motor	units	tend	to	be
associated	with	smaller	diameter,	less	fatiguable	(slow	twitch)	fibers,	there	is	no
exact	association	between	fiber	type	and	motor	unit	threshold.

How	does	motor	unit	recruitment	relate	to	dynamic	force
production?

When	non-fatigued	muscles	are	able	to	shorten,	as	in	normal	strength	training
and	in	most	other	kinds	of	movement,	the	amount	of	force	they	can	produce	is
determined	by	the	force-velocity	relationship,	as	well	as	by	the	same	factors	that
influence	static	(isometric)	force.

Importantly,	we	know	from	studies	performed	using	single	muscle	fibers	that	the
force-velocity	relationship	is	determined	by	the	fiber	itself.	When	a	single	fiber
shortens	slowly,	it	is	capable	of	producing	a	high	level	of	force.	When	a	single
fiber	shortens	quickly,	it	can	only	exert	a	low	level	of	force.

The	force-velocity	relationship	inside	a	muscle	fiber	is	determined	by	the
number	of	actin-myosin	crossbridges	that	are	attached	at	any	one	time,	because
the	actin-myosin	crossbridge	is	the	engine	that	produces	force.	When	muscle
fibers	shorten	slowly,	they	can	form	many	simultaneous	crossbridges,	but	when
they	shorten	quickly	they	can	only	form	a	fraction	of	this	number	of	crossbridges
at	the	same	time.	This	is	because	the	detachment	rate	of	myosin	motors	from
actin	filaments	is	lower	at	slower	velocities.



This	means	that	the	faster	we	try	and	move,	the	less	force	each	individual	muscle
fiber	can	produce,	to	contribute	to	total	muscle	force.

To	compensate	for	this,	the	central	nervous	system	accelerates	the	rate	at	which
motor	units	are	recruited,	as	movement	speed	increases,	which	increases	the
number	of	activated	muscle	fibers.	This	means	that	the	recruitment	threshold
(force	level)	at	which	any	given	motor	unit	is	switched	on	is	*lower*	in	a	fast
contraction	than	in	a	slow	contraction.

In	fact,	the	recruitment	threshold	of	a	motor	unit	in	fast	movements	can	be	just
10–30%	of	the	force	level	required	to	recruit	the	same	motor	unit	in	a	static
(isometric)	contraction.	In	practice,	extremely	high	levels	of	motor	unit
recruitment	can	be	reached	with	light	loads	and	fast	bar	speeds,	which	is	why
plyometrics	increase	voluntary	activation	levels	after	training.

How	does	motor	unit	recruitment	change	with	fatigue?

When	muscles	experience	fatigue	at	the	same	time	as	they	are	producing	force,
the	amount	of	force	they	can	produce	is	determined	by	the	level	of	fatigue,	as
well	as	by	the	same	factors	that	influence	dynamic	force.

Although	the	ways	in	which	fatigue	leads	to	a	reduction	in	force	are	highly
complex,	the	underlying	mechanism	by	which	fatigue	affects	force	production	is
a	reduction	in	the	ability	of	the	single	muscle	fibers	to	produce	force.	So	in	this
way,	fatigue	affects	muscle	force	in	a	similar	way	to	the	force-velocity
relationship.

To	compensate	for	the	reduced	amount	of	force	produced	by	each	(fatigued)
muscle	fiber	governed	by	low-threshold	motor	units,	the	central	nervous	system
recruits	high-threshold	motor	units.

This	means	that	the	recruitment	threshold	(force	level)	at	which	any	given	motor
unit	is	switched	on	is	*lower*	when	fatigue	is	present	than	when	fatigue	is	not
present.	In	fact,	computer	models	of	the	effects	of	fatigue	on	motor	unit
recruitment	suggest	that	very	high	levels	of	recruitment	can	be	achieved	even
with	quite	low	forces,	just	like	they	can	in	high-velocity	movements.



How	does	motor	unit	recruitment	during	strength	training
stimulate	muscle	growth?

Until	recently,	it	was	believed	that	we	needed	to	lift	heavy	weights	to	achieve
muscle	growth.

Over	the	last	decade,	it	has	become	increasingly	clear	that	this	is	not	the	case.	In
fact,	similar	muscle	growth	is	achievable	with	light	and	heavy	loads,	so	long	as
the	sets	with	light	loads	are	performed	to	muscular	failure,	which	involves	a	high
level	of	fatigue.

In	studies	comparing	the	effects	of	heavy	and	light	loads,	you	will	often	read
researchers	suggesting	that	the	mechanism	by	which	muscle	growth	occurs	is	a
high	level	of	motor	unit	recruitment.	After	all,	when	lifting	heavy	weights,	the
level	of	motor	unit	recruitment	is	high	because	there	is	a	need	to	produce	a	high
level	of	force,	while	when	lifting	light	weights	to	failure,	there	is	a	need	to
recruit	high-threshold	motor	units	to	compensate	for	the	reduced	force	produced
by	each	muscle	fiber	governed	by	the	low-threshold	motor	units.

Unfortunately,	we	can	see	by	looking	at	high-velocity	movements	like	jumping
that	this	explanation	cannot	possibly	be	correct.	Although	fast	movements
involve	extremely	high	levels	of	motor	unit	recruitment,	long-term	research	into
the	adaptations	produced	by	jumping	reveal	that	it	causes	little	or	no	muscle
growth.

All	three	training	methods	(heavy	loads,	light	loads	at	fast	speeds,	and	light
loads	under	fatiguing	conditions)	involve	very	high	levels	of	motor	unit
recruitment,	and	yet	only	two	of	these	methods	lead	to	meaningful	muscle
growth	(heavy	loads	and	light	loads	under	fatiguing	conditions).

Clearly,	reaching	a	high	degree	of	motor	unit	recruitment	is	not	*sufficient*	for
producing	the	necessary	stimulus	that	leads	to	hypertrophy.	As	we	can	see	by
this	comparison,	a	slow	muscle	shortening	velocity	is	*also*	required.



N.B.	Time	under	tension

Some	people	have	argued	that	the	factor	that	prevents	high-velocity	strength
training	from	stimulating	muscle	growth	is	a	short	length	of	time	under	tension
(and	not	a	fast	muscle	shortening	velocity),	because	such	movements	are
completed	very	quickly.	However,	if	time	under	tension	were	the	key	factor,
instead	of	muscle	shortening	velocity,	then	we	would	be	able	to	achieve
meaningful	hypertrophy	by	doing	a	large	number	of	jumps	with	long	rest	periods
between	them,	over	the	course	of	a	whole	day,	which	it	almost	certainly	does
not!

How	does	muscle	shortening	velocity	during	strength	training
stimulate	muscle	growth?

As	I	explained	earlier,	similar	muscle	growth	is	achievable	after	strength	training
with	light	or	heavy	loads,	so	long	as	the	sets	with	light	loads	are	performed	to
muscular	failure,	which	involves	a	high	level	of	fatigue.	In	contrast,	muscle
growth	is	very	limited	after	high-velocity	strength	training	with	light	loads.	This
tells	us	that	even	when	muscle	fibers	are	activated,	they	still	need	to	shorten	at	a
slow	speed	in	order	for	them	to	be	stimulated	to	grow.

Clearly,	heavy	loads	cause	muscle	fibers	to	shorten	at	a	slow	speed	because	of
the	force-velocity	relationship.	In	order	to	produce	the	required	amount	of	force
to	lift	a	heavy	load,	the	fibers	cannot	do	anything	other	than	contract	slowly.	The
slow	contraction	velocity	allows	a	greater	number	of	actin-myosin	crossbridges
to	be	attached	at	any	one	time,	and	the	actin-myosin	crossbridge	is	the	engine
that	produces	force.

This	higher	level	of	muscle	fiber	force	that	is	permitted	by	a	slow	contraction
velocity	is	detected	as	mechanical	tension	by	mechanoreceptors	on	the	muscle
cell	membrane.	This	triggers	the	molecular	signaling	cascades	that	lead	to
elevated	muscle	protein	synthesis,	and	causes	an	increase	in	the	protein	content
of	the	muscle	fiber,	which	we	record	as	hypertrophy.



Similarly,	strength	training	with	light	loads	to	failure	causes	muscle	fibers	to
shorten	at	a	slower	speed	because	of	accumulated	metabolic	stress.	This	is
reflected	in	a	fairly	similar	pattern	in	the	reduction	in	bar	speed,	which	reaches
the	same	velocity	regardless	of	the	relative	load	used.

As	the	set	progresses,	and	new,	higher	threshold	motor	units	are	recruited,	their
muscle	fibers	contract	slowly,	and	the	slow	contraction	velocity	allows	a	large
number	of	simultaneous	actin-myosin	crossbridges	to	be	attached	at	any	one
time,	which	produces	a	high	level	of	muscle	fiber	force.	This	force	is	detected	as
mechanical	tension	by	mechanoreceptors	on	the	muscle	cell	membrane,
triggering	molecular	signaling	cascades,	increasing	muscle	protein	synthesis
rates,	and	producing	increases	in	muscle	fiber	size.

N.B.	Slow	tempos

Some	people	have	suggested	that	slowing	down	the	tempo	during	strength
training	with	light	loads	should	increase	muscle	growth,	because	it	increases	the
mechanical	tension	on	the	working	muscle	fibers.	While	this	is	true,	the	slow	bar
speed	also	dramatically	increases	the	motor	unit	recruitment	threshold,	meaning
that	the	high-threshold	motor	units	that	are	the	ones	that	increase	most	in	size
after	training	are	not	recruited,	which	is	probably	why	most	long-term	studies
report	that	tempo	has	little	effect	on	hypertrophy.	It	seems	likely	that	light	load
strength	training	does	not	stimulate	muscle	growth	until	fatigue	begins	to	cause
increased	motor	unit	recruitment,	at	which	point	it	reduces	muscle	shortening
velocity	as	well.

What	are	the	practical	implications?

Importantly,	the	size	of	the	weight	used	does	not	affect	the	bar	speed	of	the	final
rep	when	training	to	failure.	Regardless	of	what	weight	we	use	on	an	exercise,
we	end	up	moving	at	the	same	speed	by	the	end	of	the	set.



Given	that	this	is	the	same	speed	as	we	move	in	a	1RM	effort,	it	probably
happens	because	it	is	the	speed	that	allows	the	maximum	force-producing
capacity	of	the	recruited	motor	units.

However,	since	muscle	growth	can	be	achieved	without	training	to	failure,	there
must	be	a	(slightly	faster)	threshold	bar	speed	at	which	a	set	begins	to	trigger
muscle	growth,	because	this	corresponds	to	a	threshold	level	of	tension
experienced	by	each	muscle	fiber.

Before	this	point,	we	are	either	training	with	a	submaximal	bar	speed,	and
therefore	using	mainly	low-threshold	motor	units	that	will	not	grow	substantially
after	training,	or	we	are	training	with	maximal	bar	speed	but	moving	too	quickly
for	the	working	muscle	fibers	to	achieve	the	necessary	levels	of	mechanical
tension	that	stimulate	muscle	growth.

This	threshold	“hypertrophy	velocity”	will	probably	correspond	to	the	speed	we
can	move	when	lifting	slightly	heavier	weights	than	have	traditionally	been	used
for	bodybuilding,	because	such	weights	are	lifted	under	fatiguing	conditions.
Since	full	motor	unit	recruitment	is	typically	reached	at	85–90%	of	1RM,	we
might	speculate	that	the	speed	we	can	move	without	fatigue	with	this	weight	in	a
given	exercise	is	the	threshold	speed	we	need	to	reach	in	order	to	trigger	muscle
growth,	although	whether	motor	unit	recruitment	increases	and	bar	speed
decreases	in	exactly	the	same	way	is	unclear.

Since	training	to	failure	leads	to	more	muscle	damage	than	avoiding	failure,
monitoring	bar	speed	during	a	set	could	be	a	valuable	way	of	stopping	a	set	after
the	hypertrophy	stimulus	has	been	triggered	but	before	too	much	muscle	damage
accumulates,	thereby	allowing	faster	recovery	post-workout,	and	a	higher
training	frequency.	Naturally,	this	would	only	work	if	all	reps	were	performed
with	maximal	effort.

Once	we	identify	it,	this	“hypertrophy	velocity”	will	likely	correspond	to	a	given
number	of	reps	in	reserve,	given	the	close	relationship	between	bar	speed	and
reps	in	reserve	that	has	been	observed,	and	this	would	be	the	easiest	way	of
implementing	this	finding	in	practice.

What	is	the	takeaway?



Muscle	fibers	increase	in	size	when	they	are	activated	and	shorten	at	a	slow
contraction	velocity.	Only	this	state	allows	enough	actin-myosin	crossbridges	to
form	and	produce	a	high	enough	level	of	mechanical	tension	to	stimulate	the
mechanoreceptors	on	the	muscle	cell	membrane,	which	then	trigger	the
molecular	signaling	cascades	that	lead	to	elevated	muscle	protein	synthesis,	and
therefore	an	increase	in	the	protein	content	of	the	muscle	fibers	of	high-threshold
motor	units.	This	state	can	be	reached	by	strength	training	with	either	heavy
loads	or	light	loads	under	fatiguing	conditions,	but	not	by	high-velocity	strength
training	or	plyometrics,	which	involve	high	levels	of	motor	unit	recruitment	but
fast	muscle	contraction	velocities.

Since	we	can	achieve	muscle	growth	without	training	to	failure,	and	since	the
bar	speed	of	the	final	rep	in	a	set	to	failure	is	the	same	regardless	of	the	relative
load	we	use,	there	must	be	a	threshold	bar	speed	below	which	hypertrophy	is
stimulated	(so	long	as	maximal	effort	is	used	on	all	reps).	Since	training	to
failure	and	stopping	short	of	failure	produce	similar	muscle	growth,	and	since
training	to	failure	takes	longer	to	recover	from	than	avoiding	failure	because	it
causes	more	muscle	damage,	this	could	be	a	valuable	way	to	increase	training
frequency.



DOES	MUSCLE	DAMAGE	CAUSE
HYPERTROPHY?



Strength	training,	which	causes	increased	strength	and	muscle	size,	involves
producing	force	through	repeated	muscular	contractions.	When	muscles	contract
repeatedly,	they	are	often	damaged.

Some	researchers	have	suggested	that	the	damage	that	results	from	strength
training	contributes	to	muscle	growth,	because	the	types	of	strength	training	that
produce	more	hypertrophy	often	leave	us	with	more	muscle	damage.	Also,	when
muscles	are	damaged	after	strength	training,	this	triggers	a	large	increase	in	the
rate	of	muscle	protein	synthesis,	an	increase	in	satellite	cell	activation,	and
structural	adaptations	that	may	be	helpful	for	future	increases	in	muscle	size.

But	is	this	the	best	interpretation	of	the	facts?

What	is	muscle	damage,	and	what	is	muscle	growth?

Bodybuilders	have	traditionally	linked	muscle	soreness	and	hypertrophy,	and
often	believe	that	muscles	must	be	damaged	before	they	can	grow.	Indeed,	it	is
commonly	claimed	that	muscles	grow	precisely	*because*	they	are	damaged,	on
the	assumption	that	the	growth	process	involves	building	broken	muscle	tissue
back	up	again	after	a	hard	workout.	However,	muscle	growth	and	the	process	of
muscle	repair	after	damage	are	quite	separate	processes,	although	they	both
require	an	increase	in	muscle	protein	synthesis	rates.

Muscle	growth	involves	an	increase	in	the	protein	content	of	a	muscle	fiber.
Since	muscle	fibers	are	long,	thin	cylinders,	this	process	can	involve	either	an
increase	in	the	diameter	of	the	fiber,	or	an	increase	in	its	length.	Increases	in
fiber	diameter	involve	an	increase	in	the	number	of	myofibrils	in	parallel.	The
myofibrils	contain	strings	of	actin	and	myosin	myofilaments	that	bind	together
to	produce	force.	Increases	in	fiber	length	involve	an	extension	in	the	length	of
each	of	the	myofibrils,	because	of	an	increase	in	the	number	of	sarcomeres	in
series.	Sarcomeres	are	the	individual	contractile	units	that	link	together	in	a	long
chain	to	form	the	myofibrils.

We	can	increase	the	number	of	myofibrils	in	parallel,	or	the	length	of	each	of	the
myofibrils,	without	first	damaging	them.	Damaging	one	myofibril	has	no	effect



on	our	ability	to	build	another	one,	and	damaging	the	sarcomeres	at	any	point
along	the	length	of	a	myofibril	has	no	effect	on	our	ability	to	add	sarcomeres	to
its	end,	where	they	are	usually	created.

Muscle	damage	occurs	when	the	internal	structures	of	a	muscle	fiber,	or	its	outer
wrapping	layers,	are	damaged.	The	myofibrils	and	the	cytoskeleton	that	supports
them	are	most	easily	damaged,	and	we	can	observe	this	as	shifts	in	the
distribution	of	the	Z	disk,	which	is	a	key	landmark	in	the	sarcomere.	When	the
outer	wrapping	layers	of	the	muscle	fiber	are	made	more	permeable	(perhaps	by
being	damaged),	this	causes	some	of	the	contents	of	the	muscle	fiber	to	leak	out
into	the	spaces	between	muscle	fibers	and	subsequently	into	the	bloodstream.
This	is	observed	as	an	elevation	in	creatine	kinase	levels.

Importantly,	muscle	fibers	can	be	damaged	to	varying	degrees.

Low	levels	of	damage	involve	only	disruptions	to	sarcomeres,	while	greater
levels	of	damage	involve	damage	to	the	outer	wrapping	layers.	In	both	cases,	the
muscle	fiber	can	be	repaired	by	retaining	the	existing	structures,	removing	the
broken	parts	and	replacing	them	with	new	proteins	(called	repair).	However,
when	the	fiber	is	too	badly	damaged	to	be	repaired,	such	as	when	it	is	torn
completely	in	half,	it	can	become	necrotic	(the	muscle	cells	die).	When	this
happens,	the	fiber	is	broken	down	inside	its	cell	membrane,	and	a	completely
new	replacement	fiber	is	grown	inside	it	(called	regeneration).

In	summary,	muscle	fiber	growth	involves	an	increase	in	muscle	fiber	volume,
either	by	the	addition	of	new	myofibrils,	or	by	an	increase	in	the	length	of	the
existing	myofibrils.	Muscle	fiber	repair	involves	the	removal	and	replacement	of
damaged	areas	of	a	muscle	fiber.	Muscle	fiber	regeneration	involves	the
complete	removal	of	the	old	muscle	fiber	and	creation	of	a	new	muscle	fiber
inside	the	existing	muscle	cell	membrane.

What	causes	muscle	damage?

Surprisingly,	the	cause	of	muscle	damage	is	somewhat	contentious.	It	is
commonly	believed	that	muscle	damage	is	caused	by	exposure	to	high	levels	of
mechanical	loading	while	muscles	are	lengthening,	which	causes	individual



sarcomeres	in	the	chains	of	myofibrils	to	“pop”	and	elongate	past	their	elastic
limit.

However,	this	model	cannot	explain	why	(1)	concentric	training	causes	small
amounts	of	muscle	damage,	nor	can	it	explain	why	(2)	strength	training	with
very	light	loads	and	blood	flow	restriction	can	cause	meaningful	amounts	of
muscle	damage.	These	types	of	training	involve	little	force	production	while	the
muscle	is	lengthening,	and	should	not	therefore	cause	any	damage.

An	alternative	proposal	is	that	muscle	damage	is	the	result	of	the	build-up	of
intracellular	calcium	and	inflammatory	neutrophils	in	response	to	fatiguing
muscular	contractions,	which	degrade	the	inside	of	the	muscle	fiber.

Any	sustained	muscular	contraction	that	involves	fatigue	can	increase	the	levels
of	calcium	ions,	which	disrupts	the	muscle	fiber	membrane	through	protease
activation.	Indeed,	research	has	shown	that	blocking	the	influx	of	extracellular
calcium	into	the	muscle	fiber	from	stretch-activated	ion	channels	during
eccentric	contractions	reduces	the	amount	of	damage	experienced	by	the	cell
membrane	and	the	cytoskeleton.	This	shows	that	calcium	ions	are	responsible	for
part	of	the	damage	that	we	might	otherwise	attribute	to	mechanical	loading	while
lengthening.

Similarly,	various	types	of	exercise	(not	only	eccentric	contractions)	can
stimulate	the	release	of	inflammatory	neutrophils.	These	act	to	degrade	damaged
tissues	and	may	actually	be	the	primary	cause	of	the	disruptions	to	cell
membranes	following	eccentric	contractions.

Overall,	it	seems	likely	that	both	direct	mechanical	loading	and	the	effects	of
sustained	contractions	interact	to	cause	damage.	Muscular	contractions	produce
mechanical	loading,	which	damages	fibers	directly,	but	repeated	contractions
under	fatiguing	conditions	release	intracellular	calcium	and	inflammatory
neutrophils,	which	degrade	the	inside	of	the	fiber.	The	weakened	fiber	is	then
more	easily	damaged	by	the	mechanical	loading	produced	by	muscular
contractions.	Indeed,	fatigue	reduces	the	ability	of	fibers	to	absorb	energy	while
lengthening,	and	this	increases	the	likelihood	that	they	will	be	damaged,	since
the	amount	of	energy	that	a	muscle	must	absorb	relative	to	its	capacity	is	linked
to	the	damage	it	experiences.



Why	do	some	researchers	believe	that	muscle	damage	contributes
to	muscle	growth?

Even	though	the	processes	by	which	muscle	fibers	increase	in	size	and	are
repaired	or	regenerated	are	completely	separate,	early	researchers	proposed	a
hypothesis	that	exercise-induced	muscle	damage	contributed	to	hypertrophy,	on
the	basis	of	three,	connected	observations.

Firstly,	they	noted	that	there	was	an	increase	in	muscle	protein	turnover	after
damaging	exercise,	since	both	muscle	protein	synthesis	and	breakdown	rates	are
increased.	Secondly,	they	observed	that	this	occurred	in	conjunction	with
increased	muscular	inflammation	and	elevated	intramuscular	calcium	ions.
Thirdly,	they	noted	that	eccentric	training,	which	produces	more	muscle	damage
than	other	types	of	muscular	contraction,	appeared	to	cause	greater	hypertrophy
than	either	isometric	or	concentric	training.

Decades	later,	these	observations	are	still	the	foundation	of	the	hypothesis,
although	one	or	two	other	findings	have	been	added.

Later	researchers	identified	that	exercise-induced	muscle	damage	affects	gene
expression,	which	probably	triggers	adaptations	inside	the	muscle	fibers	that	are
beneficial	for	withstanding	the	effects	of	future,	damaging	contractions.	Some
commentators	have	taken	this	finding	as	further	evidence	that	muscle	damage
contributes	to	hypertrophy,	since	such	structural	changes	might	feasibly	support
a	later	increase	in	muscle	fiber	volume.	However,	it	is	entirely	speculative
whether	such	alterations	in	gene	expression,	and	the	subsequent	adaptations,	are
related	to	muscle	fiber	growth,	or	whether	they	are	simply	helpful	for	reducing
the	risk	of	future	muscle	damage.

More	importantly,	it	has	recently	been	proposed	that	exercise-induced	muscle
damage	could	enhance	muscle	growth	after	strength	training	because	of	a	greater
level	of	satellite	cell	activation	and	subsequent	differentiation,	resulting	in	a



larger	increase	in	the	number	of	nuclei	inside	each	muscle	fiber.	Given	the	clear
role	of	satellite	cells	in	the	repair	and	regeneration	of	damaged	muscle	fibers,
this	is	a	key	issue.

In	summary,	some	researchers	have	suggested	that	exercise-induced	muscle
damage	can	contribute	to	hypertrophy	because	muscle	protein	turnover	is
increased	after	damaging	workouts	(perhaps	mediated	by	inflammatory	or
calcium	ion-related	signaling),	firstly	because	eccentric	training,	which	causes
more	muscle	damage	than	other	contraction	types,	may	stimulate	more	muscle
growth	than	other	types	of	training,	and	secondly,	because	satellite	cell	activity	is
often	elevated	when	muscles	are	damaged	and	increases	in	the	number	of	nuclei
inside	each	muscle	fiber	are	likely	necessary	for	long-term	hypertrophy.

Why	do	some	researchers	believe	that	muscle	damage	does	*not*
contribute	to	muscle	growth?

Some	research	groups	believe	that	muscle	damage	does	not	contribute	to	muscle
growth.	They	point	to	research	showing	that	exercise-induced	muscle	damage
can	cause	muscle	loss	rather	than	muscle	gain.	In	their	model,	muscle	damage	is
an	unnecessary	side-effect	of	strength	training,	rather	than	a	contributory	factor.
Consequently,	the	key	observations	about	muscle-damaging	exercise	are
explained	in	different	ways.

#1.	Greater	increase	in	muscle	protein	turnover

The	greater	increase	in	muscle	protein	turnover	that	occurs	after	damaging
workouts	(mediated	by	either	inflammatory	or	calcium	ion-related	signaling)	is
explained	by	the	need	to	remove	the	damaged	areas	of	muscle	fibers	(increased
muscle	protein	breakdown)	and	to	replace	them	with	new	ones	(increased
muscle	protein	synthesis).	This	process	of	replacement	need	not	involve	the
growth	of	new	myofibrils,	nor	need	it	involve	the	extension	of	myofibrils	by
adding	new	sarcomeres.



This	interpretation	is	supported	by	research	showing	that	in	the	early	phases	of
long-term	strength	training	programs,	there	is	an	increase	in	the	level	of	muscle
protein	synthesis	that	is	unrelated	to	muscle	growth.	Instead,	it	appears	to	be
entirely	directed	towards	the	repair	of	muscle	damage.	Thus,	overall	muscle
protein	synthesis	rates	are	very	high,	but	this	does	not	translate	to	increased
hypertrophy.

#2.	Greater	hypertrophy	after	eccentric	training

The	(possibly)	greater	muscle	growth	that	occurs	after	eccentric	contractions
compared	to	other	muscle	actions	can	be	explained	by	the	greater	mechanical
tension	that	the	muscle	fibers	exert	and	therefore	experience	in	contractions	at
either	the	same	relative	load	(percentage	of	maximum	strength)	or	at	the	same
level	of	muscle	activation.

The	greater	mechanical	tension	experienced	by	muscle	fibers	during	eccentric
contractions	results	from	force	being	produced	by	both	active	(actin-myosin
crossbridges)	and	passive	elements	(mainly	titin,	but	also	collagen).	During
concentric	contractions,	force	is	produced	solely	by	the	active	elements.	The
additional	contributions	from	the	passive	elements	therefore	allow	greater	forces
to	be	produced	during	eccentric	contractions,	even	though	muscle	activation	is
similar.

This	interpretation	is	supported	by	research	showing	that	the	superior	effects	of
eccentric	training	are	closely	associated	with	the	greater	mechanical	tension	that
is	produced.

#3.	Greater	satellite	cell	activity	after	muscle-damaging	exercise

The	increased	satellite	cell	activity	that	occurs	when	muscles	are	damaged	can
be	explained	as	being	a	simple	response	to	exercise,	or	solely	directed	towards



muscle	fiber	repair,	rather	than	a	process	that	increases	the	number	of	nuclei	in
each	muscle	fiber.

The	former	interpretation	is	supported	by	research	showing	that	satellite	cell
activation	occurs	similarly	after	aerobic	exercise	and	after	strength	training	in
both	rodents	and	humans,	and	the	latter	interpretation	is	supported	by	research
showing	that	the	increase	in	satellite	cell	activation	that	occurs	at	the	start	of
strength	training	programs	(when	muscle	damage	is	most	severe)	does	not
convert	into	increased	nuclei	inside	the	muscle	fibers.

Has	the	hypothesis	ever	been	tested?

Most	of	the	discussions	about	whether	muscle	damage	can	contribute	to
hypertrophy	center	on	analyses	of	the	theoretical	mechanisms,	rather	than	on
direct	evidence.

Current	research	groups	working	on	the	problem	have	stated	that	it	is	very
difficult	to	design	appropriate	studies	that	assess	the	impact	of	muscle	damage	as
the	primary	factor,	without	also	altering	other	training	variables	that	might	be
expected	to	influence	the	amount	of	muscle	growth.	However,	some	insightful
studies	have	been	performed.

Frequently,	comparisons	are	made	between	programs	of	eccentric	or	concentric
contractions,	since	eccentric	contractions	produce	much	more	muscle	damage.
Even	so,	the	difference	in	the	amount	of	muscle	growth	that	results	from	training
with	each	contraction	type	is	probably	quite	small,	may	involve	muscle	growth
in	different	regions	of	the	muscle,	and	even	when	the	eccentric	contractions
produce	demonstrably	more	muscle	damage	this	does	not	trigger	more
hypertrophy.

One	unique	study	assessed	the	effects	of	two	different	work-matched	eccentric
training	programs.	In	one	group,	there	was	a	3-week	build-up	phase	before	an	8-
week	training	block.	In	the	3-week	build-up	phase,	the	level	of	force	and	the
volume	started	extremely	low	(5	minutes	per	workout).	This	group	experienced
little	sign	of	any	muscle	damage.	In	the	other	group,	there	was	no	build-up
phase,	and	the	subjects	simply	started	with	a	suitable	level	of	force	and	volume



for	increasing	muscular	strength	and	size.	This	group	experienced	signs	of
muscle	damage.	Ultimately,	both	groups	improved	strength	and	size	to	a	similar
extent,	suggesting	that	there	was	little	benefit	of	incurring	the	higher	level	of
muscle	damage.

Overall,	these	studies	suggest	that	there	is	likely	no	obvious	beneficial	effect	for
hypertrophy	of	incurring	muscle	damage	during	strength	training,	and	any	case
must	be	made	based	upon	the	mechanisms	through	which	it	is	proposed	to	exert
its	effects.

What	is	the	difference	between	muscle	damage	and	exercise-
induced	muscle	damage?

The	repair	process	after	muscle	damage	follows	a	fairly	similar	course,
regardless	of	the	way	in	which	the	muscle	tissue	is	injured.	Whether	the	damage
was	caused	by	the	muscle	being	forcibly	elongated	under	fatiguing	conditions,	as
occurs	during	exercise	and	passive	stretching,	or	whether	the	muscle	was
subjected	to	a	blunt	impact	or	laceration,	as	frequently	occurs	in	many	popular
contact	sports,	the	process	of	muscle	repair	follows	a	similar	pattern.

When	muscles	are	damaged	during	exercise	or	passive	stretching,	mechanical
tension	is	applied	to	the	fibers.	This	mechanical	tension	is	detected	by
mechanoreceptors	and	triggers	the	signaling	cascades	that	lead	to	muscular
hypertrophy.	This	is	why	both	active	and	passive	mechanical	loading	of	muscle
fibers	causes	muscle	growth.	In	contrast,	when	muscles	are	damaged	by
compression	or	laceration,	there	is	no	mechanical	tension.	However,	in	each	case
the	muscle	fibers	are	damaged	and	they	must	repair	themselves.

We	can	therefore	use	compression	models	to	study	the	hypertrophic	effects	of
muscle	damage.	If	muscle	damage	can	trigger	hypertrophy	because	the	repair
process	leads	to	an	increase	in	the	size	of	the	muscle	fiber,	then	a	compression
injury	should	lead	to	muscle	growth.	On	the	other	hand,	if	it	is	solely	mechanical
tension	that	is	responsible	for	hypertrophy,	and	muscle	damage	is	a	side	effect,
then	a	compression	injury	should	not	produce	any	beneficial	effects	on	muscle
size.



Such	research	shows	that	muscle	damage	caused	by	compression	does	not	lead
to	hypertrophy,	but	actually	causes	some	muscle	fibers	to	be	lost	and	overall
muscle	mass	to	be	reduced.	Therefore,	it	is	likely	that	it	is	the	mechanical
tension	that	leads	to	muscle	growth	after	muscle-damaging	exercise,	and	not	the
repair	process	subsequent	to	muscle	damage.

What	is	the	takeaway?

Muscle	damage	has	been	proposed	to	contribute	to	hypertrophy,	although	the
processes	by	which	fibers	increase	in	volume	and	the	processes	by	which	they
are	repaired	are	quite	different.	The	idea	that	muscle	damage	can	contribute	to
muscle	growth	is	based	on	(1)	observations	that	damaging	exercise	causes	large
increases	in	muscle	protein	turnover	and	satellite	cell	activation,	as	well	as
unique	structural	adaptations,	and	(2)	the	possibly	greater	hypertrophy	that
occurs	after	eccentric	training,	compared	to	after	concentric	training.

However,	the	large	increase	in	muscle	protein	synthesis	that	results	from
damaging	exercise	does	not	appear	to	contribute	to	hypertrophy,	and	the	satellite
cell	activation	that	occurs	does	not	seem	to	lead	to	the	addition	of	new	nuclei
inside	muscle	fibers.	The	potentially	greater	hypertrophy	that	occurs	after
eccentric	training	can	be	explained	simply	by	the	greater	mechanical	loading	that
is	involved,	because	of	the	contribution	of	the	passive	elements	of	the	muscle
fibers	to	force	production.	When	muscle	damage	is	avoided	during	long-term
strength	training	this	seems	to	have	no	negative	effects	on	the	muscle	gains	that
result,	and	when	muscle	damage	is	produced	by	means	other	than	through
exercise	this	does	not	cause	hypertrophy.

Overall,	it	seems	likely	that	muscle	damage	is	not	a	contributory	factor	to
hypertrophy.	Instead	it	seems	to	merely	be	a	side	effect	that	occurs	when
muscles	are	exposed	to	repeated	muscular	contractions.



DOES	METABOLIC	STRESS	CAUSE
MUSCLE	GROWTH?



Strength	training,	which	leads	to	increases	in	maximum	strength	and	muscle
size,	involves	producing	force	through	repeated	muscular	contractions.	When
muscles	contract	repeatedly,	they	fatigue.

Fatigue	is	a	reduction	in	the	ability	to	produce	voluntary	force.	It	can	occur
through	mechanisms	inside	the	central	nervous	system	(central	fatigue)	or	inside
the	muscle	(peripheral	fatigue).	These	two	types	of	fatigue	can	be	further	divided
into	multiple	different	processes,	which	are	complex.

Traditionally,	it	was	believed	that	muscle	growth	could	only	be	achieved	by
using	heavy	loads.	This	made	sense,	since	laboratory	research	has	identified	that
muscle	fibers	detect	mechanical	tension,	and	detecting	this	mechanical	tension
leads	to	a	sequence	of	anabolic	signaling	cascades	that	trigger	increases	in	the
rate	of	muscle	protein	synthesis,	subsequently	causing	increases	in	muscle	fiber
volume,	which	we	record	as	hypertrophy.

However,	it	has	recently	become	clear	that	strength	training	with	light	loads	to
failure	(which	involves	a	very	high	level	of	fatigue)	can	produce	similar	muscle
growth	to	strength	training	with	heavy	loads.	Since	light	loads	do	not	cause
hypertrophy	unless	performed	within	a	certain	proximity	of	failure,	this	shows
that	the	fatigue	experienced	during	strength	training	is	a	factor	that	contributes	to
muscle	growth.

Some	researchers	have	suggested	that	the	way	in	which	fatigue	contributes	to
muscle	growth	is	through	the	accumulation	of	metabolites	that	occurs	in	some
types	of	strength	training.	The	accumulation	of	metabolites	is	thought	to	provide
“metabolic	stress”	to	the	muscle	fiber	and	trigger	anabolic	signaling	cascades,	in
a	similar	way	to	mechanical	tension.

But	is	this	the	best	interpretation	of	the	facts?

What	is	the	difference	between	fatigue	and	metabolic	stress?

Fatigue	is	a	reduction	in	the	ability	to	produce	voluntary	force.	Reductions	in
voluntary	force	can	occur	either	because	of	a	reduction	in	the	size	of	the	signal



sent	from	the	central	nervous	system	(central	fatigue)	or	because	of	a	reduction
in	the	ability	of	the	muscle	to	produce	force	(peripheral	fatigue).

Central	fatigue	can	occur	either	because	of	a	reduction	in	the	size	of	the	signal
sent	from	the	brain	or	the	spinal	cord,	or	because	of	an	increase	in	afferent
feedback	that	subsequently	reduces	motor	neuron	excitability.

Peripheral	fatigue	arises	due	to	reductions	in	the	activation	of	individual	muscle
fibers	(either	because	of	a	decrease	in	the	sensitivity	of	actin-myosin
myofilaments	to	calcium	ions,	or	because	of	a	reduction	in	the	release	of	calcium
ions	from	the	sarcoplasmic	reticulum),	or	through	factors	affecting	the	ability	of
individual	muscle	fibers	to	produce	force,	which	involves	impairments	in	the
function	of	actin-myosin	crossbridges.

It	is	commonly	believed	that	the	effects	of	peripheral	fatigue	are	caused	in	the
first	instance	by	the	accumulation	of	lactate	that	occurs	during	anaerobic
glycolysis,	or	because	of	the	associated	release	of	hydrogen	ions	(acidosis).
However,	research	shows	that	these	metabolic	byproducts	are	not	central	to	the
process	of	fatigue	and	that	other	factors	are	probably	more	important.

Very	broadly,	peripheral	fatigue	seems	to	occur	partly	due	to	(1)	an	accumulation
of	ions	that	reduce	the	release	of	calcium	ions	(extracellular	potassium)	or	impair
the	sensitivity	of	the	actin-myosin	myofilaments	to	calcium	ions	(reactive
oxygen	species),	(2)	the	production	of	metabolic	byproducts	that	interfere	with
actin-myosin	crossbridge	function	(phosphate	ions	and	adenosine	diphosphate),
and	(3)	a	reduction	in	the	availability	of	substrate	in	the	various	energy
pathways.

Why	do	researchers	hold	the	hypothesis	that	metabolic	stress
produces	hypertrophy?

One	of	the	earliest	studies	exploring	the	mechanisms	of	hypertrophy	after
strength	training	did	not	refer	to	a	potential	role	for	metabolic	stress,	but	instead
cautiously	identified	a	role	for	fatigue	more	generally.



Not	long	afterwards,	researchers	suggested	that	metabolite	accumulation	could
be	a	stimulus	for	hypertrophy,	partly	because	they	noted	that	lengthening
(eccentric)	contractions	produced	similar	muscle	growth	to	shortening
(concentric)	contractions	despite	involving	greater	forces,	and	partly	because
they	found	that	continuous,	long-duration	static	(isometric)	contractions
produced	greater	muscle	growth	than	the	same	volume	(and	time	under	tension)
of	less	fatiguing,	short-duration	static	(isometric)	contractions	with	rests	between
contractions.

Much	later,	researchers	further	developed	the	hypothesis	of	metabolic	stress	as	a
contributor	to	hypertrophy.	They	noted	that	conventional	bodybuilding
programs,	which	usually	involve	many	sets	of	moderate	loads	with	short	rest
periods,	tend	to	produce	more	metabolic	stress	than	powerlifting	programs,
which	use	fewer	sets	of	heavy	loads	with	longer	rest	periods.	In	addition,	many
bodybuilders	use	a	controlled,	slower	tempo,	while	athletes	almost	always	use
maximal	effort	to	accelerate	the	bar	in	each	repetition.

Building	on	this	observation,	and	on	the	earlier	research,	a	model	was	developed
in	which	metabolic	stress	(during	light	load	strength	training	to	failure)	could
contribute	to	the	muscle	growth	that	is	achieved.

Although	we	are	unaware	of	any	“metabolic	stress”	sensors	like	the
mechanoreceptors	that	detect	muscle	fiber	deformation,	it	has	been	suggested
that	metabolite	accumulation	could	contribute	to	hypertrophy	through	(1)
increased	motor	unit	recruitment,	(2)	systemic	hormone	release,	(3)	muscle
cytokine	(myokine)	release,	(4)	reactive	oxygen	species	release,	and	(5)	muscle
cell	swelling.	Let’s	look	at	each	of	the	milestones	in	the	formation	of	this
hypothesis	and	then	examine	the	model.

#1.	Eccentric	and	concentric	contractions

Lengthening	(eccentric)	contractions	are	far	more	energy	efficient	than
shortening	(concentric)	contractions,	and	therefore	involve	far	less	metabolite
accumulation.	On	the	basis	of	their	results,	the	researchers	proposed	that	the
greater	mechanical	tension	achieved	during	the	lengthening	(eccentric)



contractions	was	counterbalanced	by	metabolic	stress	in	the	shortening
(concentric)	contractions,	allowing	the	two	types	of	strength	training	to	cause
similar	muscle	growth.

Is	this	a	valid	explanation?

Over	the	last	few	years,	it	has	become	clear	that	while	eccentric	and	concentric
training	produce	similar	changes	in	muscle	volume,	they	produce	different
increases	in	muscle	fiber	diameter	and	length.

Eccentric	training	mainly	increases	fascicle	length,	while	concentric	training
mainly	increases	muscle	cross-sectional	area.	This	seems	to	happen	because
lengthening	(eccentric)	contractions	require	a	large	proportion	of	mechanical
tension	to	be	provided	by	passive	elements	(titin	and	the	extracellular	matrix)	but
shortening	(concentric)	contractions	involve	force	being	produced	entirely	by	the
active	elements	(actin-myosin	crossbridges).

When	a	muscle	fiber	shortens	actively,	it	bulges	outwards	in	the	middle	of	each
sarcomere.	This	behavior	is	likely	part	of	the	deformation	stimulus	that	is
detected	and	leads	to	hypertrophy.	In	contrast,	when	a	muscle	fiber	is	stretched
passively	it	elongates	without	the	same	outward	bulging.	Active	lengthening
(eccentric)	contractions	involve	a	combination	of	both	types	of	deformation.
Importantly,	these	different	deformations	lead	to	different	anabolic	signaling
cascades.	These	differences	are	likely	the	reason	for	the	different	types	of	muscle
fiber	growth	that	occur	after	lengthening	(eccentric)	and	shortening	(concentric)
contractions.

We	cannot	assume	that	just	because	the	force	is	higher	in	the	lengthening
(eccentric)	contraction	that	this	will	trigger	a	greater	mechanical	tension
stimulus,	since	the	resulting	deformation	that	leads	to	increased	muscle	fiber
volume	is	different	in	each	contraction	type.	It	is	possible	that	the	forces	required
to	produce	the	deformations	that	lead	to	a	given	amount	of	fiber	growth	are
higher	in	lengthening	(eccentric)	contractions.

Additionally,	since	we	are	approximately	30%	stronger	during	eccentric
contractions	than	in	concentric	contractions,	we	cannot	assume	that	the	greater
forces	experienced	during	eccentric	contractions	will	lead	to	greater	mechanical



loading	being	experienced	by	the	muscle	fibers	controlled	by	the	high-threshold
motor	units.

If	the	muscle	fibers	are	not	activated	during	training,	they	will	not	grow.	Indeed,
several	studies	have	shown	that	the	level	of	voluntary	activation	that	can	be
achieved	during	eccentric	contractions	is	lower	than	during	concentric
contractions,	especially	in	untrained	individuals.

Since	it	is	the	muscle	fibers	of	high-threshold	motor	units	that	contribute	most	to
muscle	growth,	this	could	explain	why	the	greater	muscle	forces	produced
during	eccentric	training	often	do	not	lead	to	greater	hypertrophy	in	humans,	but
the	greater	forces	produced	during	involuntary	(electrically-stimulated)	training
in	animals	are	closely	associated	with	muscle	growth.

#2.	Long-	and	short-duration	static	contractions

Continuous,	long-duration	static	contractions	lead	to	greater	fatigue,	in	tandem
with	the	accumulation	of	a	larger	amount	of	metabolites,	than	short-duration
static	contractions	with	rests	between	each	contraction.	On	the	basis	of	these
results,	researchers	proposed	that	the	greater	accumulation	of	metabolites
achieved	during	the	continuous,	long-duration	static	contractions	was
responsible	for	triggering	greater	hypertrophy.

Is	this	a	valid	explanation?

It	is	true	that	several	studies	have	shown	that	when	static	contractions	are
performed	for	a	sustained	period	of	time,	the	development	of	*fatigue*	leads	to
an	increase	in	motor	unit	recruitment,	which	is	in	accordance	with	the	size
principle.

Mechanical	tension,	or	deformation	of	the	muscle	fiber,	stimulates	fibers	to
increase	in	size.	Mechanoreceptors	detect	changes	in	the	shape	of	the	fiber
during	contractions	and	loading,	anabolic	signaling	cascades	occur,	and	this
leads	to	increased	muscle	protein	synthesis	and	the	accumulation	of	protein
inside	the	fiber.



According	to	Newton’s	Third	Law,	the	mechanical	tension	experienced	by	a
muscle	fiber	during	a	muscular	contraction	must	be	equal	and	opposite	to	the
tensile	force	that	the	fiber	exerts	on	the	tendon.	In	other	words,	the	mechanical
tension	that	triggers	a	muscle	fiber	to	increase	in	size	is	the	same	as	the	force
that	it	produces	when	it	attempts	to	contract.

The	main	factor	that	determines	how	much	force	a	fiber	can	produce	is	the	force-
velocity	relationship.	When	a	fiber	is	allowed	to	contract	quickly,	such	as	when
no	resistance	is	applied,	the	force	it	exerts	is	small.	When	a	fiber	is	prevented
from	contracting	quickly,	such	as	when	a	large	resistance	is	applied	(or	the	joint
is	fixed	in	place,	as	happens	in	static	contractions),	the	force	it	exerts	is	large.

During	fatiguing	efforts,	such	as	long-duration,	continuous	static	contractions,
the	muscle	fibers	of	low-threshold	motor	units	become	unable	to	contribute
sufficient	force	to	maintain	the	desired	levels.	This	leads	to	increased	motor	unit
recruitment,	and	since	the	muscle	is	prevented	from	shortening,	the	newly
activated	muscle	fibers	of	the	high-threshold	motor	units	produce	high	forces,
because	of	the	force-velocity	relationship.	This	exposes	them	to	high	levels	of
mechanical	tension.

High-threshold	motor	units	govern	many	times	more	muscle	fibers	than	low-
threshold	motor	units,	and	their	fibers	are	more	responsive	to	the	strength
training	stimulus	and	display	greater	anabolic	signaling	after	training.	Therefore,
when	high-threshold	motor	units	are	stimulated	in	a	contraction,	this	leads	to
much	greater	muscle	growth.

Therefore,	it	seems	valid	that	continuous,	long-duration,	static	contractions	cause
increased	hypertrophy	because	of	increased	motor	unit	recruitment	on	account	of
fatigue.	But	does	this	increase	in	motor	unit	recruitment	happen	because	of	the
accumulation	of	metabolites?

Probably	not.

In	fact,	the	presence	of	lactate	and	acidosis	are	not	necessary	to	produce
increased	motor	unit	recruitment	and	peripheral	fatigue	can	be	produced	without
any	metabolite	accumulation	(by	eccentric	contractions	with	long	inter-set	rest
periods).	Yet	this	state	of	fatigue	still	increases	neural	drive	to	the	muscle.



It	seems	likely	that	motor	unit	recruitment	increases	in	response	to	a	need	to
produce	a	greater	effort,	whether	that	effort	is	needed	to	lift	a	heavier	load	or	to
lift	the	same	load	with	weaker	(fatigued)	muscles.	The	exact	underlying
mechanism	that	causes	the	muscle	weakness	(fatigue)	is	irrelevant.

Any	local	mechanism	that	reduces	the	force-producing	ability	of	the	currently-
active	muscle	fibers	in	the	muscle	will	probably	lead	to	increased	motor	unit
recruitment	when	attempting	to	produce	a	given	level	of	force	(which	is	exactly
as	you	might	expect,	if	muscles	are	to	function	properly).

#3.	Heavy	and	light	loads

Since	bodybuilders	are	focused	on	attaining	greater	muscle	mass,	while
powerlifters	are	focused	on	increasing	maximum	strength	relative	to	size,	it	is
logical	that	bodybuilding	training	programs	include	features	that	are	more
helpful	for	increasing	muscle	size.

Such	features	include	using	moderate	(6–15RM)	instead	of	heavy	(1–5RM)
loads,	higher	volumes,	and	shorter	rests	between	sets.	On	the	basis	of	this
observation,	researchers	have	proposed	that	bodybuilders	might	use	moderate
loads	because	this	increases	muscle	growth	through	increased	metabolic	stress.

Is	this	a	valid	explanation?

When	training	to	failure	with	the	same	number	of	sets,	repetition	range	does	not
affect	the	amount	of	muscle	growth	that	occurs,	between	5–30	reps.

In	any	set	to	failure,	fatigue	causes	increased	motor	unit	recruitment	(which
happens	because	of	an	increased	perception	of	effort)	and	progressively
decreased	bar	speed,	therefore	reducing	muscle	shortening	velocity.	Together,
these	cause	mechanical	tension	to	be	experienced	by	the	muscle	fibers	controlled
by	the	high-threshold	motor	units.

In	practice,	it	seems	likely	that	each	set	includes	5	stimulating	reps	at	the	end,
during	which	motor	unit	recruitment	is	high	and	bar	speed	is	slow,	regardless	of
the	load.	However,	when	rep	range	is	below	5	reps,	the	muscle	growth



stimulated	by	each	set	is	reduced	to	the	number	of	reps	in	the	set.	Essentially,	the
number	of	stimulating	reps	per	set	is	lower.

Bodybuilders	might	therefore	use	moderate	(rather	than	heavy)	loads	because
they	involve	a	greater	number	of	stimulating	reps,	rather	than	because	that	rep
range	involves	greater	metabolite	accumulation.	It	makes	sense	to	achieve	the
required	number	of	stimulating	reps	in	as	few	sets	as	possible,	simply	to	fit	more
overall	volume	into	a	workout,	and	volume	is	a	key	driver	of	muscle	growth.

Interestingly,	most	competitive	bodybuilders	use	slightly	heavier	(7–9RM)	loads
than	most	people	assume.	This	gives	them	the	ability	to	perform	the	maximum
possible	number	of	stimulating	reps	in	each	set	(which	is	five)	without	doing	too
many	additional,	unnecessary	reps.

#4.	Long	and	short	rest	period	durations

Conventional	bodybuilding	programs	usually	involve	many	sets	of	moderate
loads	with	short	rest	periods,	and	they	tend	to	produce	more	metabolic	stress
than	powerlifting	programs,	which	use	fewer	sets	of	heavy	loads	with	longer	rest
periods.

Some	research	suggests	that	rest	period	duration	probably	does	not	have	a
meaningful	effect	on	metabolite	accumulation,	while	other	research	indicates
that	shorter	rest	periods	involve	greater	metabolic	stress,	as	measured	by	blood
lactate.

The	differences	between	these	studies	likely	arises	due	to	the	rest	period
durations	tested.	When	testing	similar	durations	between	30	seconds	and	2
minutes,	there	seems	to	be	little	difference	in	the	amount	of	metabolite
accumulation,	but	when	comparing	1-minute	and	5-minute	rest	periods,	the
shorter	rest	periods	cause	greater	elevations	in	blood	lactate.

Initially,	it	was	assumed	that	because	bodybuilders	used	short	rest	periods,	this
practice	would	lead	to	greater	hypertrophy.	However,	it	is	now	known	that	using
longer	rest	periods	leads	to	greater	muscle	growth,	even	though	the	shorter	rest



periods	involve	more	metabolic	stress.	Therefore,	if	there	is	any	relationship
between	the	amount	of	metabolic	stress	and	the	resulting	hypertrophy	that
happens	after	training,	it	seems	to	be	negative.

#5.	Slow	and	fast	tempos

Bodybuilders	very	commonly	use	a	controlled	lifting	tempo,	while	athletes
almost	always	use	maximal	effort	to	accelerate	the	bar	in	each	repetition.	Most
research	suggests	that	lifting	tempo	does	not	have	a	meaningful	effect	on
hypertrophy,	although	longer	lowering	tempos	seem	beneficial.

Curiously,	slower	lifting	tempos	involve	less	metabolic	stress	than	faster	lifting
tempos,	and	slower	lowering	tempos	involve	the	least	metabolic	stress	of	all,
despite	producing	the	most	muscle	growth.	Therefore,	if	there	is	any	relationship
between	the	amount	of	metabolic	stress	and	the	resulting	hypertrophy	that
happens	after	training,	it	seems	to	be	negative.

#6.	The	model	of	metabolic	stress

The	model	of	metabolic	stress	includes	five	key	elements:	(1)	motor	unit
recruitment,	(2)	systemic	hormone	release,	(3)	muscle	cytokine	(myokine)
release,	(4)	reactive	oxygen	species	release,	and	(5)	muscle	cell	swelling.

As	explained	above,	the	accumulation	of	metabolites	(and	therefore	also	the
release	of	reactive	oxygen	species)	is	not	necessary	for	an	increase	in	motor	unit
recruitment.	It	seems	likely	that	motor	unit	recruitment	increases	in	response	to
the	perception	of	increased	effort	due	to	fatigue,	rather	than	any	peripheral
factors	inside	the	muscle.

When	we	remove	the	elements	of	the	model	that	are	caused	by	the	perception	of
effort,	and	not	by	the	accumulation	of	metabolites,	the	model	includes	the
release	of	systemic	hormones	and	muscle	cytokines,	and	cellular	swelling.	The
role	of	post-exercise	systemic	hormone	release	in	muscle	growth	is	contentious,



and	at	least	one	leading	research	group	considers	it	to	be	completely	irrelevant.
Meanwhile,	the	role	of	muscle	cytokines	is	still	unclear.

Blood	flow	restriction	research	provides	a	good	model	for	exploring	the	role	of
metabolic	stress,	because	it	produces	hypoxia.	It	is	particularly	useful	because	it
can	be	applied	while	the	muscle	is	at	rest,	which	prevents	any	mechanical	load
from	being	experienced	by	the	muscle	fibers.	If	blood	flow	restriction	(and
therefore	metabolite	accumulation)	causes	hypertrophy	while	the	muscle	is	at
rest,	then	this	would	provide	a	lot	of	support	for	the	elements	of	the	model	that
are	produced	solely	by	the	accumulation	of	metabolites,	and	not	by	an	increase
in	motor	unit	recruitment.	While	one	rodent	study	has	provided	some	support	for
this	claim,	others	have	not,	and	all	current	studies	in	humans	that	have	assessed
blood	flow	restriction	in	the	absence	of	muscular	contractions	indicate	that	it	is
ineffective.

Even	so,	cellular	swelling	involves	increased	pressure	against	the	cell
membrane,	which	very	likely	increases	the	amount	of	multi-axial	mechanical
loading	that	is	experienced	by	the	muscle	fiber	during	each	active	contraction,
leading	to	the	anabolic	signaling	cascades	that	produce	hypertrophy.	This	effect
could	be	responsible	for	the	potentially	larger	increase	in	muscle	size	that	has
been	observed	in	some	studies	after	light	load	strength	training	to	failure	with
blood	flow	restriction,	compared	to	similar	training	without	occlusion.

What	does	this	mean?

Researchers	proposed	that	metabolic	stress	contributes	to	muscle	growth	after
making	observations	about	the	differences	between	lengthening	(eccentric)	and
shortening	(concentric)	contractions,	about	the	differences	between	long-	and
short-duration	isometric	contractions,	and	about	the	effects	of	training	with
heavy	or	moderate	loads.	Subsequently,	a	model	was	devised	to	provide
mechanisms	to	support	these	observations.

Comparisons	between	lengthening	(eccentric)	and	shortening	(concentric)
contractions	are	hard	to	make,	because	they	involve	different	types	of	muscle



cell	deformation	in	response	to	mechanical	loading,	and	subsequently	different
changes	in	muscle	fiber	length	and	diameter.

Long-duration	isometric	contractions	produce	greater	muscle	growth	than	short-
duration	isometric	contractions	because	they	lead	to	increased	motor	unit
recruitment.	This	happens	because	of	an	increased	perception	of	effort,	not
because	of	acidosis	or	metabolite	accumulation.

Bodybuilders	probably	use	moderate	loads	not	because	of	the	greater	metabolic
stress,	but	because	they	definitively	allow	the	maximum	number	of	stimulating
reps	per	set	(which	is	five).	This	means	that	more	stimulating	reps	can	be
performed	in	any	given	workout	time	span.	This	increases	the	amount	of	volume
that	can	be	done,	which	enhances	muscle	growth.

Interestingly,	using	shorter	rest	periods	leads	to	less	hypertrophy	than	long	rest
periods	(despite	short	rest	periods	involving	more	metabolic	stress),	using	fast
lifting	phases	causes	the	same	muscle	growth	as	slow	lifting	phases	(despite	fast
lifting	phases	involving	more	metabolic	stress),	and	using	fast	lowering	phases
leads	to	less	hypertrophy	than	lowering	phases	(despite	fast	lowering	phases
involving	less	metabolic	stress).

What	is	the	takeaway?

Peripheral	fatigue	contributes	to	muscle	growth	by	increasing	motor	unit
recruitment	and	decreasing	muscle	fiber	shortening	velocity	during	strength
training.	These	changes	increase	the	mechanical	tension	experienced	by	the
muscle	fibers	controlled	by	high-threshold	motor	units	(which	is	determined	by
the	force-velocity	relationship).

Motor	unit	recruitment	is	increased	during	strength	training	under	fatiguing
conditions	because	this	activates	extra	muscle	fibers,	and	these	newly-activated
muscle	fibers	compensate	for	the	lower	forces	that	the	weakened,	previously-
activated	muscle	fibers	are	producing.	This	increase	in	motor	unit	recruitment	is
experienced	as	an	increase	in	the	sensation	of	effort.	The	weakened,	previously-
activated	muscle	fibers	can	experience	a	reduction	in	force	because	of	various
fatigue	mechanisms,	some	of	which	are	associated	with	metabolite	accumulation



(metabolic	stress),	and	some	of	which	are	not.	Therefore,	it	is	probably	the
reduced	force-producing	ability	of	the	previously-activated	muscle	fibers	that
triggers	the	increase	in	motor	unit	recruitment,	and	not	the	specific	elements	of
each	fatiguing	process.

While	other	mechanisms	involving	the	release	of	systemic	hormones	and	muscle
cytokines,	and	cellular	swelling	have	been	proposed	to	explain	how	the
accumulation	of	metabolites	(metabolic	stress)	might	contribute	to	muscle
growth,	these	are	weaker	arguments.	Even	so,	to	the	extent	that	cellular	swelling
contributes	to	hypertrophy,	this	would	also	occur	by	increasing	mechanical
tension	on	individual	muscle	fibers,	because	of	the	increased	internal	pressure
inside	the	muscle.



CAN	THE	MECHANICAL	TENSION,
METABOLIC	STRESS,	AND	MUSCLE
DAMAGE	MODEL	EXPLAIN	ALL	OF	THE
WAYS	IN	WHICH	HYPERTROPHY
OCCURS?



Several	years	ago,	a	study	was	performed	showing	that	the	size	of	the	central
motor	command	in	a	strength	training	exercise	with	a	light	load	was	increased
by	the	presence	of	fatigue.	In	the	light	of	recent	work	in	the	field	of	muscular
force	control,	this	finding	is	not	entirely	surprising.	Several	studies	(both
experimental	and	involving	computer	models)	have	shown	that	motor	unit
recruitment	increases	with	increasing	fatigue	during	submaximal	force
production,	through	progressive	reductions	in	motor	unit	recruitment	threshold.

However,	the	study	was	very	surprising	to	many	people	who	believed	that
metabolic	stress	was	the	key	mechanism	by	which	motor	unit	recruitment
increased	during	light	load	strength	training	to	failure,	because	the	methods	used
by	the	research	group	in	this	study	were	designed	to	prevent	the	subjects	from
accumulating	metabolites	while	they	developed	fatigue.

Let’s	take	a	closer	look	at	this	study.

What	did	the	researchers	do?

The	research	group	who	performed	this	study	were	primarily	interested	in
understanding	whether	the	perception	of	effort	was	associated	with	the
magnitude	of	the	central	motor	command	during	a	strength	training	exercise,
across	different	loads	and	states	of	fatigue.

The	subjects	did	single-arm	biceps	curls	with	a	light	weight	(20%	of	1RM),	and
also	with	a	heavier	weight	(35%	of	1RM),	with	1-second	lifting	and	lowering
phase	durations.	They	did	these	lifts	while	their	arm	was	unfatigued,	and	again
after	it	had	been	fatigued	with	a	previous	bout	of	exercise.	While	the	subjects	did
these	lifts,	the	researchers	recorded	the	amplitudes	of	their	movement-related
cortical	potentials	(MRCPs)	using	electroencephalogram	activity,	which	is	a
measurement	of	the	size	of	the	central	motor	command.

The	unique	feature	of	this	study	was	the	way	in	which	fatigue,	or	the	reduction
in	the	capacity	to	exert	voluntary	force,	was	produced.



During	many	types	of	strength	training,	fatigue	is	observed	in	conjunction	with
increases	in	motor	unit	recruitment	and	alongside	the	accumulation	of
metabolites,	such	as	lactate.	However,	not	all	types	of	fatiguing	contractions	lead
to	metabolite	accumulation.	Indeed,	it	is	possible	to	produce	a	reduction	in
voluntary	force-producing	capacity	with	a	series	of	eccentric	contractions,	and
this	occurs	without	any	change	in	lactate	levels.

In	this	study,	the	researchers	programmed	an	exercise	bout	of	repeated	eccentric
contractions	with	20	seconds	of	rest	between	repetitions,	and	they	confirmed	that
blood	lactate	levels	were	not	affected	by	the	fatiguing	exercise	by	taking	blood
samples	from	the	right	earlobe.

The	researchers	wanted	to	avoid	the	accumulation	of	metabolites,	because	the
primary	goal	of	the	study	was	to	assess	the	link	between	the	size	of	the	central
motor	command	and	the	perception	of	effort,	and	it	has	been	suggested	that
metabolite	accumulation	might	stimulate	sensory	feedback	through	group	III	and
IV	muscle	afferent	nerves,	thereby	causing	an	increased	perception	of	effort.

Indirectly,	this	experimental	process	benefits	our	study	of	hypertrophy,	because
it	allows	a	study	of	how	neural	drive	to	the	muscle	is	affected	by	fatigue	when
metabolic	stress	is	absent.

What	does	this	mean?

To	integrate	this	study	into	the	hypertrophy	literature,	we	first	have	to	decide
whether	or	not	the	increase	in	central	motor	command,	measured	by	MRCP
during	a	series	of	exercises	that	are	identical	except	in	relation	to	the	weight	on
the	bar	and	the	state	of	fatigue,	is	reflective	of	an	increase	in	motor	unit
recruitment.	Since	this	measurement	is	an	indicator	of	the	activity	of	the
premotor	and	motor	areas	of	the	brain	insofar	as	they	relate	to	voluntary	muscle
contractions,	this	is	not	totally	unreasonable.

Assuming	that	we	accept	this,	then	we	next	need	to	decide	whether	we	think	that
this	increase	in	motor	unit	recruitment	would	lead	to	a	hypertrophic	stimulus,
despite	the	light	load	being	lifted.	If	we	think	that	both	of	these	inferences	are
reasonable,	then	we	have	to	accept	that	the	traditional	three-part	model	of



hypertrophy	mechanisms	(mechanical	loading,	metabolic	stress,	and	muscle
damage)	cannot	explain	all	of	the	ways	in	which	muscle	growth	might	be
stimulated.

(Note	that	in	the	traditional	model,	mechanical	loading	is	assumed	to	occur
through	high	muscle	forces,	incurred	when	lifting	heavy	weights	or	producing
large	efforts	against	slow-moving	or	static	objects,	rather	than	because	of	the
high	muscle	fiber	forces	caused	by	the	force-velocity	relationship.)

In	the	traditional,	three-part	model,	hypertrophy	is	believed	to	occur	after	heavy
strength	training	primarily	because	of	mechanical	loading,	and	after	light	load
strength	training	to	failure	primarily	because	of	metabolic	stress,	which	is
thought	to	stimulate	muscle	growth	through:	(1)	increased	motor	unit
recruitment,	(2)	systemic	hormone	release,	(3)	muscle	cytokine	release,	(4)
reactive	oxygen	species	release,	and	(5)	muscle	cell	swelling.

Yet	this	study	suggests	that	we	can	increase	motor	unit	recruitment	during	light
load	strength	training	without	incurring	any	metabolic	stress.	Therefore,	the
three-part	model	seems	to	require	another	part,	to	describe	the	role	of	fatigue	on
motor	unit	recruitment,	when	the	type	of	fatigue	does	not	involve	the
accumulation	of	metabolites.	Perhaps	the	three-part	model	should	be	a	four-part
model	including	non-metabolic	stress-related	fatigue?

What	is	the	alternative?

The	alternative	to	the	traditional	three-part	model	of	hypertrophy	is	the	single-
factor	model	involving	mechanical	loading	on	individual	muscle	fibers	(rather
than	on	whole	muscles)	that	I	presented	earlier	in	the	book.

In	this	alternative	model,	fibers	increase	in	volume	after	they	experience	a
sufficiently	high	level	of	mechanical	loading,	which	is	equal	and	opposite	to	the
force	produced	by	the	fiber	itself	in	a	muscular	contraction	(according	to
Newton’s	Third	Law).

The	amount	of	force	that	a	fiber	can	exert	during	a	muscular	contraction	is
determined	mainly	by	its	contraction	velocity	(because	of	the	force-velocity
relationship),	but	also	by	its	length	while	it	contracts	(because	of	the	length-
tension	relationship).	Just	as	when	a	vehicle	tows	a	trailer,	the	external	load



being	moved	has	no	impact	on	the	force	that	a	muscle	fiber	(or	any	engine)	can
exert,	except	insofar	as	it	alters	either	of	these	two	internal	factors.

Importantly,	any	type	of	local,	muscular	fatigue	(whether	associated	with
metabolic	stress	or	not)	can	also	cause	the	contraction	velocity	of	the	working
muscle	fibers	in	a	muscle	to	slow	down,	while	also	causing	high-threshold	motor
units	to	be	recruited.	This	increases	the	force	produced	(and	therefore	the
mechanical	loading	experienced)	by	the	muscle	fibers	of	newly-recruited	motor
units,	even	while	the	force	being	produced	by	the	fatigued,	previously-recruited
motor	units	is	reduced.

What	is	the	takeaway?

Metabolic	stress	probably	cannot	explain	every	way	in	which	motor	unit
recruitment	increases	during	fatiguing,	submaximal	strength	training	efforts	with
light	loads.	Therefore,	the	traditional,	three-part	model	of	how	hypertrophy
works	is	most	likely	incomplete.

An	alternative	(and	simpler)	model	proposes	that	single	muscle	fibers	are
stimulated	to	increase	in	volume	when	they	experience	a	sufficient	level	of
mechanical	loading,	which	is	determined	by	the	force-velocity	(and	length-
tension)	relationships	of	the	working	muscle	fibers.	The	force-velocity
relationship	can	be	manipulated	to	increase	the	force	produced	by	each	fiber	by
either	the	weight	on	the	bar,	or	by	the	state	of	fatigue	of	the	muscle,	regardless	of
whether	this	fatigue	occurs	alongside	metabolite	accumulation.



WHAT	*REALLY*	DETERMINES
MECHANICAL	TENSION	DURING
STRENGTH	TRAINING?



Many	strength	coaches	will	tell	you	that	heavy	loads	produce	the	high	levels	of
mechanical	tension	that	trigger	hypertrophy,	while	light	loads	do	not.	They
explain	the	similar	hypertrophy	achieved	after	strength	training	with	heavy	and
light	loads	to	failure	by	claiming	that	metabolic	stress	can	also	stimulate	muscle
growth.

However,	it	is	not	correct	to	state	that	only	heavy	loads	produce	high	levels	of
mechanical	tension.	In	fact,	both	heavy	loads	and	light	loads	can	produce	high
levels	of	mechanical	tension	on	muscle	fibers	to	make	them	grow,	because	the
force-velocity	relationship	is	the	only	factor	that	determines	force	production
(and	therefore	mechanical	tension)	on	individual	muscle	fibers.

Let	me	explain.

What	is	mechanical	tension?

Mechanical	tension	is	the	type	of	force	that	tries	to	stretch	a	material.	During
strength	training,	muscles	experience	stretching	forces	when	they	try	to	shorten,
but	are	resisted	when	they	do	so.	They	also	experience	stretching	forces	when
they	lengthen	while	we	are	holding	a	load,	but	these	forces	are	comparatively
smaller.

For	example,	we	stand	up	from	a	sitting	position	by	activating	the	hip	and	knee
extensors	and	causing	them	to	shorten.	As	they	shorten,	they	experience	a
stretching	force	acting	against	them,	which	results	from	the	resistance	imposed
on	the	body	by	gravity	and	inertia.	Importantly,	the	stretching	force	experienced
by	the	muscle	is	equal	and	opposite	to	the	force	that	the	muscle	itself	exerts	on
the	body.

In	order	for	us	to	get	out	of	a	sitting	position,	the	muscle	force	we	produce	must
be	greater	than	our	bodyweight	due	to	gravity.	How	much	greater	it	is
determines	our	acceleration	from	the	chair.	If	we	apply	a	much	larger	muscle
force,	we	will	spring	out	of	our	seat	very	quickly,	but	if	the	muscle	force	is	only
slightly	greater	than	bodyweight,	we	will	get	up	slowly.



How	do	muscles	produce	force?

There	are	two	ways	in	which	muscles	can	increase	the	amount	of	force	that	they
produce	during	a	lifting	(concentric)	muscle	action:	(1)	changes	in	the	number	of
active	muscle	fibers,	and	(2)	changes	in	the	amount	of	force	that	each	muscle
fiber	produces.

An	increase	in	the	number	of	active	muscle	fibers	is	accomplished	by	an
increase	in	the	level	of	motor	unit	recruitment.	Motor	units	are	recruited	in	size
order	from	small	to	large.	Small	motor	units	control	only	a	dozen	or	so	muscle
fibers,	while	large	motor	units	control	thousands.	When	a	motor	unit	is	recruited,
all	of	the	previously	recruited	motor	units	must	first	be	recruited,	and	remain
active.

An	increase	in	the	amount	of	force	that	each	muscle	fiber	produces	is	achieved
by	the	force-velocity	relationship.	Muscle	fibers	exert	high	forces	when	they
shorten	slowly,	but	low	forces	when	they	shorten	quickly.	This	is	because	slow
shortening	speeds	allow	lots	of	actin-myosin	crossbridges	to	form	at	the	same
time,	and	actin-myosin	crossbridges	are	what	allows	each	muscle	fiber	to
produce	force.	In	contrast,	fast	shortening	speeds	cause	the	actin-myosin
crossbridges	inside	muscle	fibers	to	detach	at	a	faster	rate,	and	this	leads	to
fewer	simultaneous	crossbridges	being	formed	at	any	one	time.

Importantly,	the	force-velocity	relationship	is	the	only	factor	that	determines	the
amount	of	force	exerted	by	each	muscle	fiber.	In	contrast,	both	the	force-velocity
relationship	and	the	level	of	motor	unit	recruitment	affect	the	amount	of	force
exerted	by	the	whole	muscle.	This	has	implications	for	the	forces	(and	therefore
the	mechanical	tension)	that	(1)	the	muscle,	and	(2)	the	muscle	fiber	experience.

How	do	we	control	the	amount	of	force	that	muscles	produce
when	lifting	light	loads?

We	control	the	amount	of	force	that	muscles	produce	by	increasing	the	amount
of	effort	we	exert.	When	we	exert	a	high	effort,	this	triggers	a	high	level	of



motor	unit	recruitment.	When	we	exert	a	submaximal	effort,	only	a	small
fraction	of	the	motor	units	are	recruited.

If	we	lift	a	light	load	with	a	maximal	effort	(in	unfatigued	conditions),	the	weight
moves	very	quickly.	During	this	lift,	our	motor	unit	recruitment	levels	are	very
high,	and	therefore	most	of	the	muscle	fibers	are	active.

However,	despite	the	high	levels	of	motor	unit	recruitment,	overall	muscle	force
is	not	particularly	high,	because	each	muscle	fiber	only	exerts	a	small	amount	of
force	when	it	shortens	quickly.	This	is	why	we	produce	much	lower	forces
during	maximal	effort	vertical	jumps	compared	to	in	one-repetition	maximum
back	squats.	The	force-velocity	relationship	causes	the	amount	of	muscle	force
exerted	to	be	lower	when	we	are	moving	more	quickly.

Conversely,	if	we	lift	a	light	load	with	a	submaximal	effort	(again,	during
unfatigued	conditions),	the	weight	moves	comparatively	slowly.	During	this	lift,
our	motor	unit	recruitment	levels	are	low,	and	only	a	proportion	of	the	muscle
fibers	are	active.

In	this	case,	overall	muscle	force	is	even	lower,	because	the	external	force	is
lower	than	if	we	moved	the	same	weight	very	quickly.	The	external	force	is
equal	to	the	weight	due	to	gravity	plus	the	force	required	to	accelerate	the	mass,
and	the	slower	peak	bar	speed	means	that	the	acceleration	is	less	while	the
weight	of	the	barbell	is	the	same.	However,	each	active	muscle	fiber	can	(and
therefore	does)	produce	a	high	force,	because	it	is	shortening	slowly.

What	happens	to	mechanical	tension?

When	we	lift	a	light	load	very	quickly,	muscle	force	is	fairly	low	despite	the	fact
that	we	are	exerting	maximum	effort.	Therefore,	the	stretching	force	or
mechanical	tension	experienced	by	the	whole	muscle-tendon	unit	is	low.	This
happens	because	the	force	that	can	be	exerted	by	each	individual	muscle	fiber	is
very	low,	because	of	the	force-velocity	relationship.

When	we	lift	a	light	load	deliberately	slowly,	muscle	force	is	even	lower,
because	we	are	causing	the	mass	to	accelerate	less.	Therefore,	the	stretching



force	or	mechanical	tension	experienced	by	the	whole	muscle-tendon	unit	is
even	lower.	However,	since	the	level	of	motor	unit	recruitment	is	greatly	reduced
during	a	submaximal	effort,	the	number	of	active	muscle	fibers	is	greatly
reduced,	and	each	individual	muscle	fiber	exerts	a	high	force	due	to	its	favorable
location	on	the	force-velocity	relationship.

As	you	can	see,	the	mechanical	tension	experienced	by	whole	muscles	is	very
different	from	the	mechanical	tension	experienced	by	each	muscle	fiber.	Muscle
force	(and	therefore	mechanical	tension)	decreases	from	the	fast	lift	with	a	light
load	to	the	deliberately	slow	lift	with	a	light	load,	but	individual	muscle	fiber
force	(and	therefore	mechanical	tension)	increases	substantially	from	the	fast	lift
to	the	deliberately	slow	lift.

What	happens	to	mechanical	tension	as	we	fatigue?

When	we	lift	a	light	load	and	experience	fatigue,	the	weight	gradually	moves
slower	and	slower	until	it	stops	completely.	If	we	start	the	set	using	a	maximal
speed,	then	the	decrease	in	speed	is	quite	large,	but	if	we	start	the	set	with	a	slow
tempo	it	is	comparatively	small.

While	lifting	this	light	load	and	experiencing	fatigue,	the	amount	of	motor	unit
recruitment	may	change.	If	we	start	the	set	using	a	maximal	speed,	then	it	will
remain	high	throughout,	but	if	we	start	the	set	with	a	slow	tempo	it	will	increase
dramatically.

By	the	end	of	the	set,	regardless	of	our	starting	point,	we	finish	with	high	levels
of	motor	unit	recruitment	and	a	slow	bar	speed.	These	changes	happen	in	order
for	us	to	be	able	to	continue	producing	the	same	level	of	force	to	lift	the	weight,
despite	the	accumulation	of	fatigue.	Importantly,	the	level	of	motor	unit
recruitment	reached	is	very	likely	just	as	high	(or	nearly	as	high)	as	when	lifting
heavy	loads,	and	the	slow	bar	speed	that	results	is	essentially	just	as	slow	as
when	lifting	a	very	heavy	weight.

Overall	muscle	force	is	low	throughout	the	set,	because	the	external	force	is	low.
However,	the	force	on	each	muscle	fiber	changes	throughout	the	set.	When	using
a	slow	tempo,	the	muscle	fibers	controlled	by	high-threshold	motor	units	will	not



even	be	active	at	the	start	of	the	set,	and	are	only	recruited	towards	the	end.
When	they	are	finally	recruited,	they	do	experience	high	forces,	since	they	will
be	shortening	slowly.	When	using	a	fast	tempo,	all	muscle	fibers	will	be	active
throughout	the	set,	but	they	will	only	experience	high	levels	of	mechanical
tension	toward	the	end	when	bar	speed	slows	down	and	muscle	fiber	shortening
velocity	becomes	similar	to	that	achieved	when	lifting	heavy	weights.

What	does	this	mean?

Hypertrophy	happens	when	individual	muscle	fibers	experience	mechanical
loading,	not	when	whole	muscle-tendon	units	experience	mechanical	loading.
Therefore,	the	different	levels	of	muscle	force	are	irrelevant	for	our
understanding	of	how	muscle	growth	works.	Ultimately,	only	the	force-velocity
relationship	matters.

This	suggests	that	we	should	be	able	to	produce	hypertrophy	of	the	muscle	fibers
controlled	by	low-threshold	motor	units	by	moving	at	deliberately	slow	tempos.
Indeed,	this	would	happen	if	those	muscle	fibers	were	responsive	to	mechanical
loading.

However,	research	suggests	that	very	oxidative	muscle	fibers	cannot	easily	grow
after	strength	training,	that	they	are	not	very	responsive	to	a	strength	training
stimulus,	and	they	do	not	contribute	to	muscle	growth.	This	explains	why
training	using	deliberately	slow	tempos	does	not	stimulate	greater	hypertrophy
than	using	self-selected	or	fast	tempos.

What	is	the	takeaway?

Heavy	loads	do	not	produce	the	high	levels	of	mechanical	tension	on	muscle
fibers	that	makes	them	grow.	In	fact,	contraction	velocity	determines	the
mechanical	tension	experienced	by	working	muscle	fibers.	When	a	muscle
shortens	slowly,	its	fibers	exert	high	forces	(and	therefore	experience	high	levels
of	mechanical	loading)	due	to	the	force-velocity	relationship.



We	can	cause	muscles	to	shorten	slowly	either	by	deliberately	moving	slowly,	by
requiring	them	to	exert	a	high	muscle	force	(with	a	heavy	load),	or	through
fatigue.	However,	only	exerting	a	high	muscle	force	(with	a	heavy	load)	and
fatigue	involve	high	levels	of	motor	unit	recruitment	at	the	same	time,	which	is
what	stimulates	the	most	responsive	muscle	fibers	that	are	controlled	by	high-
threshold	motor	units,	thereby	causing	overall	muscle	growth.



WHAT	DETERMINES	WHETHER	A
MUSCLE	FIBER	INCREASES	IN	LENGTH
OR	DIAMETER?



After	strength	training,	whole	muscles	increase	in	volume	and	therefore	also
increase	in	mass.	In	humans,	this	happens	largely	because	of	an	increase	in	the
volume	of	individual	muscle	fibers,	rather	than	by	an	increase	in	the	number	of
fibers.

Individual	fibers	can	increase	in	volume	either	by	increasing	in	length,	or	by
increasing	in	diameter.	Increases	in	length	occur	through	the	addition	of	new
sarcomeres	in	series,	which	are	probably	added	to	the	end	of	existing	fibers,
while	increases	in	diameter	occur	by	the	addition	of	myofibrils	in	parallel.
Changes	in	the	shape	and	structure	of	the	muscle	accommodate	these	increases
in	size,	such	that	the	origin	and	insertion	of	the	whole	muscle	do	not	need	to	be
altered.

So	what	stimulates	a	muscle	fiber	to	increase	in	diameter	or	in	length?

How	is	hypertrophy	stimulated?

The	stimulus	for	hypertrophy	is	mechanical	tension.	This	mechanical	tension
must	be	generated	by	the	fiber	itself,	but	it	can	be	produced	either	by	active
contraction	or	passive	resistance	to	stretch.

When	the	mechanical	tension	experienced	by	the	muscle	fiber	is	produced	more
by	the	passive	elements	(these	are	the	structural	parts	of	the	fiber,	including	the
giant	molecule	titin),	the	fiber	seems	to	increase	in	volume	mainly	by	increasing
in	length,	by	adding	sarcomeres	in	series.	This	effect	might	be	stimulated	by	titin
sensing	the	stretch	that	is	imposed	upon	it,	as	the	fiber	is	deformed
longitudinally.

In	contrast,	when	the	mechanical	tension	experienced	by	the	muscle	fiber	is
produced	more	by	the	active	elements	(the	actin-myosin	crossbridges),	the	fiber
seems	to	increase	in	volume	mainly	by	increasing	in	diameter,	by	adding
myofibrils	in	parallel.	This	effect	might	be	stimulated	by	the	outward	bulging	of
the	muscle	fibers	that	occurs	when	actin-myosin	crossbridges	form,	which
deforms	the	muscle	fiber	in	a	transverse	direction.



What	determines	how	much	of	the	mechanical	tension	is
produced	by	active	or	passive	forces?

The	contribution	of	passive	and	active	force	to	overall	mechanical	tension	is
determined	by	the	length	of	the	muscle,	the	contraction	mode,	and	the
lengthening	speed.

#1.	Length	of	the	muscle

Strength	training	using	exercises	that	involve	larger	ranges	of	motion	(ROM)
increase	the	proportion	of	mechanical	tension	that	comes	from	passive	elements,
because	the	structural	elements	are	stretched	after	fibers	reach	a	certain	length.

Contrary	to	popular	belief,	full	ROM	and	partial	ROM	concentric-only	strength
training	each	cause	similar	hypertrophy,	if	the	same	amount	of	work	is
performed	in	both	training	programs	and	so	long	as	we	measure	hypertrophy	by
changes	in	muscle	volume,	rather	than	by	changes	in	muscle	cross-sectional
area.

However,	the	type	of	hypertrophy	is	slightly	different	after	each	type	of	strength
training.	Full	ROM	training	mainly	causes	hypertrophy	by	increasing	fascicle
length,	while	partial	ROM	training	predominantly	causes	increases	in	cross-
sectional	area.

#2.	Contraction	mode

Strength	training	using	lengthening	(eccentric)	contractions	increases	the
proportion	of	mechanical	tension	that	comes	from	passive	elements,	because
titin	is	activated	once	the	fiber	starts	to	lengthen	and	automatically	begins	to
contribute	to	force	production.



Researchers	have	found	that	titin	contains	two	elements	in	series	with	each	other
(the	Ig	domains	and	the	PEVK	segment).	It	seems	that	when	titin	is	elongated
passively,	the	elastic	Ig	domains	increase	in	length,	which	provides	little
resistance	to	stretch.	In	contrast,	when	titin	is	elongated	actively,	changes	occur
that	cause	the	stiffer	PEVK	segment	to	elongate	instead.	This	provides	a	great
deal	of	passive	resistance	to	stretch,	but	only	during	active	lengthening
(eccentric)	contractions.

Although	it	was	once	believed	that	eccentric-only	strength	training	could
produce	greater	muscle	growth	than	concentric-only	or	conventional	strength
training,	it	is	now	widely	accepted	that	when	programs	are	volume-	or	work-
matched,	the	amount	of	hypertrophy	that	occurs	after	each	eccentric-only	and
concentric-only	strength	training	is	very	similar.

Importantly,	the	latest	research	shows	that	while	eccentric-only	and	concentric-
only	strength	training	produce	similar	increases	in	muscle	volume,	eccentric-
only	training	mainly	increases	fascicle	length,	while	concentric-only	training
mainly	increases	muscle	cross-sectional	area.

#3.	Lengthening	speed

Strength	training	with	eccentric	contractions	can	involve	different	lengthening
speeds,	and	since	the	force-velocity	relationship	is	much	flatter	on	the	eccentric
side,	compared	to	the	concentric	side,	these	lengthening	speeds	do	not
substantially	influence	the	amount	of	force	exerted.

However,	the	lengthening	speed	does	affect	the	proportion	of	the	force	that	is
produced	by	the	passive	and	active	elements,	respectively.

Faster	speeds	reduce	the	proportion	of	mechanical	tension	that	comes	from
passive	elements,	because	the	detachment	rate	of	actin-myosin	crossbridges	is
faster,	thereby	reducing	the	amount	of	active	force	produced.	On	the	other	hand,
they	increase	the	proportion	of	mechanical	tension	that	comes	from	passive
elements,	because	of	the	viscoelastic	properties	of	titin	and	the	other,	structural
elements	of	the	muscle	fiber	that	resist	lengthening.



Consequently,	fast	eccentric-only	strength	training	produces	greater	increases	in
fascicle	length	than	slow	eccentric-only	strength	training,	while	slow	eccentric-
only	strength	training	probably	causes	greater	increases	in	muscle	cross-
sectional	area.

What	is	the	takeaway?

Muscle	fibers	increase	in	volume	either	by	increasing	in	length,	or	by	increasing
in	diameter.	Increases	in	length	occur	through	the	addition	of	sarcomeres	in
series,	while	increases	in	diameter	occur	through	the	addition	of	myofibrils	in
parallel.

During	strength	training,	when	the	mechanical	tension	experienced	by	a	fiber	is
produced	more	by	the	passive	elements,	the	fiber	seems	to	increase	in	volume
mainly	by	increasing	in	length.	In	contrast,	when	the	mechanical	tension
experienced	by	the	fiber	is	produced	more	by	the	active	elements,	the	fiber
seems	to	increase	in	volume	mainly	by	increasing	in	diameter.

The	contribution	of	passive	and	active	force	to	overall	mechanical	tension,	and
therefore	whether	hypertrophy	occurs	through	increases	in	either	fiber	length	or
diameter,	is	determined	by	the	length	of	the	muscle,	the	contraction	mode,	and
the	lengthening	speed.



WHAT	IS	REGIONAL	HYPERTROPHY,
AND	HOW	DOES	IT	HAPPEN?



We	know	that	muscles	increase	in	size	after	strength	training,	but	it	is	less	clear
to	what	extent	they	also	change	shape,	because	of	greater	increases	in	one	region
than	in	another.	Even	so,	there	is	a	fairly	clear	pattern	in	the	data,	if	we	look
carefully.

How	do	muscles	grow?

Muscles	are	made	out	of	thousands	of	cylindrical	muscle	fibers	arranged	in
bundles,	called	fascicles.	In	fusiform	muscles,	fascicles	run	longitudinally	from
one	end	of	the	muscle	to	the	other.	In	pennate	muscles,	they	run	diagonally	from
one	side	of	the	muscle	to	the	other,	attaching	to	the	fascia	that	surrounds	it.	The
hamstrings	provide	good	examples	of	the	various	different	types	of	muscles,	as
the	semitendinosus	is	fusiform,	while	the	other	hamstrings	are	pennate.

Muscles	grow	when	individual	muscle	fibers	increase	in	volume.	Since	they	are
cylindrical,	muscle	fibers	can	increase	in	volume	either	by	increasing	in	length,
or	by	increasing	in	diameter.

It	can	initially	be	confusing	to	think	of	muscle	fibers	as	increasing	in	length,
since	muscles	do	not	change	where	they	are	attached	to	the	skeleton	at	their
origin	and	insertion	after	training.	Yet	fibers	can	easily	increase	in	length	for
several	reasons.

Firstly,	fibers	do	not	always	run	the	entire	length	of	muscle	fascicles	anyway.	So
an	increase	in	muscle	fiber	length	does	not	need	to	cause	an	increase	in	muscle
fascicle	length.	Even	so,	fascicle	length	often	does	increase	after	certain	types	of
strength	training.

Secondly,	since	fascicles	run	from	one	side	of	a	muscle	to	the	other	in	pennate
muscles,	an	increase	in	fascicle	length	does	not	necessarily	need	to	increase	the
overall	length	of	the	muscle	substantially	when	measured	from	their	origin	to
their	insertion.

Thirdly,	even	when	a	muscle	does	increase	in	its	overall	length,	this	does	not
change	where	it	is	attached	to	the	skeleton.	As	it	increases	in	length,	the	muscle



simply	bulges	out	in	the	middle,	such	that	it	takes	a	longer	path	from	the	origin
to	the	insertion.

What	determines	whether	muscle	fibers	increase	more	in	length
or	diameter?

When	strength	training	increases	fiber	length	proportionally	more	than	fiber
diameter,	this	causes	a	different	change	in	the	muscle	shape	from	when	it
increases	fiber	diameter	proportionally	more	than	fiber	length.	When	strength
training	increases	fascicle	length	most,	this	tends	to	increase	the	size	of	the
muscle	more	in	the	distal	region,	where	new	sarcomeres	are	added	to	existing
fibers.	In	contrast,	when	strength	training	mainly	increases	fiber	diameter	(as
well	as	pennation	angle),	this	tends	to	cause	larger	increases	in	the	middle	region
of	the	muscle.

The	trigger	for	whether	a	muscle	fiber	increases	more	in	length	or	diameter	is	the
extent	to	which	the	passive	and	active	elements	contribute	to	overall	force
production.	The	passive	elements	are	those	parts	of	the	muscle	fiber	that	are
deformed	elastically	during	muscle	lengthening,	including	the	cytoskeleton,	titin,
and	the	outer	collagen	layer	(endomysium).	The	active	elements	are	the	actin-
myosin	crossbridges,	which	use	energy	to	produce	force.

When	active	elements	are	solely	responsible	for	force	production,	the	fiber	tends
to	increase	mainly	in	diameter.	When	the	passive	elements	contribute	more	to
muscle	force	production,	the	fiber	tends	to	increase	more	in	length.

Do	different	types	of	strength	training	cause	muscle	growth	to
occur	in	different	regions	(part	1)

Several	studies	have	compared	the	long-term	effects	of	different	types	of
strength	training	on	the	muscle	growth	that	results	in	several	regions	of	a	muscle.
Some	of	these	studies	have	compared	types	of	strength	training	that	involve



different	contributions	from	active	and	passive	elements	to	muscle	force
(contraction	mode,	range	of	motion,	and	external	resistance	type).

#1.	Contraction	mode

Eccentric-only	strength	training	involves	using	only	the	lowering	phase	of	a
movement,	while	concentric-only	strength	training	uses	only	the	lifting	phase	of
a	movement.	During	eccentric	contractions,	we	can	exert	approximately	30%
more	force	than	in	similar	concentric	contractions,	because	the	passive	elements
of	the	muscle	fibers	contribute	substantially.

Eccentric-only	strength	training	and	concentric-only	strength	training	cause
muscle	growth	to	occur	in	different	regions.	Eccentric-only	strength	training
causes	greater	muscle	growth	in	the	distal	region,	while	concentric-only	strength
training	causes	the	middle	region	to	increase	more	in	size.	Importantly,
eccentric-only	training	also	caused	greater	increases	in	fascicle	length	compared
to	concentric-only	training.

#2.	Range	of	motion

Full	range	of	motion	strength	training	involves	the	working	muscles	reaching	a
fairly	long	length	in	an	exercise,	while	partial	range	of	motion	strength	training
involves	stopping	the	exercise	while	the	muscles	are	shorter.	Reaching	a	longer
muscle	length	by	using	a	full	range	of	motion	allows	the	passive	elements	of	the
muscle	fibers	to	contribute	more	to	muscle	force,	in	accordance	with	the	length-
tension	relationship.

Researchers	have	found	that	full	range	of	motion	strength	training	and	partial
range	of	motion	strength	training	cause	muscle	growth	to	occur	in	different
regions.	Full	range	of	motion	strength	training	causes	muscle	growth	to	occur	to
a	greater	extent	in	the	distal	region.	Full	range	of	motion	training	also	causes
greater	increases	in	fascicle	length,	compared	to	partial	range	of	motion	training.



#3.	External	resistance	type

Using	a	constant	load	(weight)	as	external	resistance	during	strength	training
involves	the	muscles	producing	greater	forces	at	long	lengths	in	an	exercise,
while	accommodating	resistance	(such	as	provided	by	elastic	bands)	involves	the
muscles	producing	greater	forces	while	they	are	shorter.	This	means	that	the
passive	elements	of	the	muscle	fibers	contribute	more	to	muscle	force	when
using	weight,	compared	to	when	using	accommodating	resistance.

There	are	indications	that	using	a	constant	load	(weight)	or	accommodating
resistance	during	strength	training	might	cause	muscle	growth	to	occur	in
different	regions.	Specifically,	using	a	constant	load	seems	to	produce	greater
increases	in	distal	region	muscle	thickness,	but	whether	this	is	linked	to	greater
muscle	fascicle	length	is	unclear.

Eccentric-only	strength	training,	full	range	of	motion	strength	training,	and
constant	load	(weight)	strength	training	all	involve	a	greater	contribution	of	the
passive	elements	of	the	muscle	fibers	to	force	production,	compared	to
concentric-only	strength	training,	partial	range	of	motion	strength	training,	and
accommodating	resistance.	These	types	of	strength	training	also	produce	greater
increases	in	fascicle	length	and	distal	region	muscle	size.	Therefore,	it	seems
likely	that	some	instances	of	regional	muscle	growth	are	caused	by	different
changes	in	fiber	length	and	diameter.

Do	different	types	of	strength	training	cause	muscle	growth	to
occur	in	different	regions	(part	2)

A	couple	of	other	studies	have	compared	the	effects	of	other	strength	training
variables	on	muscle	growth	in	different	regions	of	a	muscle.

It	has	been	suggested	that	certain	strength	training	methods	might	be	able	to	load
slow	twitch	(more	oxidative)	muscle	fibers	proportionally	more	than	fast	twitch



(less	oxidative)	muscle	fibers,	at	least	in	relation	to	other	strength	training
methods.

Specifically,	some	researchers	believe	that	by	performing	a	greater	volume	of
reps	with	light	loads,	the	proportional	load	on	the	muscle	fibers	that	are
controlled	by	the	low-threshold	motor	units	might	be	increased,	relative	to	the
load	on	the	fibers	controlled	by	high-threshold	motor	units.	However,	this
proposal	is	contentious,	and	some	research	groups	regard	it	as	highly	unlikely,
because	only	the	muscle	fibers	of	high-threshold	motor	units	seem	to	respond	to
strength	training	by	increasing	in	size,	partly	because	these	motor	units	control	a
greater	number	of	fibers,	and	partly	because	fast	twitch	muscle	fibers	themselves
are	more	responsive.

Even	so,	it	is	well-known	that	muscle	fiber	type	does	differ	between	regions	of
the	same	muscle,	both	in	rodents	and	in	humans.

Therefore,	if	strength	training	can	produce	proportionally	different	growth	in
fibers	of	different	types,	it	is	theoretically	possible	that	regional	muscle	growth
should	occur	in	response	to	training	with	high	and	low	volumes,	and	in	response
to	using	heavy	and	light	loads.	Since	higher	volumes	and	lighter	loads	both
stress	the	more	oxidative	fiber	types	to	a	greater	extent,	regions	that	have	a
greater	proportion	of	slow	twitch	fibers	should	be	developed	to	a	proportionally
greater	extent.

However,	in	the	limited	studies	that	have	been	published	to	date,	it	seems	that
training	with	either	heavy	or	light	loads,	or	high	and	low	volumes,	result	in
similar	regional	muscle	growth,	which	may	be	because	heavy	and	light	loads
both	provide	a	similar	stimulus	to	the	muscle	fibers	of	high-threshold	motor
units,	and	neither	provide	any	meaningful	stimulus	to	the	muscle	fibers	of	low-
threshold	motor	units.

Why	might	different	exercises	lead	to	different	muscle	growth?

Different	exercises	might	produce	different	regional	muscle	growth	from	one
another,	even	when	the	same	types	of	strength	training	are	used,	simply	because
of	the	functional	compartmentalization	of	muscles.



Although	we	tend	to	think	of	muscles	as	homogenous	structures	that	all
contribute	similarly	to	a	joint	action,	they	are	actually	made	up	of	separate
compartments	that	have	different	characteristics.	Sometimes,	these
compartments	are	even	separated	from	each	other	by	tendinous	inscriptions,
such	as	in	the	semitendinosus.

For	example,	the	gluteus	medius	has	four	compartments	(anterior,	anterior-
middle,	posterior-middle,	and	posterior),	which	are	separately	innervated,	have
different	muscle	architecture	(pennation	angle,	fascicle	length,	and	physiological
cross-sectional	area),	and	have	internal	moment	arm	lengths	for	a	variety	of	hip
movements.	Each	region	is	almost	certainly	activated	separately	by	the	brain	in
response	to	a	need	to	produce	force	in	different	directions,	therefore	contributing
to	different	hip	movements.

Even	so,	separate	innervation	may	not	be	necessary	for	regional	muscle	growth
to	occur	after	strength	training,	particularly	when	the	increase	in	muscle	fiber
size	results	from	an	increase	in	fiber	length.

After	eccentric-only,	involuntary	(electrically-stimulated)	strength	training	in
rabbits,	the	resulting	increase	in	muscle	fascicle	length	differs	between	regions,
and	it	is	associated	with	the	amount	that	the	fascicles	elongate	during	exercise.
This	change	in	fascicle	length	during	exercise	was	probably	not	affected	by	the
level	of	motor	unit	recruitment	in	each	region,	since	the	fibers	were	stimulated
electrically.

It	seems	likely	that	differences	in	muscle	architecture	between	regions	of	the
muscle	will	cause	the	fibers	in	each	region	to	work	at	different	points	on	the
length-tension	relationship,	and	therefore	experience	different	levels	of
mechanical	loading	and	display	different	resulting	changes	in	fiber	length	after
training.

Some	researchers	have	managed	to	link	the	activation	of	certain	regions	of	a
muscle	during	a	single	bout	of	a	strength	training	exercise	with	the	resulting
change	in	muscle	size	after	long-term	training	with	the	same	exercise,	and
different	exercises	using	the	same	muscle	groups	have	been	shown	to	involve
different	regional	muscle	activation	from	one	another.



Yet	in	both	cases	this	activation	has	been	measured	by	magnetic	resonance
imaging	scans,	which	more	likely	reflects	the	degree	of	muscle	damage	rather
than	the	amount	of	muscle	activation	subsequent	to	motor	unit	recruitment.
Therefore,	we	cannot	be	sure	whether	these	results	reflect	differences	in
innervation	between	functional	compartments,	or	simply	differences	in	muscle
architecture	between	regions.

What	does	this	mean	in	practice?

Logically,	training	programs	that	develop	a	range	of	muscle	regions	will	lead	to
greater	muscle	growth	than	training	programs	that	only	develop	one	region.
Even	so,	the	appropriate	approach	for	each	muscle	group	may	differ.

Muscles	with	only	one	functional	compartment	will	likely	only	respond	to	using
different	loading	types.	Exercises	should	therefore	be	chosen	that	stress	either
the	passive	elements	(eccentric	training,	full	ranges	of	motion,	and	constant
loads)	or	the	active	elements	(concentric	training,	partial	range	of	motion,	and
accommodating	resistance).

Muscles	with	multiple	functional	compartments	(especially	those	with	regions
that	are	innervated	separately)	may	benefit	from	a	range	of	exercises	that	involve
different	movement	patterns,	as	well	as	different	loading	types.

What	is	the	takeaway?

Regional	muscle	growth	can	occur	either	because	of	differences	in	the	amount
that	the	muscle	fibers	increase	in	length	or	diameter	after	strength	training,	or
because	of	differences	in	the	growth	of	different	functional	compartments.

Eccentric-only	strength	training,	full	range	of	motion	strength	training,	and
constant	load	strength	training	involve	a	greater	contribution	of	the	passive
elements	of	the	muscle	fibers	to	force	production,	compared	to	concentric-only
strength	training,	partial	range	of	motion	strength	training,	and	accommodating



resistance.	They	also	lead	to	different	regional	hypertrophy,	probably	because	a
greater	involvement	of	the	passive	elements	stimulates	greater	increases	in
fascicle	length,	while	a	greater	involvement	of	the	active	elements	stimulates
greater	increases	in	muscle	fiber	diameter.

Additionally,	different	exercises	can	cause	different	regions	of	a	muscle	to	grow,
depending	on	the	exercises	and	the	muscle.	Where	multiple	functional
compartments	of	a	muscle	exist,	each	can	be	stimulated	to	grow	to	a	greater
extent	than	the	others	after	training	with	an	exercise	because	of	a	need	to
produce	force	in	a	specific	direction.	This	can	occur	because	that	region	is
innervated	separately,	or	simply	because	the	fascicles	of	that	region	are	subjected
to	greater	elongation	in	the	exercise	as	a	result	of	their	specific	architecture.



HOW	DO	DIFFERENT	TYPES	OF
FATIGUE	AFFECT	HYPERTROPHY	AND
RECOVERY?



Lifters	often	talk	about	fatigue	interfering	with	their	ability	to	train	or	to	make
progress.	Moreover,	strength	training	programs	are	often	designed	or	periodized
with	the	specific	goal	of	managing	fatigue.	But	what	is	fatigue	anyway,	and	how
does	it	cause	negative	effects	on	the	results	we	get	in	the	gym?

What	is	fatigue?

Although	most	people	think	of	fatigue	as	being	a	subjective	sensation,	it	is
actually	an	objective	measurement.	It	is	a	temporary	and	reversible	reduction	in
our	capacity	to	produce	voluntary	force	with	a	muscle,	as	a	result	of	a	previous
bout	of	exercise.

We	are	experiencing	fatigue	in	a	muscle	if	it	can	currently	produce	less	force
than	it	could	previously,	before	we	exercised	(whether	we	are	feeling	tired	or	not
is	largely	irrelevant).

Fatigue	happens	during	sets	of	strength	training	within	each	individual	workout.
When	fatigue	reaches	a	point	such	that	we	can	no	longer	produce	enough	force
to	lift	the	weight	on	the	bar	in	a	set,	we	say	that	we	have	reached	muscular
failure.

However,	fatigue	also	happens	after	a	strength	training	workout.	For	several
hours	(and	sometimes	even	several	days)	afterwards,	we	still	cannot	produce	as
much	force	with	the	worked	muscle	as	we	did	during	the	workout	itself.

The	various	underlying	mechanisms	that	cause	these	two	phenomena	are	similar
but	not	identical.	To	understand	them	requires	us	to	understand	what	actually
causes	fatigue	in	the	first	place.

What	causes	fatigue?

Fatigue	occurs	because	of	mechanisms	inside	the	central	nervous	system	(central
fatigue)	and	inside	the	muscle	(peripheral	fatigue).



Peripheral	fatigue	is	further	divided	into	two	separate	groups	of	mechanisms:	(1)
those	that	are	very	transitory	and	only	occur	during	and	immediately	after
exercise	(these	are	confusingly	also	referred	to	as	“peripheral	fatigue”)	and	(2)
those	that	are	longer	lasting	and	tend	to	occur	in	the	hours	and	days	after
exercise	(these	are	termed	“muscle	damage”).

In	practice,	we	therefore	tend	to	refer	to	central	fatigue,	peripheral	fatigue,	and
muscle	damage	as	separate	mechanisms.

#1.	Central	fatigue

Central	fatigue	refers	to	reductions	in	our	ability	to	produce	voluntary	force	that
result	from	actions	within	the	central	nervous	system.

Central	fatigue	can	occur	either	because	of	a	reduction	in	the	size	of	the	original
signal	sent	from	the	brain	or	the	spinal	cord,	or	because	of	an	increase	in	afferent
feedback	that	subsequently	reduces	motor	neuron	excitability.

Central	fatigue	can	affect	our	ability	to	produce	force,	both	within	a	workout	and
also	after	a	workout.

Although	some	strength	training	experts	and	researchers	believe	that	the	central
fatigue	that	occurs	after	a	workout	happens	as	a	result	of	reaching	high	levels	of
motor	unit	recruitment	within	the	workout,	this	is	actually	highly	unlikely.	It	is
more	likely	that	central	fatigue	occurs	secondary	to	peripheral	factors,	including
afferent	feedback,	aerobic	demand,	and	aspects	of	muscle	damage.

#2.	Peripheral	fatigue

Peripheral	fatigue	refers	to	reductions	in	the	ability	of	the	muscle	itself	to
produce	force,	regardless	of	the	signal	from	the	central	nervous	system.

Broadly,	peripheral	fatigue	happens	through	three	main	mechanisms:	(1)	a
reduction	in	the	release	of	calcium	ions	from	the	sarcoplasmic	reticulum,	(2)	a
decrease	in	the	sensitivity	of	actin-myosin	myofilaments	to	calcium	ions,	and	(3)
impairments	in	actin-myosin	crossbridge	function,	likely	due	to	the	generation	of



some	metabolic	byproducts	(phosphate	ions,	adenosine	diphosphate,	and
possibly	also	hydrogen	ions).	Contrary	to	popular	belief,	lactate	accumulation	is
not	central	to	the	process	of	fatigue.

Importantly,	peripheral	fatigue	only	affects	our	ability	to	produce	force	within	a
workout,	and	does	not	affect	our	ability	to	produce	force	for	very	long	after	a
workout.

#3.	Muscle	damage

Muscle	damage	occurs	when	the	internal	structures	of	a	muscle	fiber,	or	its	outer
wrapping	layers,	are	disrupted.	These	disruptions	cause	a	reduction	in	our	ability
to	exert	force	with	the	fiber	(although	an	immediate	repair	process	is	triggered
when	this	happens,	which	prevents	complete	loss	of	function	even	at	the	muscle
fiber	level).

Muscle	damage	is	probably	not	caused	solely	by	stretching	muscle	fibers
forcibly,	although	eccentric	contractions	do	produce	muscle	damage	more	easily
than	other	types	of	loading.	In	fact,	muscle	damage	very	likely	also	occurs	in
response	to	the	build-up	of	intracellular	calcium	and	inflammatory	neutrophils
during	any	kind	of	fatiguing	contractions,	because	these	degrade	the	inside	of	the
muscle	fiber.

Importantly,	muscle	fibers	can	be	damaged	to	varying	degrees.	The	myofibrils
and	the	cytoskeleton	that	supports	them	are	most	easily	damaged.	This	can	be
observed	as	shifts	in	the	position	of	the	Z	disk,	which	is	an	easily	identifiable
feature	of	the	sarcomere.	The	outer	wrapping	layers	of	the	muscle	fiber	are	also
easily	damaged,	which	makes	them	more	permeable.	When	they	become
permeable,	this	causes	some	of	the	contents	of	the	muscle	fiber	to	leak	out	into
the	spaces	between	muscle	fibers	and	subsequently	into	the	bloodstream,	which
is	observed	as	an	elevation	in	creatine	kinase	levels.

After	being	damaged,	muscle	fibers	undergo	one	of	two	processes,	depending	on
the	extent	of	the	damage.	When	the	damage	is	minor,	the	fiber	is	repaired.	The
existing	structures	are	retained,	but	any	broken	parts	are	removed	and	replaced
with	new	proteins.	If	the	fiber	is	too	badly	damaged	to	be	repaired,	such	as	when
it	is	torn	completely	in	half,	it	becomes	necrotic	and	dies.	When	this	happens,



the	fiber	is	degraded	inside	of	its	cell	membrane,	and	a	new,	replacement	fiber	is
grown	inside	it.	This	is	called	regeneration.

Muscle	damage	probably	only	affects	our	ability	to	produce	force	after	a
workout,	and	is	not	a	major	factor	that	leads	to	fatigue	within	the	workout	itself.

How	do	the	various	types	of	fatigue	affect	the	strength	training
stimulus?

When	they	are	present	(either	because	they	are	stimulated	to	occur	during	the
workout	itself,	or	because	they	are	still	present	from	a	previous	workout),	central
fatigue,	peripheral	fatigue,	and	muscle	damage	each	have	slightly	different
effects	on	the	result	of	a	workout.

Central	fatigue	most	likely	prevents	full	motor	unit	recruitment	to	be	reached,
which	is	why	training	to	muscular	failure	with	very	light	(20%	of	1RM)	loads
does	not	cause	as	much	muscle	growth	as	training	to	muscular	failure	with	light
(40%	of	1RM)	loads.	Although	all	sets	with	all	loads	involve	both	central	and
peripheral	fatigue,	the	sets	with	very	light	loads	reach	failure	through	a	greater
proportion	of	central	fatigue,	due	to	the	greater	aerobic	demand.	Therefore,	the
presence	of	central	fatigue	(whether	caused	by	previous	sets	in	the	workout
itself,	or	when	caused	by	a	previous	workout)	has	a	negative	impact	on	the
stimulating	effects	of	a	strength	training	workout.

When	considered	in	isolation,	and	ignoring	its	effects	on	central	fatigue,
peripheral	fatigue	seems	to	increase	motor	unit	recruitment	levels	during
strength	training.	This	makes	a	lot	of	sense,	because	when	the	working	muscle
fibers	are	fatigued,	other	muscle	fibers	must	be	activated	in	order	to	maintain	the
desired	levels	of	force.	Therefore,	peripheral	fatigue	can	be	beneficial	during	a
workout,	because	it	enables	us	to	increase	motor	unit	recruitment,	and	thereby
train	more	muscle	fibers.

When	considered	in	isolation,	and	ignoring	its	effects	on	central	fatigue,	muscle
damage	seems	to	interfere	with	the	stimulating	effects	of	a	workout	in	at	least
two	ways.	Firstly,	the	associated	oxidative	stress	seems	to	inhibit	elevations	in



post-workout	muscle	protein	synthesis	rates	directly.	Secondly,	the	need	to	use
some	of	the	muscle	protein	synthesis	to	repair	muscle	damage	seems	to	reduce
the	proportion	that	can	be	directed	towards	increasing	the	size	of	the	muscle
fibers.	Therefore,	the	presence	of	muscle	damage	from	a	previous	workout	can
have	a	negative	impact	on	the	stimulating	effects	of	a	strength	training	workout,
although	these	effects	are	probably	more	short-lived	than	the	secondary	effects
on	central	fatigue.

How	long	do	the	various	types	of	fatigue	last?

Peripheral	fatigue	dissipates	very	quickly,	and	its	effects	only	ever	have	any
effect	on	us	within	the	workout	itself.

Muscle	damage	is	the	opposite,	insofar	as	it	normally	does	not	affect	our	ability
to	produce	force	during	a	workout,	but	does	affect	our	ability	to	produce	force
after	the	workout.	However,	the	duration	of	this	effect	can	vary	a	great	deal,
depending	on	the	extent	of	the	damage.	Minor	muscle	damage	is	repaired	over	a
few	days,	with	severe	cases	taking	up	to	a	week.	Severe	muscle	damage
requiring	the	regeneration	of	muscle	fibers	can	take	a	month	or	even	longer.
While	muscle	fibers	are	usually	only	repaired	(and	not	regenerated)	after
conventional	strength	training,	signs	of	necrotic	and	regenerating	fibers	have
been	observed	in	high-level	strength	athletes.

Central	fatigue	is	more	complex,	because	it	can	occur	both	within	the	workout
and	also	after	the	workout.

Central	fatigue	within	a	workout	seems	to	occur	secondary	to	(some	aspects	of)
peripheral	fatigue	that	occur	during	strength	training,	and	it	accumulates
gradually	over	multiple	sets,	perhaps	due	to	afferent	feedback.	The	presence	of
central	fatigue	in	a	workout	may	help	explain	why	hypertrophy	is	affected	by
exercise	order	and	rest	period	duration.	It	could	also	help	explain	the
diminishing	effects	of	increasing	workout	volumes	above	a	certain	threshold.
Exercises	that	we	do	at	the	beginning	of	the	workout	are	less	susceptible	to
central	fatigue,	because	we	are	still	unfatigued.	Exercises	that	we	do	later	in	the
workout	are	affected	by	the	central	fatigue	caused	by	earlier	exercises.	Similarly,



rushing	to	perform	the	next	set	by	taking	short	rest	periods	may	not	be	ideal,
because	it	takes	time	for	central	fatigue	to	dissipate	from	the	previous	set.

Central	fatigue	after	a	workout	seems	to	occur	secondary	to	muscle	damage.
Indeed,	central	fatigue	is	greater	when	measured	in	the	days	after	workouts	that
cause	more	muscle	damage	(whether	the	damage	is	produced	by	high	training
volumes	or	eccentric	contractions).	This	central	fatigue	might	be	caused	by	a
post-workout	inflammatory	response	involving	certain	cytokines	that	enter	the
brain,	which	are	known	to	influence	fatigue.	The	presence	of	central	fatigue
resulting	from	muscle	damage	is	likely	the	reason	why	high	training	frequencies
are	not	always	more	effective	than	less	frequent	workouts,	and	it	may	also	partly
explain	the	interference	effect	caused	by	concurrent	aerobic	exercise,	since	this
also	causes	muscle	damage.

What	else	can	affect	the	amount	of	central	fatigue	we	experience
in	a	workout?

The	amount	of	muscle	mass	that	is	used	in	an	exercise	also	affects	the	amount	of
central	fatigue.	Research	has	shown	that	when	we	perform	exercise	that	involves
a	smaller	amount	of	muscle	mass,	we	can	tolerate	greater	peripheral	muscular
fatigue	than	when	we	perform	exercise	that	involves	a	larger	amount	of	muscle
mass.	In	contrast,	when	we	perform	an	exercise	that	involves	a	larger	amount	of
muscle	mass,	we	tend	to	experience	greater	central	fatigue	so	that	we	stop	before
reaching	as	high	a	level	of	peripheral	muscular	fatigue.

This	fascinating	phenomenon	has	been	observed	when	comparing	single-joint
with	multi-joint	exercises,	single-leg	with	two-leg	exercises,	and	larger	leg
muscles	with	smaller	arm	muscles.

We	can	reduce	the	amount	of	central	fatigue	that	we	experience	by	using
exercises	with	smaller	amounts	of	muscle	mass,	such	as	those	that	involve	only
single	joints	or	single	limbs.	Such	exercises	may	be	particularly	beneficial	at	the
end	of	a	workout,	when	central	fatigue	is	naturally	high.



Even	so,	performing	exercises	with	high	levels	of	peripheral	fatigue	causes	more
post-workout	muscle	damage,	because	the	muscle	fibers	are	exposed	to	higher
levels	of	intracellular	calcium	for	a	longer	period	of	time.	Consequently,	using
exercises	that	involve	*less*	central	fatigue	during	the	workout	lead	to	*more*
central	fatigue	after	the	workout,	because	they	permit	more	peripheral	fatigue,
which	leads	to	more	muscle	damage,	and	muscle	damage	is	the	main
determinant	of	post-workout	central	fatigue.	Such	exercises	may	therefore	be
most	appropriate	in	body	part	split	routines,	where	high	volumes	are	performed
for	individual	muscles	in	less	frequent	workouts.

What	does	this	mean	in	practice?

In	practice,	we	want	to	maintain	central	fatigue	as	low	as	possible	during
strength	training	workouts,	otherwise	our	sets	will	reach	task	failure	before	all	of
the	motor	units	within	the	muscle	have	been	recruited.	If	we	are	experiencing
central	fatigue,	then	we	will	think	that	we	are	training	hard,	because	we	are	still
reaching	muscular	failure,	but	the	muscle	fibers	of	the	high-threshold	motor
units	will	not	be	working.

We	need	to	manage	central	fatigue	both	within	each	workout,	and	also	from	one
workout	to	the	next.

Within	each	workout,	central	fatigue	seems	to	be	increased	by	training	methods
that	involve	strong	negative	sensations,	such	as	high	reps	and	short	rest	periods,
as	well	as	by	using	exercises	with	a	large	muscle	mass,	perhaps	due	to	the
greater	aerobic	demand	that	this	causes.	This	may	be	why	lower	levels	of	motor
unit	recruitment	are	recorded	during	isometric	contractions	performed	to	task
failure.	Therefore,	using	heavy	or	moderate	loads	(1–15RM)	may	be	better	than
light	loads	(>15RM)	for	long-term	muscle	growth.	In	practice,	it	is	hard	to
accumulate	enough	stimulating	reps	using	heavy	(1–5RM)	loads,	and	the	higher
end	of	moderate	loads	can	still	involve	a	lot	of	afferent	feedback.	So	the	low	end
of	moderate	loads	(6–8RM)	seems	optimal.	This	rep	range	is	actually	what	most
competitive	bodybuilders	use	(contrary	to	what	you	may	read	elsewhere).



After	each	workout,	central	fatigue	can	be	heightened	after	workouts	that
involve	(high	volumes	of)	muscle-damaging	contractions.	This	may	explain	why
short	periods	of	high	volume	eccentric	training	fail	to	increase	strength	as
effectively	as	we	might	expect.	In	practice,	this	means	that	training	too
frequently	will	fail	to	produce	optimal	results,	as	will	using	excessive	training
volumes	or	advanced	techniques	that	produce	a	lot	of	muscle	damage	as	a	result
of	extended	periods	of	peripheral	fatigue.

What	is	the	takeaway?

Fatigue	is	a	temporary	and	reversible	reduction	in	our	capacity	to	produce
voluntary	force	with	a	muscle,	as	a	result	of	a	previous	bout	of	exercise.	It
occurs	through	central	and	peripheral	mechanisms.

Some	of	these	fatiguing	mechanisms	lead	to	beneficial	effects,	such	as	increased
motor	unit	recruitment	during	a	set	of	an	exercise,	while	others	produce	negative
effects,	such	as	decreased	motor	unit	recruitment	or	impaired	post-workout	rates
of	muscle	protein	synthesis.	Knowing	how	these	mechanisms	occur	is	critical	for
an	understanding	of	how	fatigue	affects	the	adaptations	to	strength	training.



EXPLAINING	HOW	HYPERTROPHY
WORKS	USING	ONLY	BASIC
PRINCIPLES	OF	MUSCLE	PHYSIOLOGY



Hypertrophy	is	an	increase	in	muscle	volume,	or	mass.	Moreover,	since	there	is
little	evidence	that	human	muscles	enlarge	through	an	increase	in	the	number	of
muscle	fibers,	the	main	way	that	muscles	increase	in	volume	is	through	an
increase	in	the	cylindrical	volume	of	multiple,	individual	muscle	fibers.

So	what	stimulates	individual	muscle	fibers	to	increase	in	volume?

We	know	that	muscle	fibers	are	stimulated	to	increase	in	size	after	they	are
exposed	to	a	certain	level	of	mechanical	loading.	This	stimulus	seems	to	be
detected	by	mechanoreceptors	that	are	located	near	to	the	membrane	of	each
individual	muscle	cell.

However,	many	long-term	studies	exploring	the	hypertrophic	effects	of	strength
training	have	produced	results	indicating	that	mechanical	loading	may	not	be	the
only	factor	that	stimulates	muscles	to	grow.	This	observation	has	driven
researchers	to	search	for	other	mechanisms,	such	as	metabolic	stress	or	muscle
damage,	that	might	also	stimulate	hypertrophy.

But	are	such	hypotheses	really	necessary?

Can	we	instead	refer	to	basic	muscle	physiology	to	identify	how	different
training	methods	alter	the	level	and	type	of	mechanical	loading	that	is
experienced	by	individual	muscle	fibers?	I	think	we	can.

There	are	several	important	features	or	relationships	in	muscle	physiology	that
affect	the	level	of	mechanical	loading	that	is	experienced	by	a	muscle	fiber
during	a	muscular	contraction,	including	(1)	the	size	principle,	(2)	the	force-
velocity	relationship,	(3)	the	length-tension	relationship,	and	(4)	fatigue.

Each	of	these	phenomena	affect	the	amount	and	the	type	of	force	that	a	muscle
fiber	exerts	during	a	muscular	contraction.	This	force	must	be	equal	and	opposite



to	the	amount	of	mechanical	loading	that	it	experiences,	which	we	already	know
is	a	key	stimulus	for	the	hypertrophy	that	occurs.

The	size	principle

The	size	principle	is	the	observation	that	motor	units,	which	are	the	structures
that	govern	groups	of	muscle	fibers,	are	recruited	by	the	central	nervous	system
in	a	set	sequence,	with	larger	motor	units	being	recruited	to	meet	the	demands	of
more	demanding	tasks.

Motor	units	control	different	numbers	of	muscle	fibers	according	to	their	size,
and	different	motor	units	also	govern	muscle	fibers	with	different	properties.
Those	motor	units	that	are	recruited	first	in	sequence	govern	very	small	numbers
(dozens)	of	muscle	fibers	that	are	highly	oxidative,	while	the	motor	units	that	are
recruited	last	in	sequence	govern	very	large	numbers	(many	thousands)	of
muscle	fibers	that	are	much	less	oxidative.

Researchers	have	identified	that	motor	units	are	recruited	at	specific	recruitment
(force)	thresholds	during	maximal	isometric	contractions	in	an	unfatigued	state,
but	the	reality	is	that	they	are	recruited	in	response	to	increasing	levels	of	effort
in	any	contraction	type.	The	recruitment	threshold	of	a	motor	unit	is	the	level	of
force	that	a	muscle	produces	in	any	muscular	contraction	at	which	the	muscle
fibers	of	that	motor	unit	are	first	activated.	Motor	unit	recruitment	thresholds	can
differ	between	contraction	modes	(eccentric,	isometric,	and	concentric),	and	they
change	as	a	result	of	fatigue.	Even	so,	motor	units	are	always	recruited	in	the
same	order	of	size,	regardless	of	the	contraction	mode	or	any	other	factor,	and
the	low-threshold	motor	units	always	remain	switched	on	at	the	point	when	the
high-threshold	motor	units	are	recruited.

Consequently,	in	unfatigued	conditions,	low-threshold	motor	units,	which
govern	small	numbers	(dozens)	of	muscle	fibers,	are	recruited	to	undertake
muscular	contractions	involving	low	forces,	while	high-threshold	motor	units,
which	govern	large	numbers	(several	thousands)	of	muscle	fibers,	are	recruited
in	addition	to	the	already-recruited	low-threshold	motor	units	to	contribute	to
high	muscle	forces.	This	means	that	only	the	(small	numbers	of)	muscle	fibers



governed	by	low-threshold	motor	units	experience	any	mechanical	loading	at
low	forces,	while	the	muscle	fibers	of	both	low-	and	high-threshold	motor	units
experience	mechanical	loading	at	high	forces.

The	muscle	fibers	that	are	governed	by	high-threshold	motor	units	are	far	less
oxidative	than	those	that	are	governed	by	low-threshold	motor	units,	and	are	also
more	responsive	to	the	mechanical	stimulus	that	leads	to	hypertrophy.	This
greater	responsiveness	is	probably	due	to	the	inverse	relationship	between	the
oxidative	capacity	and	cross-sectional	area	of	single	muscle	fibers,	which	makes
it	difficult	for	the	highly	oxidative	(type	I	or	slow	twitch)	muscle	fibers	that	are
governed	by	the	low-threshold	motor	units	to	increase	in	size	without	becoming
dysfunctional.

The	exponentially	greater	number	of	muscle	fibers	that	are	controlled	by	the
high-threshold	motor	units,	and	their	greater	responsiveness	to	hypertrophy,
means	that	the	muscle	fibers	controlled	by	high-threshold	motor	units	grow	in
size	substantially	more	than	those	controlled	by	low-threshold	motor	units.	This
explains	why	repeated,	unfatiguing	contractions	at	low	force	levels	(e.g.	aerobic
exercise)	do	not	produce	very	much	hypertrophy,	while	repeated	contractions	at
higher	force	levels	(e.g.	strength	training)	does.

The	force-velocity	relationship

The	force-velocity	relationship	is	the	observation	that	muscle	fibers	produce
more	force	when	they	are	able	to	shorten	slowly,	compared	to	when	they	shorten
quickly.

Muscle	fibers	produce	more	force	when	they	shorten	slowly	because	slow
shortening	velocities	allow	a	greater	number	of	crossbridges	to	form	at	the	same
time	between	the	actin	and	myosin	myofilaments.	Slower	shortening	velocities
allow	the	crossbridges	to	remain	attached	for	longer,	after	they	are	initially
formed,	which	we	can	measure	as	a	slower	detachment	rate.

These	crossbridges	are	what	generates	force	within	each	muscle	fiber,	so	when
more	of	them	are	attached	at	the	same	time,	this	leads	to	greater	muscle	fiber



force	and	therefore	a	higher	level	of	mechanical	loading.	This	high	level	of
mechanical	loading	is	what	stimulates	muscle	growth.

Long-term	strength	training	studies	have	revealed	many	instances	in	which	the
force-velocity	relationship	can	explain	the	results	that	are	recorded,	while	the
size	principle	alone	cannot.

For	example,	heavy	squats	and	jump	squats	with	light	loads	both	typically
involve	high,	or	even	maximal	levels	of	motor	unit	recruitment.	This	means	that
all	of	the	muscle	fibers	in	the	muscle	are	activated	during	each	set	of	each
exercise,	including	those	high-threshold	motor	units	that	are	very	responsive	to	a
mechanical	loading	stimulus.	Yet	only	heavy	strength	training	programs	using
squats	lead	to	muscle	growth.	This	can	be	explained	using	the	force-velocity
relationship:	slower	muscle	fiber	shortening	velocities	lead	to	higher	forces
being	exerted	by	each	of	the	muscle	fibers	of	the	active,	high-threshold	motor
units,	which	triggers	those	fibers	to	increase	in	size.

The	length-tension	relationship

The	length-tension	relationship	is	the	observation	that	muscle	fibers	produce
more	force	at	certain	lengths,	compared	to	at	others.	This	relationship	is	a
composite	of	two	underlying,	separate	relationships:	the	active	length-tension
relationship	and	the	passive	length-tension	relationship.

Muscle	fibers	produce	more	force	when	they	are	lengthened	to	very	long
lengths,	because	of	the	passive	length-tension	relationship.	This	relationship	is
determined	by	the	elastic	properties	of	the	structural	elements	of	the	fiber,	such
as	the	cell	cytoskeleton,	large	molecules	including	titin,	and	the	surrounding
collagen	layer	of	the	fiber,	called	the	endomysium.

Muscle	fibers	also	produce	a	peak	in	force	when	they	contract	at	an	optimum
length,	because	of	the	active	length-tension	relationship.	This	relationship	is
determined	by	the	degree	of	overlap	between	the	actin	and	myosin
myofilaments.



When	the	muscle	fiber	is	forcibly	lengthened,	this	places	a	large	mechanical	load
on	its	passive	elements,	which	deforms	it	longitudinally.	This	stimulates	the	fiber
to	grow	in	a	way	that	meets	the	demand,	increasing	it	in	length.	When	the
muscle	fiber	produces	a	large	contractile	force	with	its	active	elements,	it	bulges
outwards	because	of	the	large	number	of	actin-myosin	crossbridges	that	form,
which	deforms	it	transversely.	This	stimulates	the	fiber	to	grow	in	a	way	that
meets	the	demand,	increasing	it	in	diameter.

Long-term	strength	training	studies	have	revealed	many	instances	in	which	the
length-tension	relationship	(or	at	least	the	presence	of	passive	elements
contributing	to	force	production)	can	explain	the	results	that	are	recorded.

For	example,	full	range	of	motion	training	causes	hypertrophy	while	increasing
fascicle	length	to	a	greater	extent,	while	partial	range	of	motion	training
predominantly	causes	increases	in	cross-sectional	area.	This	happens	because	the
full	range	of	motion	involves	stretching	the	muscle	fibers	to	a	greater	extent	than
the	partial	range	of	motion.	Similarly,	eccentric-only	and	concentric-only
strength	training	produce	similar	increases	in	muscle	volume,	but	eccentric-only
training	mainly	increases	fascicle	length,	while	concentric-only	training	mainly
increases	muscle	cross-sectional	area.	This	happens	because	eccentric-only
(lengthening)	contractions	involve	placing	a	greater	stress	on	the	passive
elements	of	the	muscle	fibers	throughout	the	whole	exercise	range	of	motion.

Fatigue

Although	most	people	think	of	fatigue	as	being	a	subjective	sensation,	it	is
actually	an	objective	measurement.	It	is	a	temporary	and	reversible	reduction	in
our	capacity	to	produce	voluntary	force	with	a	muscle,	as	a	result	of	a	previous
bout	of	exercise.	We	are	experiencing	fatigue	in	a	muscle	if	it	can	currently
produce	less	force	than	it	could	previously,	before	we	exercised	(whether	we	are
feeling	tired	or	not	is	largely	irrelevant).

Fatigue	in	every	set	of	strength	training	exercise	occurs	due	to	mechanisms	both
inside	the	central	nervous	system	(central	fatigue)	and	also	inside	the	muscle
(peripheral	fatigue).	Each	type	of	fatigue	affects	the	amount	of	mechanical



loading	that	muscle	fibers	experience,	in	conjunction	with	either	the	size
principle,	the	force-velocity	relationship,	or	the	length-tension	relationship.

Peripheral	fatigue	tends	to	increase	the	amount	of	mechanical	loading	that
muscle	fibers	experience,	thereby	allowing	strength	training	with	light	loads	to
cause	similar	hypertrophy	to	heavy	loads.

The	size	principle	 — 	peripheral	fatigue	changes	the	recruitment	(force)
threshold	of	motor	units,	although	this	does	not	affect	the	order	in	which	the
motor	units	are	recruited.	When	a	muscle	is	fatigued,	the	recruitment	(force)
threshold	reduces.	So	high-threshold	motor	units	are	recruited	at	lower	levels	of
force.	This	means	that	when	a	muscle	is	very	fatigued,	it	can	display	a	very	high
level	of	motor	unit	recruitment,	despite	only	producing	a	low	level	of	force.
Fatigue	therefore	contributes	to	hypertrophy	by	increasing	the	number	of	high-
threshold	motor	units	that	can	be	recruited	in	any	given	muscular	contraction
with	a	submaximal	load.

The	force-velocity	relationship	 — 	peripheral	fatigue	reduces	bar	speed,	by
reducing	the	contraction	velocity	of	muscle	fibers,	as	well	as	their	ability	to
produce	force.	While	it	is	hard	to	tell	whether	fatigue	allows	fatigued	muscle
fibers	to	increase	the	force	that	they	produce	at	the	slower	velocity,	it	certainly
causes	unfatigued	muscle	fibers	of	any	newly-recruited	motor	units	to	produce
greater	force,	and	therefore	experience	higher	levels	of	mechanical	tension
because	of	the	force-velocity	relationship.	Fatigue	therefore	contributes	to
hypertrophy	by	increasing	the	force	that	each	muscle	fiber	produces	during	a
submaximal	contraction	with	a	light	load,	by	reducing	the	speed	at	which	the
muscle	shortens.

The	length-tension	relationship	 —	 peripheral	fatigue	changes	the	maximum
amount	that	muscle	fibers	lengthen	during	a	lengthening	contraction,	by
reducing	their	ability	to	contribute	active	force.	This	leads	to	a	greater	amount	of
mechanical	loading	being	placed	upon	the	passive	elements	of	the	muscle	fibers
(which	facilitates	greater	muscle	fiber	elongation),	compared	to	in	unfatigued
muscle,	which	may	cause	greater	longitudinal	hypertrophy.

In	contrast,	central	fatigue	most	likely	has	negative	effects	on	mechanical
loading	experienced	by	the	muscle	fibers	of	high-threshold	motor	units,	since	it
prevents	full	motor	unit	recruitment	being	reached.



When	there	is	central	fatigue,	we	can	reach	muscular	failure	in	a	set	without
stimulating	the	muscle	fibers	that	are	controlled	by	high-threshold	motor	units.
The	amount	of	central	fatigue	that	is	present	at	the	end	of	a	set	depends	on
several	factors,	but	it	is	increased	by	greater	aerobic	demand	and	afferent
feedback.	This	explains	why	strength	training	with	shorter	rests	or	with	very
light	loads	are	less	effective	tactics	for	muscle	growth.	It	also	explains	why
exercises	placed	later	in	a	workout	lead	to	less	hypertrophy	than	those	that	are
placed	earlier	in	a	workout.

What	is	the	takeaway?

Hypertrophy	is	the	result	of	individual	muscle	fibers	experiencing	mechanical
loading	and	subsequently	increasing	in	volume.	The	size	and	the	type	of	the
mechanical	load	that	muscle	fibers	experience	is	determined	by	basic	muscle
physiology,	including	the	size	principle,	the	force-velocity	relationship,	the
length-tension	relationship,	and	fatigue.	Consequently,	by	looking	at	how	basic
muscle	physiology	affects	mechanical	loading	during	different	types	of	strength
training,	it	is	possible	to	explain	the	results	of	most	long-term	training	studies.



BASIC	CONCEPTS	OF
HYPERTROPHY	TRAINING



WHAT	IS	TRAINING	VOLUME?



Strength	training	volume	is	a	key	determinant	of	the	amount	of	muscle	growth
that	happens	after	a	sequence	of	workouts.	However,	exactly	how	we	should	best
measure	volume	is	unclear.	Common	methods	of	measuring	training	volume
include	counting	the	number	of	sets	to	failure	or	the	volume	load	(sets	x	reps	x
weight),	although	many	other	approaches	have	been	used	by	researchers.

Even	so,	none	of	these	current	methods	of	measuring	volume	may	be	ideal,
because	they	do	not	accurately	record	the	volume	of	the	mechanical	stimulus
that	triggers	muscle	growth.

The	mechanical	stimulus	that	triggers	muscle	growth	is	the	duration	of	time	for
which	the	muscle	fibers	controlled	by	high	threshold	motor	units	are	activated
and	shorten	slowly.	Contractions	that	involve	faster	movement	speeds,	or	which
do	not	activate	these	particular	fibers,	do	not	stimulate	much	hypertrophy.	Sets
of	light	or	moderate	loads	must	therefore	include	some	reps	that	cannot	provide
any	stimulus	at	all.	Despite	this,	most	of	our	current	methods	for	measuring
volume	will	record	them	as	part	of	the	total.

When	measuring	volume	for	bodybuilding,	it	would	be	best	if	we	only	counted
those	reps	that	activate	high-threshold	motor	units	while	bar	speed	is	slow,	and
which	therefore	stimulate	muscle	fiber	growth.

Let	me	explain.

What	is	the	mechanical	loading	stimulus?

Hypertrophy	is	the	result	of	single	muscle	fibers	increasing	in	volume,	usually
by	an	increase	in	their	diameter,	but	also	by	increases	in	length.	Single	muscle
fibers	are	stimulated	to	grow	once	they	have	detected	mechanical	loading	or
deformation	with	receptors	located	on	their	cell	membranes,	called
mechanoreceptors.

The	mechanical	loading	experienced	by	the	whole	muscle	is	therefore
completely	irrelevant	for	stimulating	hypertrophy,	because	the	whole	muscle	has



no	means	of	detecting	this	tension.	The	only	thing	that	matters	is	the	mechanical
tension	produced	and	detected	by	each	muscle	fiber.

The	mechanical	tension	detected	by	a	muscle	fiber	is	determined	by	(1)	whether
the	fiber	is	activated,	and	(2)	the	speed	at	which	the	muscle	fiber	shortens,
because	of	the	force-velocity	relationship.	According	to	the	force-velocity
relationship,	slower	shortening	velocities	allow	greater	tension	to	be	exerted.
These	two	factors	are	affected	by	the	size	of	the	external	load	used,	and	the
degree	of	fatigue	experienced.

Let’s	look	at	each	of	those	two	factors	more	closely.

#1.	Muscle	fiber	activation

Muscle	fibers	are	activated	when	the	motor	units	that	control	them	are	recruited.
Motor	units	are	recruited	in	size	order,	with	low-threshold	motor	units	being
recruited	earlier	than	high-threshold	motor	units.	Higher	degrees	of	motor	unit
recruitment	therefore	increase	the	number	of	fibers	that	are	activated.	However,
there	is	more	to	this	story,	for	two	reasons.

Firstly,	the	number	of	activated	fibers	increases	*exponentially*	as	motor	unit
recruitment	increases.	This	means	that	a	relatively	small	number	of	high-
threshold	motor	units	typically	control	about	half	the	fibers	in	a	muscle.	Failing
to	recruit	the	high-threshold	motor	units	therefore	leaves	a	huge	proportion	of
the	muscle	fibers	in	a	muscle	unstimulated.

Secondly,	the	muscle	fibers	that	are	controlled	by	low-threshold	motor	units	are
less	able	to	increase	in	size,	partly	because	of	their	more	oxidative	nature,	and
partly	because	they	are	stimulated	in	everyday	life.	Stimulating	them	for	a	few
dozen	reps	in	a	strength	training	workout	pales	into	comparison	with	their	usage
in	everyday	life	or	during	aerobic	exercise	(and	as	far	as	these	particular	muscle
fibers	can	detect,	these	activities	are	identical).

For	both	of	these	reasons,	it	is	mainly	the	muscle	fibers	controlled	by	the	high-
threshold	motor	units	that	grow	after	strength	training.	However,	this	does	not
mean	that	only	type	II	fibers	increase	in	size.	The	muscle	fibers	controlled	by



high-threshold	motor	units	govern	a	range	of	type	I,	IIA,	and	IIX	fibers,	because
most	of	the	motor	units	in	a	muscle	control	type	I	fibers.	Only	the	very	highest-
threshold	motor	units	govern	solely	type	II	fibers.

So	how	does	this	work	in	practice?

Heavy	loads,	and	either	moderate	or	light	loads	under	fatiguing	conditions,	can
be	used	to	reach	high	levels	of	motor	unit	recruitment	during	strength	training,
because	of	the	size	principle,	which	states	that	motor	units	are	recruited	in	size
order	in	response	to	increasing	levels	of	effort.	In	the	case	of	heavy	loads,	high
threshold	motor	units	are	recruited	from	the	beginning	of	a	set	because	the	size
of	the	weight	means	that	all	the	fibers	of	the	muscle	need	to	exert	force	in	order
to	lift	it.	In	the	case	of	moderate	or	light	loads	under	fatiguing	conditions,	high
threshold	motor	units	are	recruited	to	compensate	for	the	reduced	force	produced
by	each	of	the	fibers	controlled	by	the	lower	threshold	motor	units,	as	fatigue
increases.

#2.	Muscle	fiber	shortening	velocity

The	muscle	fibers	inside	a	muscle	will	not	grow	if	they	do	not	experience
sufficient	mechanical	tension,	even	if	they	have	been	activated.	Moreover,	this
tension	can	only	be	produced	by	the	muscle	fibers	themselves,	it	cannot	be
imposed	upon	them	from	outside	the	muscle.	To	produce	a	sufficiently	high	level
of	tension,	muscle	fibers	*must*	shorten	slowly	(strictly	speaking,	they	can	also
remain	a	constant	length,	or	lengthen).	We	know	this	because	high-velocity
movements	like	jumping	involve	very	high	levels	of	motor	unit	recruitment	but
fail	to	trigger	muscle	growth.

The	amount	of	tension	that	muscle	fibers	exert	is	dependent	upon	their
contraction	velocity,	because	contraction	velocity	determines	the	number	of
simultaneously	attached	actin-myosin	crossbridges	and	this	is	what	determines
the	force	exerted	by	the	fiber.	We	know	this	because	researchers	have	found	that
if	they	experimentally	increase	the	force	produced	by	a	single	muscle	fiber,	the
number	of	attached	crossbridges	increases.	Conversely,	when	they
experimentally	increase	the	contraction	velocity	of	the	fiber,	the	number	of



attached	crossbridges	decreases.	This	happens	because	the	detachment	rate	of
the	crossbridges	at	the	end	of	their	working	stroke	increases	at	faster	contraction
velocities.	When	the	crossbridges	detach	at	a	faster	rate,	this	reduces	the	number
of	simultaneously	attached	actin-myosin	crossbridges.

So	how	does	this	work	in	practice?

Heavy	loads,	and	either	moderate	or	light	loads	under	fatiguing	conditions	can
be	used	to	produce	slow	fiber	shortening	velocities	during	strength	training.	In
the	case	of	heavy	loads,	slow	speeds	are	used	from	the	beginning	of	a	set
because	the	size	of	the	weight	means	that	the	fibers	of	the	muscle	must	shorten
slowly	in	order	to	lift	it.	In	the	case	of	moderate	or	light	loads	under	fatiguing
conditions,	the	contraction	speed	of	the	muscle	fibers	gradually	reduces	as
fatigue	increases.

How	do	we	know	that	there	is	a	dose-response	effect	of	the
mechanical	loading	stimulus?

Many	studies	have	shown	that	there	is	a	dose-response	effect	of	strength	training
with	increasing	volumes,	where	volume	is	traditionally	defined	as	the	number	of
sets	per	muscle	group	in	a	week.

This	dose-response	relationship	is	not	linear,	but	is	likely	to	be	a	curve,	with	the
greatest	increases	in	the	hypertrophic	effect	occurring	when	volumes	are
increased	from	low-to-moderate	levels,	and	much	smaller	increases	occurring
when	volumes	are	increased	from	moderate-to-high	levels.

However,	muscles	grow	when	single	muscle	fibers	are	stimulated	to	increase	in
size	by	mechanical	tension,	and	the	loading	experienced	by	whole	muscles	may
not	reflect	the	true	stimulus.	If	the	level	of	motor	unit	recruitment	is	not
sufficiently	high,	or	the	contraction	velocity	of	the	fiber	is	not	slow	enough,	then
a	rep	will	not	produce	a	hypertrophic	stimulus.

So	how	do	we	know	that	there	is	a	dose-response	relationship	between	volume
and	hypertrophy	when	considering	the	mechanical	stimulus	on	each	individual
muscle	fiber?



We	know	this	because	research	has	shown	that	activating	high-threshold	motor
units	while	their	muscle	fibers	shorten	slowly	does	not	trigger	muscle	growth	to
occur	if	the	stimulus	happens	only	a	small	number	of	times	in	a	workout.	Doing
one	repetition-maximum	(1RM)	tests	on	a	daily	basis	for	21	days	fails	to	trigger
muscle	growth,	but	doing	1RM	tests	in	addition	to	training	with	multiple	sets	of
a	moderate	load	does	cause	hypertrophy.	A	1RM	effort	certainly	involves	full
motor	unit	recruitment,	and	also	involves	a	slow	contraction	velocity.	Clearly,
for	hypertrophy	to	occur	requires	more	than	a	few	reps	of	this	mechanical
loading	stimulus	in	a	single	workout.

How	can	we	measure	the	volume	of	this	mechanical	loading
stimulus?

We	can	measure	the	volume	of	the	mechanical	stimulus	to	the	single	muscle
fibers	by	recording	only	the	number	of	reps	performed	at	a	high	level	of	motor
unit	recruitment	and	at	a	slow	contraction	velocity.	We	can	call	the	reps	that
provide	this	mechanical	stimulus	to	single	muscle	fibers	“stimulating	reps.”

Heavy	loads	(1–5RM),	which	correspond	to	>85%	of	1RM,	typically	involve
full	motor	unit	recruitment	for	all	of	the	reps	in	a	set,	and	also	involve	moving
with	a	slow	speed.	Therefore,	we	might	expect	all	of	the	reps	of	these	sets	to
count	as	“stimulating	reps.”

In	contrast,	moderate	(6–15RM)	and	light	(15RM+)	do	not	involve	full	motor
unit	recruitment	on	all	of	the	reps	in	a	set.	Also,	so	long	as	we	move	with
maximal	intent,	the	muscle	fibers	do	not	shorten	at	a	slow	speed.	Rather,	levels
of	motor	unit	recruitment	increase	gradually	as	the	set	progresses,	while	bar
speed	reduces	progressively	because	of	fatigue.	In	fact,	the	bar	speed	reached	on
the	final	rep	of	a	set	to	muscular	failure	with	*any*	load	is	the	same	as	the	bar
speed	achieved	in	a	1RM	effort.	Therefore,	we	might	expect	only	the	final	reps
of	sets	with	moderate	and	light	loads	to	count	as	“stimulating	reps,”	while	the
earlier	reps	will	not.

One	other	thing	that	is	important	to	bear	in	mind	is	that	because	of	the	curved
dose-response	relationship	between	training	volume	and	hypertrophy,	we	should



expect	the	effect	of	increasing	numbers	of	stimulating	reps	to	increase	rapidly
from	low-to-moderate	numbers,	but	to	increase	far	less	from	moderate-to-high
numbers.

How	many	stimulating	reps	does	a	set	involve?

For	the	sake	of	creating	a	model,	let	us	say	that	only	reps	that	correspond	to	(1)
the	level	of	motor	unit	recruitment,	and	(2)	the	bar	speed	used	when	training
with	heavy	loads	(1 — 5RM),	can	trigger	muscle	growth.	In	practice,	the	number
could	be	lower	(1 — 4RM)	or	higher	(1 — 6RM),	and	it	might	differ	slightly
between	muscles	and	between	individuals.

In	this	model,	when	using	moderate	or	light	loads	(which	are	lighter	than	5RM),
the	earlier	reps	provide	no	stimulus.	Only	the	final	5	reps	of	a	set	are	stimulating,
as	fatigue	builds	up.

This	model	produces	two	predictions	for	how	the	load	used	in	a	set	should	affect
muscle	growth.

Firstly,	we	should	expect	that	when	using	heavy	loads	(1 — 5RM),	the
stimulating	volume	will	increase	with	increasing	repetition	maximum,	even
when	the	number	of	sets	is	the	equated.	Specifically,	training	using	3	sets	of
1RM	should	stimulate	little	muscle	growth,	because	it	involves	just	3	stimulating
reps.	In	contrast,	training	with	3	sets	of	3RM	should	produce	a	moderate	amount
of	muscle	growth,	because	it	involves	9	stimulating	reps.	Moreover,	the	amount
of	hypertrophy	caused	by	training	with	3	sets	of	3RM	should	be	less	than	with	3
sets	of	5 — 15RM,	because	these	programs	involve	15	stimulating	reps.	Finally,
doing	at	least	5	sets	of	3RM	should	compensate	for	using	3RM	loads,	because
this	approach	involves	>15	stimulating	reps.	This	is	pretty	much	what	the
research	shows	us.

Secondly,	we	should	find	that	when	using	moderate	(6 — 15RM)	or	light
(15RM+)	loads,	the	number	of	stimulating	reps	does	not	change	with	increasing



repetition	maximum,	even	though	volume	(sets	x	reps)	and	volume	load	(sets	x
reps	x	weight)	change.	Training	using	3	sets	of	10RM	and	training	using	3	sets
of	25RM	should	produce	the	same	amount	of	muscle	growth,	because	they	all
involve	15	stimulating	reps.	Again,	this	is	exactly	what	the	research	shows	us.

As	an	aside,	it	is	noteworthy	that	the	difference	in	hypertrophy	between	numbers
of	stimulating	reps	is	large	when	the	numbers	of	reps	are	small	(from	3	to	9
reps),	moderate	when	the	numbers	of	reps	are	moderate	(from	9	to	15	reps),	and
non-existent	when	the	numbers	of	reps	are	large	(from	15	to	21	reps).	This
agrees	with	the	decreasing	dose-response	effect	with	increasing	volume.

What	does	this	mean	in	practice?

This	model	sheds	some	light	on	why	certain	groups	of	trainees	tend	to	gravitate
towards	particular	training	programs.

Firstly,	it	explains	why	few	bodybuilders	use	heavy	(1 — 5RM)	loads.	It	becomes
progressively	harder	to	achieve	a	sufficiently	high	number	of	stimulating	reps	in
a	workout,	the	further	from	5RM	that	you	go.	When	equating	the	number	of
stimulating	reps,	training	programs	involving	15	x	1RM,	8	x	2RM,	5	x	3RM,	4	x
4RM,	and	3	x	5 — 15RM	should	all	lead	to	similar	muscle	growth.	Needless	to
say,	3	x	5 — 15RM	is	much	easier	to	fit	into	in	a	workout	than	15	x	1RM.

Secondly,	it	explains	why	the	3	x	5RM	model	is	one	of	the	most	popular	training
methods	for	increasing	maximum	strength	at	the	same	time	as	increasing	muscle
mass,	because	5RM	is	the	heaviest	load	you	can	use	while	also	maximizing	the
hypertrophic	impact	of	each	set	(assuming	you	train	to	failure).

Thirdly,	it	explains	why	training	with	light	loads	has	never	really	caught	on	as	a
popular	training	method,	unless	training	to	enhance	muscular	endurance	as	a
strategy	to	increase	volume	load.	The	first	25	reps	of	a	30RM	set	are	just
bringing	about	the	fatigue	necessary	for	the	last	5	stimulating	reps	to	occur,	and
probably	do	not	contribute	in	a	meaningful	way	to	hypertrophy.



What	is	the	takeaway?

When	training	for	muscle	growth,	the	best	way	to	measure	volume	is	to	count
only	those	reps	that	involve	the	recruitment	of	high-threshold	motor	units	while
bar	speed	is	slow.	We	can	refer	to	these	as	“stimulating	reps.”	We	do	not	yet
know	exactly	how	many	reps	in	each	set	to	failure	involve	the	activation	of	high-
threshold	motor	units	while	bar	speed	is	slow,	but	it	is	likely	to	be	approximately
5	reps,	because	5RM	is	the	boundary	between	heavy	and	moderate	loads.

When	lifting	loads	heavier	than	5RM,	extra	sets	will	need	to	be	done	to
compensate	for	the	smaller	number	of	stimulating	reps	per	set.	When	lifting
loads	lighter	than	5RM,	the	same	number	of	sets	to	failure	will	cause	similar
muscle	growth,	regardless	of	the	weight	or	volume	load.



HOW	DOES	TRAINING	VOLUME	DIFFER
BETWEEN	TRAINING	TO	FAILURE,
AVOIDING	FAILURE,	AND	USING
ADVANCED	TECHNIQUES?



Muscle	growth	happens	through	an	increase	in	the	volume	of	individual	muscle
fibers.	Individual	fibers	increase	in	size	after	they	have	detected	a	certain	level	of
mechanical	tension,	which	they	themselves	create.	This	level	of	mechanical
tension	is	produced	when	a	fiber	is	activated	and	shortens	slowly,	because	the
active	force-velocity	relationship	is	the	main	determinant	of	its	ability	to	exert
force.

The	fibers	inside	a	muscle	are	activated	by	motor	units,	but	the	number	of	fibers
controlled	by	each	motor	unit	varies	widely.	Low-threshold	motor	units	control
small	numbers	of	unresponsive	fibers,	which	do	not	grow	very	much	after
training.	High-threshold	motor	units	control	larger	numbers	of	responsive	fibers,
which	grow	substantially	after	training.

Therefore,	the	strength	training	stimulus	that	triggers	hypertrophy	is	the	length
of	time	for	which	the	fibers	controlled	by	high-threshold	motor	units	are
activated	and	shorten	slowly.	Contractions	at	faster	movement	speeds,	or	those
which	do	not	activate	the	fibers	controlled	by	high-threshold	motor	units,	do	not
stimulate	much	hypertrophy.

This	affects	how	we	measure	training	volume,	because	some	reps	in	a	set	will
contribute	to	muscle	growth,	while	others	will	not.

In	the	previous	chapter,	I	proposed	that	when	training	for	hypertrophy,	we	should
only	count	reps	that	recruit	high-threshold	motor	units	while	bar	speed	is	slow.
We	can	call	these	the	“stimulating	reps”	because	they	are	the	only	ones	that	can
contribute	to	muscle	growth.	In	this	chapter,	I	explain	how	training	volume
differs	between	training	to	failure,	avoiding	failure,	and	using	advanced
techniques.

How	should	we	measure	training	volume	when	training	to	failure?

When	building	a	model	in	the	previous	chapter,	I	assumed	that	muscle	growth	is
triggered	by	reps	that	correspond	to	(1)	the	level	of	motor	unit	recruitment,	and
(2)	the	bar	speed	used	when	training	with	heavy	loads	(1–5RM).	In	this	model,
when	training	to	failure	with	loads	that	are	lighter	than	5RM,	the	earlier	reps



provide	little	or	no	stimulus.	Only	the	final	5	reps	of	a	set	are	stimulating,	as
fatigue	builds	up.

This	assumption	depends	on	the	level	of	motor	unit	recruitment	and	bar	speed
achieved	with	a	5RM	load.	The	true	number	of	reps	may	be	higher	or	lower	than
5,	and	probably	differs	between	individuals	and	between	muscle	groups.

Each	set	of	reps	to	failure	with	a	load	lighter	than	or	equal	to	5RM	involves	5
stimulating	reps	per	set.	Loads	that	are	heavier	than	5RM	(1–4RM)	involve
fewer	stimulating	reps	per	set,	which	is	why	more	sets	need	to	be	done	with
heavier	weights,	than	with	either	moderate	or	light	weights,	to	produce	the	same
amount	of	hypertrophy.

How	should	we	measure	training	volume	when	avoiding	failure?

Many	people	do	not	perform	every	set	to	failure,	and	stop	a	number	of	reps	short
of	failure	on	at	least	some	sets.	In	practice,	the	best	way	to	track	proximity	to
failure	is	to	record	the	number	of	repetitions	in	reserve.

One	repetition	in	reserve	(1RIR)	means	stopping	one	rep	before	failure,	two
repetitions	in	reserve	(2RIR)	means	stopping	two	reps	before	failure,	and	so	on.
Importantly,	the	number	of	repetitions	in	reserve	affects	the	number	of
stimulating	reps	per	set.

For	loads	equal	to	or	lighter	than	5RM,	the	number	of	stimulating	reps	is	always
4	reps,	which	corresponds	to	5	reps	less	1RIR.	For	loads	heavier	than	5RM,
there	is	a	progressive	reduction	in	the	number	of	stimulating	reps,	and	1RM
cannot	be	performed	at	all.	When	doing	multiple	sets,	if	we	want	to	achieve	the
same	number	of	stimulating	reps	while	avoiding	failure,	we	may	need	to	do	an
additional	set.

For	example,	when	performing	3	sets	to	failure,	the	number	of	stimulating	reps
is	3	x	5	=	15	reps.	When	doing	3	sets	with	one	rep	in	reserve,	the	number	of
stimulating	reps	is	3	x	4	=	12	reps,	but	by	adding	an	extra	set,	we	can	more-or-
less	equate	the	number	of	stimulating	reps	(4	x	4	=	16	reps).



The	further	away	from	failure	we	train,	the	more	additional	sets	we	will	need	to
do,	to	equate	the	number	of	stimulating	reps.

For	example,	when	performing	3	sets	to	failure,	the	number	of	stimulating	reps
is	3	x	5	=	15	reps.	However,	when	doing	3	sets	with	2RIR,	the	number	of
stimulating	reps	is	3	x	3=	9	reps,	and	we	need	to	do	2	additional	sets	to	equate
the	number	of	stimulating	reps	(5	x	3=	15	reps).

How	should	we	measure	training	volume	when	doing	straight
sets?

Straight	sets	involve	multiple	sets	of	the	same	number	of	reps	in	each	set,	with
the	same	weight.	Early	sets	involve	training	while	a	long	way	from	failure,	while
the	final	set	usually	involves	going	to	failure.	Obviously,	this	means	that	the
number	of	reps	in	reserve	in	each	set	decreases	from	one	set	to	the	next.	This
*can*	affect	the	number	of	stimulating	reps	in	each	set,	depending	on	whether
loads	that	are	heavier	or	lighter	than	5RM	are	used.

When	using	heavy	loads	that	are	equal	to	or	heavier	than	5RM,	the	total	number
of	reps	is	equal	to	the	number	of	stimulating	reps.	When	using	moderate	loads,
however,	things	are	very	different.	When	using	loads	that	are	lighter	than	5RM,
we	need	to	use	the	repetitions	in	reserve	calculation	to	identify	how	many	reps	of
each	set	can	be	counted	as	stimulating	reps.

For	example,	research	has	shown	that	when	doing	5	sets	of	10	reps	with	70%	of
1RM	with	the	bench	press	exercise,	the	first	two	sets	provide	no	hypertrophic
stimulus,	and	there	are	10	stimulating	reps	across	the	remaining	3	sets	(2	+	3	+
5).	Despite	involving	a	larger	number	of	reps,	the	hypertrophic	stimulus	is	two
thirds	of	the	one	provided	by	3	sets	of	5	to	failure	(15	stimulating	reps).

Therefore,	although	straight	set	methods	like	5	sets	of	10	reps	are	intended	to	be
“high	volume”	programs,	they	probably	provide	a	smaller	hypertrophic	stimulus
than	programs	that	involve	3	sets	of	5	reps	to	failure.



How	should	we	measure	training	volume	when	using	advanced
techniques?

Two	common	advanced	techniques	that	have	been	researched	in	relation	to
hypertrophy	are	drop	sets	and	rest	pause.

#1.	Drop	sets

Drop	sets	involve	doing	an	initial	set	to	failure,	after	which	the	weight	is	reduced
(by	approximately	20%)	and	an	additional	“drop	set”	is	immediately	performed
to	failure,	taking	as	little	rest	as	possible.	As	many	“drop	sets”	can	be	done	as
desired,	simply	by	reducing	the	load	after	each	one.

Some	research	has	suggested	that	drop	sets	may	produce	greater	muscle	growth
than	a	similar	number	of	conventional	sets,	when	training	to	failure.	However,
not	all	studies	have	found	this	beneficial	effect.

Why	drop	sets	might	be	able	to	outperform	multiple	sets	to	failure	is	unclear.
Smaller	gains	in	muscle	size	occur	when	short	rests	are	taken	between	sets
(because	of	a	reduced	muscle	protein	synthesis	response),	and	multiple	sets	to
failure	with	short	rests	are	very	similar	in	nature	to	drop	sets,	except	they	do	not
involve	reducing	the	weight.	Exactly	how	reducing	the	weight	from	one	set	to
the	next	might	have	such	a	large	effect	on	the	resulting	muscle	growth	is	difficult
to	understand.

In	any	event,	in	this	model	of	training	volume,	when	each	drop	set	allows	at	least
5	reps	to	be	done,	then	drop	sets	are	essentially	equivalent	to	doing	multiple	sets
to	failure.	In	practice,	this	means	that	drop	sets	allow	a	large	number	of
stimulating	reps	to	be	performed	very	quickly,	making	them	a	very	efficient	use
of	workout	time.

#2.	Rest	pause



Rest	pause	involves	a	very	similar	approach	to	drop	sets,	but	involves	keeping
the	weight	the	same.

Some	research	suggests	that	rest	pause	may	produce	superior	hypertrophy	to
standard,	multiple	sets,	but	such	studies	have	not	equated	the	number	of
stimulating	reps,	because	the	standard	sets	are	not	performed	to	failure.

Common	rest	pause	workouts	involve	an	initial	set	performed	to	failure	with	a
moderate	weight,	after	which	short	rest	periods	are	taken	(10–20	seconds)	before
additional	sets	are	performed	to	failure	with	the	same	weight.

Unlike	drop	sets,	which	can	involve	similar	numbers	of	reps	on	the	initial	set	and
on	the	“drop	sets,”	rest	pause	involves	far	fewer	reps	in	the	later	sets	than	in	the
initial	set,	since	the	weight	remains	the	same.	In	practice,	it	is	usual	that	fewer
than	5	reps	are	performed	after	each	pause.

How	do	each	of	these	training	methods	compare?

In	this	model,	any	training	method	that	uses	the	same	number	of	stimulating	reps
should	lead	to	similar	muscle	growth.	However,	this	does	not	mean	that	each
training	method	has	exactly	the	same	effect.

Training	to	failure	leads	to	greater	muscle	damage,	which	increases	the	time
required	to	recover	before	the	muscle	can	be	trained	again.	Similarly,	training
using	larger	numbers	of	reps	also	tends	to	increase	muscle	damage,	which
increases	the	time	required	to	recover.	Also,	as	we	will	find	later	in	the	book,
there	are	negative	effects	of	using	shorter	rests.

Minimizing	the	number	of	times	reaching	failure,	minimizing	the	total	number
of	reps	(relative	to	stimulating	reps),	and	avoiding	short	rests	are	therefore
important	variables	to	consider	when	programming	for	hypertrophy,	because
they	allow	a	higher	training	frequency	for	each	muscle	group.

For	example,	if	we	want	to	reach	15	stimulating	reps	using	a	moderate	load	that
allows	10	reps	to	be	used	in	each	main	set	(or	drop	set),	then	this	can	be	done	in
any	of	the	following	ways:



1	rest-pause	set	(5+3+2+2+2+1)	=	fails	6	times	(20	total	reps)

3	sets	to	failure	=	fails	3	times	(30	total	reps)

1	set	to	failure	plus	2	drop	sets	=	fails	3	times	(30	total	reps)

5	straight	sets	(5RIR,	3RIR,	2RIR,	1RIR,	0RIR)	=	fails	once	(50	total	reps)

4	sets	with	1RIR	=	does	not	reach	failure	(40	total	reps)

5	sets	with	2RIR	=	does	not	reach	failure	(50	total	reps)

At	one	end	of	the	spectrum,	there	is	rest	pause,	which	involves	reaching	failure	6
times	per	exercise	with	short	rest	periods,	but	requires	the	least	total	volume	(20
reps).	Obviously,	the	exact	number	of	times	that	failure	is	reached	depends	on
the	duration	of	the	rest	periods.	At	the	other	end,	there	is	5	sets	with	2RIR,
which	does	not	involve	reaching	failure	or	using	short	rests,	but	requires	50	reps
to	reach	our	requirement	of	15	stimulating	reps.

However,	it	is	probably	not	a	great	idea	to	train	to	failure	quite	so	many	times
(especially	with	short	rest	periods),	nor	do	so	many	non-stimulating	reps.	In	the
middle,	there	are	3	sets	to	failure,	which	involves	training	to	failure	3	times	per
exercise	and	30	total	reps,	and	4	sets	with	1RIR,	which	does	not	involve
reaching	failure,	and	requires	40	total	reps.

Assuming	you	want	to	use	moderate	loads,	as	most	bodybuilders	do,	which	of
these	options	you	choose	is	probably	going	to	be	personal	preference,	although
the	need	to	achieve	progressive	overload	is	also	important	to	consider,	and	this	is
easier	to	do	on	some	programs	than	on	others.

What	is	the	takeaway?



When	training	for	muscle	growth,	the	best	way	to	measure	volume	is	to	count
only	“stimulating	reps”	that	involve	the	recruitment	of	high-threshold	motor
units	while	bar	speed	is	slow.

Stopping	short	of	failure	reduces	the	number	of	stimulating	reps	per	set.	When
training	with	1–2	repetitions	in	reserve,	we	need	to	do	extra	sets	compared	to
when	training	to	failure.	Moreover,	the	more	repetitions	in	reserve	we	leave	on
each	set,	the	more	additional	sets	we	need	to	do.

When	training	with	moderate	loads	and	straight	sets,	which	use	the	same	load	for
the	same	number	of	reps	across	multiple	sets,	the	number	of	stimulating	reps	is
much	lower	than	the	number	of	total	reps,	because	the	early	sets	are	too	far	from
failure	to	be	counted.	Such	programs	provide	little	stimulating	volume,	despite
being	classified	as	“high	volume”	approaches.

We	can	compare	the	effectiveness	of	different	approaches,	including	advanced
techniques,	by	assessing	their	capacity	for	producing	muscle	damage,	compared
with	their	stimulating	effect	on	muscle	growth.	Features	that	enhance	muscle
damage	are	higher	numbers	of	total	reps,	more	frequent	training	to	failure,	and
shorter	rest	periods.



WHAT	IS	TIME	UNDER	TENSION?



Time	under	tension	is	one	of	the	most	commonly	discussed	concepts	in	the
science	of	hypertrophy,	and	yet	it	remains	poorly	understood.

Technically,	time	under	tension	should	be	a	good	measure	of	the	dosage	of	the
hypertrophic	stimulus	provided	by	a	workout.	Unfortunately,	researchers	have	as
yet	been	unable	to	connect	time	under	tension	with	the	amount	of	muscle	growth
that	results,	under	all	circumstances.

Indeed,	there	are	many	conflicting	reports	in	the	literature,	some	of	which
suggest	that	time	under	tension	is	closely	linked	to	the	amount	of	muscle	growth
that	occurs	after	strength	training,	while	others	suggest	it	is	not.

Research	has	reported	a	dose-response	relationship	between	training	volume	and
hypertrophy,	but	no	such	relationship	between	lifting	(concentric	phase)	tempo
and	muscle	growth,	despite	tempo	being	a	very	effective	way	for	increasing	the
duration	of	time	spent	performing	a	set	of	a	strength	training	exercise.

In	my	view,	this	confusion	arises	because	we	have	traditionally	not	defined
which	muscle	fibers	are	being	subjected	to	tension,	nor	have	we	defined	the	level
of	tension	that	must	be	experienced.	Indeed,	when	all	muscle	fibers	are
activated,	and	the	tension	is	high,	time	under	tension	can	be	linked	to	the
hypertrophy	that	results	from	training.	If	we	fix	these	problems	with	our
definition	of	time	under	tension,	I	believe	that	these	inconsistencies	mostly
disappear.

Let	me	explain.

What	stimulates	hypertrophy?

Hypertrophy	is	mainly	the	result	of	single	muscle	fibers	inside	a	muscle
increasing	in	volume.	Single	muscle	fibers	grow	once	they	are	subjected	to	a
mechanical	loading	stimulus.

Some	researchers	have	suggested	that	hypertrophy	might	also	be	triggered	by
metabolic	stress	or	muscle	damage,	but	these	hypotheses	are	not	necessary	to



explain	the	current	research	literature.	Mechanical	loading	can	account	for	all	of
the	results	that	have	been	reported	to	date.

The	mechanical	loading	stimulus	that	causes	an	individual	muscle	fiber	to
increase	in	volume	is	the	force	exerted	by	the	fiber	itself.	This	force	needs	to	be
above	a	certain	threshold,	because	forces	that	are	too	low	do	not	trigger
hypertrophy.

To	achieve	this	high	force,	a	fiber	needs	to	contract	actively	at	a	slow	speed,
because	the	shortening	speed	of	a	fiber	is	the	main	determinant	of	the	force	it
produces.	This	is	known	as	the	force-velocity	relationship.	Slow	shortening
speeds	are	produced	when	muscles	contract	either	against	heavy	loads	or	under
fatiguing	conditions.

Slow	fiber	shortening	speeds	allow	greater	forces	because	they	involve	more
simultaneously	attached	actin-myosin	crossbridges,	and	it	is	the	attached	actin-
myosin	crossbridges	that	produce	force.

Indeed,	researchers	have	found	that	if	they	experimentally	increase	the	force
produced	by	a	single	muscle	fiber,	the	number	of	its	attached	crossbridges
increases.	Conversely,	when	they	experimentally	increase	the	contraction
velocity	of	the	muscle	fiber,	the	number	of	attached	crossbridges	decreases.
When	a	fiber	shortens	more	slowly,	each	of	its	crossbridges	can	remain	attached
for	longer,	increasing	the	amount	of	force	it	can	exert.

However,	muscles	contain	many	thousands	of	fibers,	organized	into	groups	of
motor	units.	There	are	hundreds	of	motor	units	in	each	muscle	and	they	are
recruited	in	order	of	size,	from	small,	low-threshold	motor	units	to	large,	high-
threshold	motor	units.

Low-threshold	motor	units	govern	small	numbers	(dozens)	of	comparatively
unresponsive	muscle	fibers,	which	do	not	grow	very	much	after	being	subjected
to	a	mechanical	loading	stimulus.	High-threshold	motor	units	govern	large
numbers	(thousands)	of	highly	responsive	muscle	fibers,	which	grow
substantially	after	being	subjected	to	a	mechanical	loading	stimulus.	Such	motor



units	might	control	both	slow	twitch	and	fast	twitch	fibers,	or	only	fast	twitch
fibers,	depending	on	the	fiber	proportions	of	the	muscle.

Only	those	contractions	that	involve	the	recruitment	of	high-threshold	motor
units	while	muscle	fibers	are	shortening	slowly	will	stimulate	meaningful
amounts	of	hypertrophy.	The	recruitment	of	low-threshold	motor	units	does	not
stimulate	very	much	muscle	growth,	because	such	motor	units	govern	only	a
small	number	of	relatively	unresponsive	muscle	fibers.

How	can	we	define	time	under	tension?

Traditionally,	time	under	tension	has	been	defined	as	the	time	spent	carrying	out
muscular	contractions	as	part	a	strength	training	exercise,	usually	by	timing	the
duration	of	the	sets	and	reps.

Unless	heavy	loads	are	used,	this	definition	will	include	time	when	high-
threshold	motor	units	are	not	recruited,	and	may	also	record	time	when	muscle
fiber	shortening	speeds	are	too	fast	for	mechanical	loading	to	reach	the	required
threshold	to	stimulate	muscle	growth.	Clearly,	this	will	not	be	a	useful	way	of
recording	the	dosage	of	the	hypertrophic	stimulus.

For	time	under	tension	to	be	a	meaningful	measurement	of	the	hypertrophic
stimulus,	it	needs	to	refer	only	to	the	biological	conditions	that	lead	to	muscle
growth.

Based	on	our	current	understanding	of	how	hypertrophy	works,	such	a	definition
needs	to	refer	to	the	time	for	which	only	the	high-threshold	motor	units	are
recruited,	while	the	muscle	shortens	slowly.	This	means	that	the	definition	needs
to	refer	to:	(1)	which	muscle	fibers	are	being	subjected	to	tension,	and	(2)	the
level	of	tension	that	is	applied,	by	reference	to	the	speed	that	the	muscle	fibers
are	shortening.

#1.	Which	muscle	fibers	are	subjected	to	tension



Motor	units	control	the	production	of	force	in	much	the	same	way	during	all
types	of	muscular	contractions,	regardless	of	whether	these	contractions	are
classified	as	strength	training	or	aerobic	exercise.

In	most	cases,	the	repetitive	limb	movements	of	endurance	activities	like
running,	cycling,	and	swimming	are	not	quick.	Therefore,	muscle	fiber
shortening	speeds	are	slow,	allowing	a	fairly	high	force	to	be	produced	by	each
working	fiber.	Given	that	the	level	of	effort	involved	in	each	movement	is	low
compared	with	the	maximal	amount	that	could	be	exerted,	this	force	is	likely
produced	by	the	fibers	of	low-threshold	motor	units.

Exposing	the	fibers	of	low-threshold	motor	units	to	tension	for	long	periods	of
time	in	the	form	of	aerobic	exercise	does	not	stimulate	any	meaningful	muscle
growth.	Long	distance	running	reduces	the	size	of	muscle	fibers	of	all	types,
despite	involving	a	very	long	duration	of	time	under	tension	for	the	fibers
governed	by	low-threshold	motor	units.

Therefore,	if	we	do	not	word	our	definition	of	time	under	tension	to	refer	to
*which	muscle	fibers*	are	subjected	to	tension,	then	we	might	wrongly	assume
that	endurance	exercise	involving	slow	movement	speeds	would	produce	a	lot	of
hypertrophy	in	the	muscle	fibers	controlled	by	low-threshold	motor	units.
Consequently,	our	definition	for	time	under	tension	should	refer	to	the	time	for
which	only	fibers	of	high-threshold	motor	units	are	subjected	to	tension.

#2.	The	level	of	tension	that	is	applied

Subjecting	the	muscle	fibers	of	high-threshold	motor	units	to	low	levels	of
tension,	by	allowing	them	to	shorten	quickly,	does	not	cause	muscle	growth.

Vertical	jumping	programs	do	not	cause	meaningful	hypertrophy,	although	high-
velocity	movements	involve	very	high	levels	of	motor	unit	recruitment.	Animal
model	studies	have	confirmed	that	actual	movement	velocity	is	critical	for	the
amount	of	muscle	growth	that	results	from	strength	training,	irrespective	of	the
level	of	motor	unit	recruitment.



High-threshold	motor	units	can	be	recruited	without	their	fibers	being	stimulated
to	grow,	because	it	is	mechanical	loading	that	determines	the	magnitude	of	the
hypertrophic	stimulus,	and	not	the	degree	of	motor	unit	recruitment.	Studies	that
have	inhibited	the	actions	of	myosin	during	muscle	contractions	(without
affecting	the	calcium	ion	activity	resulting	from	motor	unit	function)	have	shown
that	hypertrophy	is	prevented.	This	reveals	that	it	is	the	tension	produced	by
actin-myosin	crossbridges	forming	that	triggers	muscle	growth,	and	not	whether
a	muscle	fiber	is	activated.

Therefore,	if	we	do	not	word	our	definition	of	time	under	tension	to	refer	to	*the
level*	of	tension	that	is	experienced	by	muscle	fibers,	we	might	assume	that
hypertrophy	could	result	from	doing	a	high	volume	of	fast	movements	without
fatigue,	otherwise	known	as	“jumping	up	and	down	all	day	long.”	Consequently,
our	definition	for	time	under	tension	should	refer	to	the	time	for	which	muscle
fibers	are	subjected	to	a	level	of	tension	that	is	above	a	certain	threshold,	which
requires	a	slow	muscle	fiber	shortening	velocity.

How	does	this	new	definition	help	us?

If	we	apply	a	traditional	definition	of	time	under	tension,	the	time	we	record
differs	quite	a	bit	depending	on	the	lifting	(concentric	phase)	tempo	that	is	used.
Slower	lifting	tempos	typically	involve	a	much	longer	time	under	tension	than
faster	lifting	tempos.

This	is	a	big	problem	for	hypertrophy	science,	because	slow	lifting	tempos	do
not	stimulate	greater	muscle	growth,	but	time	under	tension	is	supposed	to	be	a
good	measurement	of	the	dosage	of	the	hypertrophic	stimulus.

Fortunately,	our	new	definition	of	time	under	tension	can	help	us	explain	why
this	happens.

Our	new	definition	only	includes	the	amount	of	time	for	which	fibers	of	high-
threshold	motor	units	are	subjected	to	the	level	of	mechanical	loading	that	results
from	them	shortening	slowly.	We	could	refer	to	this	as	the	“stimulating	time
under	tension.”



When	we	compare	the	stimulating	time	under	tension	between	sets	of	strength
training	exercise	with	fast	and	slow	lifting	tempos,	we	find	that	it	is	not	that
different.

Here	is	why.

Why	is	stimulating	time	under	tension	similar	regardless	of	lifting
tempo?

To	see	how	stimulating	time	under	tension	differs	between	sets	of	strength
training	exercise	performed	with	a	different	lifting	tempo,	it	helps	to	consider
reps	performed	with	and	without	fatigue,	since	fatigue	increases	motor	unit
recruitment.

#1.	Without	fatigue

The	amount	of	force	that	a	whole	muscle	exerts	at	any	speed	when	fatigue	is
absent	is	largely	determined	by	two	factors:	(1)	the	number	of	motor	units	that
are	recruited,	and	therefore	the	number	of	activated	muscle	fibers,	and	(2)	the
shortening	speed	of	the	activated	muscle	fibers,	which	is	determined	by	the
force-velocity	relationship.

Broadly	speaking,	motor	unit	recruitment	levels	are	determined	by	the	level	of
effort,	while	the	force-velocity	relationship	determines	the	actual	amount	of
force	that	corresponds	to	that	level	of	effort.

What	happens	in	practice?	In	fact,	the	effects	vary	depending	on	the	load.

When	lifting	light	or	moderate	loads,	using	a	submaximal	effort	(a	slow	tempo)
does	not	recruit	high-threshold	motor	units.	Therefore,	time	spent	doing	these
reps	cannot	be	counted	as	stimulating	time	under	tension.	When	lifting	light	or
moderate	loads,	using	a	maximal	effort	does	recruit	high-threshold	motor	units,
but	the	shortening	speed	of	each	fiber	is	too	fast	for	mechanical	loading	to	reach



the	required	threshold.	Therefore,	time	spent	doing	these	reps	cannot	be	counted
as	stimulating	time	under	tension.

When	lifting	heavy	loads	(equal	to	or	heavier	than	5RM),	lifting	a	weight	with
either	maximal	or	submaximal	effort	does	recruit	high-threshold	motor	units	and
involves	a	slow	fiber	shortening	speed.	Time	spent	doing	these	reps	*can*	be
counted	as	stimulating	time	under	tension.	Even	so,	stimulating	time	under
tension	will	not	differ	substantially	between	maximal	or	submaximal	effort
tempos,	because	maximal	bar	speed	is	already	slow!

In	those	rare	cases	where	an	extremely	slow	tempo	is	used	with	a	heavy	load	and
the	resulting	bar	speed	differs	substantially	from	the	bar	speed	achieved	when
applying	maximal	effort,	this	extremely	slow	tempo	will	necessarily	involve
fewer	reps	being	done	before	failure.	This	will	broadly	equate	to	the	stimulating
time	under	tension.

#2.	Under	fatiguing	conditions

The	amount	of	force	that	a	whole	muscle	exerts	at	any	speed	when	fatigue	is
present	is	largely	determined	by	three	factors:	(1)	the	number	of	motor	units	that
are	recruited,	and	therefore	the	number	of	activated	muscle	fibers,	(2)	the
shortening	speed	of	the	activated	muscle	fibers,	which	is	determined	by	the
force-velocity	relationship,	and	(3)	the	state	of	fatigue	of	the	working	muscle
fibers.

Again,	motor	unit	recruitment	levels	are	determined	by	the	level	of	effort,	while
the	force-velocity	relationship	and	the	state	of	fatigue	of	the	working	muscle
fibers	together	determine	the	resulting	amount	of	force	corresponding	to	that
level	of	effort.

What	happens	in	practice?

When	lifting	heavy	loads,	the	effects	are	the	same	as	when	lifting	without
fatigue.



When	lifting	light	or	moderate	loads	with	a	submaximal	bar	speed,	fatigue
increases	the	level	of	motor	unit	recruitment,	activating	new	muscle	fibers	that
compensate	for	the	reduced	force	produced	by	previously	activated,	but	fatigued
fibers.	As	failure	approaches,	the	level	of	motor	unit	recruitment	reaches	the
high-threshold	motor	units.	This	stimulates	hypertrophy.

When	lifting	light	or	moderate	loads	while	using	a	maximal	bar	speed,	fatigue
decreases	bar	speed.	This	reduction	in	bar	speed	increases	the	force	that	each	of
the	working	muscle	fibers	can	produce.	As	failure	approaches,	fiber	shortening
speed	becomes	slow	enough	to	produce	a	high	level	of	mechanical	loading	in	the
working	muscle	fibers,	which	are	those	associated	with	the	high-threshold	motor
units.	This	stimulates	hypertrophy.

When	lifting	with	a	maximal	bar	speed,	the	actual	bar	speed	reduces	towards	the
end	of	the	set	such	that	the	speed	of	fast	and	slow	tempos	becomes	similar,	just
like	when	using	heavy	loads	when	fatigue	is	not	present.	Therefore,	the	duration
of	stimulating	time	under	tension	is	very	similar.

Again,	in	those	rare	cases	where	an	extremely	slow	tempo	is	used,	and	the
resulting	bar	speed	in	the	final	reps	of	a	set	to	failure	differs	substantially	from
the	bar	speed	achieved	during	these	reps	when	applying	maximal	effort,	this
extremely	slow	tempo	will	necessarily	involve	fewer	reps	being	done	before
failure.	This	will	broadly	equate	to	the	stimulating	time	under	tension.

What	is	the	takeaway?

Time	under	tension	is	a	good	measure	of	the	dosage	of	the	hypertrophic	stimulus
provided	by	a	workout,	but	only	when	we	only	record	the	time	for	which	the
fibers	of	high-threshold	motor	units	are	subjected	to	high	levels	of	tension,	as
indicated	by	a	slow	fiber	shortening	speed.

Whether	we	use	a	fast	or	a	slow	tempo,	the	stimulating	time	under	tension	is
largely	the	same.	Only	in	the	final	reps,	when	bar	speed	has	slowed	down	in	the
fast	tempo	set	and	when	motor	unit	recruitment	has	increased	in	the	slow	tempo
set,	is	muscle	growth	stimulated.	In	these	final	reps,	actual	bar	speed	is	largely



the	same	in	fast	and	most	slow	tempos.	When	bar	speed	still	differs,	the	slow
tempo	involves	fewer	reps	because	fatigue	terminates	the	set	earlier.



WHY	IS	PROGRESSIVE	OVERLOAD
ESSENTIAL	FOR	HYPERTROPHY?



Along	with	specificity,	individuality,	and	variety,	progressive	overload	is	one	of
the	four	key	strength	and	conditioning	principles.	We	use	these	principles	when
writing	strength	training	programs	to	prepare	athletes	for	sport,	but	they	also
provide	the	foundations	of	all	training	programs	for	any	goal.

When	designing	a	training	program	for	increasing	muscle	size,	the	principle	of
specificity	helps	us	determine	which	exercises	we	can	choose	from	when	trying
to	develop	each	muscle	group	to	its	maximum	potential.	The	principle	of
individuality	helps	us	decide	which	of	those	exercises	to	select,	how	to	allocate
volume,	and	how	many	workouts	to	do	for	each	muscle	each	week.	The
principle	of	variety	makes	sure	that	we	continue	progressing	and	do	not	get	stuck
on	a	plateau.

In	contrast,	the	principle	of	progressive	overload	is	less	important	for
hypertrophy	at	the	planning	stage,	but	is	more	important	in	each	workout,
making	it	absolutely	essential	for	achieving	meaningful	muscle	growth	long-
term.	This	is	because	the	presence	(or	absence)	of	progressive	overload	affects
the	mechanical	loading	stimulus	that	leads	to	hypertrophy.

To	understand	progressive	overload,	we	first	need	to	understand	how	gains	in
maximum	strength	happen.

How	do	gains	in	maximum	strength	happen?

The	ability	to	lift	an	extremely	heavy	object	depends	on	our	ability	to	exert	force
while	muscle	fibers	are	shortening	slowly.	This	is	commonly	called	"maximum
strength."

Gains	in	maximum	strength	after	a	workout	involving	lifting	heavy	weights	are
achieved	through	four	adaptations:	(1)	increases	in	muscle	fiber	size,	(2)
increases	in	the	ability	of	each	muscle	fiber	to	produce	force	relative	to	its	size,
probably	because	of	enhanced	capacity	to	transmit	force	laterally	between	the
muscle	fiber	and	its	surrounding	collagen	layer,	(3)	increases	in	the	number	of
muscle	fibers	that	are	activated,	because	of	an	enhanced	capacity	to	reach	full



motor	unit	recruitment	(this	contributes	to	an	increase	in	the	ability	of	the	whole
muscle	to	produce	force	relative	to	its	size),	and	(4)	increases	in	tendon	stiffness.

Increases	in	muscle	fiber	size	are	triggered	by	a	workout	when	individual	muscle
fibers	belonging	to	the	high-threshold	motor	units	experience	high	levels	of
mechanical	tension.	Increases	in	muscle	fiber	strength	relative	to	size,	increases
in	the	capacity	to	reach	full	motor	unit	recruitment,	and	increases	in	tendon
stiffness	seem	to	be	triggered	by	a	workout	only	if	the	*whole	muscle*	(and	not
just	the	muscle	fibers	belonging	to	high-threshold	motor	units)	experiences	very
high	levels	of	mechanical	tension.

Once	these	adaptations	have	occurred,	and	once	we	have	recovered	from	the
workout,	our	maximum	strength	increases.	This	gives	us	the	ability	to	lift	a
heavier	maximum	weight	in	a	subsequent	workout.

What	is	progressive	overload?

Progressive	overload	is	basically	the	way	in	which	we	take	the	adaptations
resulting	from	a	previous	workout	into	account	when	performing	subsequent
workouts.

After	a	workout	in	which	we	lift	heavy	weights,	all	of	the	various	adaptations
that	contribute	to	gains	in	maximum	strength	are	stimulated.	After	workouts
involving	light	or	moderate	weights,	it	is	likely	that	only	increases	in	muscle
fiber	size	are	stimulated	(this	is	why	lifting	heavy	weights	leads	to	greater	gains
in	maximum	strength	than	lifting	either	light	or	moderate	weights).

Either	way,	when	we	come	to	perform	the	next	workout,	we	are	stronger.

This	means	that,	in	the	next	workout,	we	have	the	option	of	making	progress.	If
we	choose	this	option,	we	can	either	lift	a	slightly	heavier	weight	for	the	same
number	of	reps,	or	the	same	weight	for	a	larger	number	of	reps.



How	does	progressive	overload	affect	hypertrophy?

When	we	perform	a	typical	bodybuilding	workout	involving	a	sufficient	volume
of	stimulating	reps,	we	trigger	an	increase	in	muscle	fiber	size.	And	if	we	use
heavy	loads	in	the	workout,	we	also	trigger	other	adaptations,	which	improve	the
ability	of	the	fibers	to	produce	force	relative	to	their	size.

Stimulating	reps	are	those	that	involve	the	muscle	fibers	controlled	by	high-
threshold	motor	units	shortening	slowly.	This	state	occurs	when	the	muscle
exerts	a	high	force,	such	as	when	lifting	a	heavy	weight,	and	when	the	muscle
exerts	a	maximal	force	under	fatiguing	conditions,	such	as	when	lifting	light	or
moderate	weights	within	five	reps	of	muscular	failure.

When	we	come	to	perform	our	next	workout,	the	increase	in	muscle	fiber	size
that	we	have	achieved	allows	our	muscles	to	produce	the	same	force	while
recruiting	fewer	motor	units.

This	means	that	doing	the	exact	same	workout	(sets	x	reps	x	weight)	as	before
will	not	involve	the	same	number	of	stimulating	reps.	To	achieve	the	same
number	of	stimulating	reps,	we	need	to	increase	either	the	number	of	reps	with
the	same	weight,	or	we	need	to	increase	the	weight.

How	does	progressive	overload	affect	hypertrophy?	(worked
example)

If	we	do	a	workout	of	3	sets	of	5	reps	to	failure	with	the	bench	press	using	90kg,
then	that	workout	will	provide	15	stimulating	reps,	which	will	lead	to	some
hypertrophy.

However,	if	we	do	the	same	workout	of	3	sets	of	5	reps	with	the	bench	press
using	90kg	a	few	days	later,	after	we	have	fully	recovered,	then	this	workout	will
not	provide	15	stimulating	reps,	because	we	are	not	training	to	failure	on	all	sets.
More	likely,	we	will	be	working	at	one	repetition	in	reserve	on	one	or	two	of	the
sets.	This	workout	would	therefore	produce	a	smaller	increase	in	muscle	size.



If	we	continued	to	do	further	workouts	of	3	sets	of	5	reps	with	the	bench	press
using	90kg,	then	each	sequential	workout	would	involve	a	smaller	number	of
stimulating	reps,	and	this	would	lead	to	smaller	and	smaller	amounts	of	muscle
growth.	Eventually,	the	stimulating	effect	would	be	too	small	for	any	muscle
growth	to	occur.

In	contrast,	if	we	do	workouts	with	progressive	overload,	either	by	increasing	the
weight	slightly,	or	by	increasing	the	number	of	reps,	then	the	number	of
stimulating	reps	remains	the	same	in	each	workout,	and	we	continue	to
experience	muscle	growth.	This	is	why	progressive	overload	is	such	a	key
concept	for	bodybuilding,	and	why	ignoring	it	will	ultimately	lead	to	lifters
stagnating	and	not	making	progress.

How	else	can	progressive	overload	help	us	in	practice?

After	a	strength	training	workout,	our	strength	is	reduced	for	a	short	period	of
time	because	of	transitory	changes	in	three	factors:	(1)	peripheral	fatigue,	(2)
central	fatigue,	and	(3)	muscle	damage.	The	effects	of	peripheral	fatigue	are
quite	short-lived	and	disappear	soon	after	the	workout.	Central	fatigue	that	arises
during	the	workout	is	also	very	short-lived	and	dissipates	very	quickly.	However,
muscle	damage	can	take	a	much	longer	time	to	recover	from	and	may	still	be
present	for	several	days	after	the	workout.

Importantly,	this	muscle	damage	can	lead	to	central	fatigue	developing	after	the
workout.	And	if	this	central	fatigue	is	still	present	at	the	point	when	we	perform
the	next	workout	for	the	same	muscle	group,	we	will	not	recruit	our	high-
threshold	motor	units	in	that	workout,	which	will	lead	to	a	reduced	hypertrophic
stimulus.	For	this	reason,	it	is	very	important	that	we	are	able	to	tell	whether	we
have	recovered	from	our	last	workout	or	not.

If	we	are	accustomed	to	a	particular	workout,	and	it	does	not	involve	excessive
training	volume	that	causes	a	lot	of	muscle	damage,	then	full	recovery	of	both
muscle	damage	and	central	fatigue	should	occur	within	48	hours,	which	allows
us	to	train	a	muscle	2–3	times	per	week	in	a	fully-recovered	state.	Therefore,	if
the	previous	workout	was	effective	for	hypertrophy	(and	we	are	not	in	an



adverse	state),	then	we	should	be	able	to	increase	our	performance	in	an	exercise
by	at	least	one	rep,	or	by	a	small	amount	of	added	weight.

If	we	are	unable	to	improve	our	performance	by	either	one	rep	or	by	a	small
amount	of	added	weight,	then	it	is	likely	that	either:	(1)	we	are	in	an	adverse
state	because	of	high	stress	levels,	inadequate	food	intake,	or	a	lack	of	sleep,	or
(2)	the	recovery	time	from	our	previous	workout	has	increased,	because	we
changed	an	exercise	or	did	a	larger	amount	of	volume,	or	(3)	the	previous
workout	did	not	stimulate	muscle	growth.

We	can	use	this	process	to	decide	how	to	move	forwards	when	we	plateau.

Firstly,	we	can	check	whether	we	are	in	an	adverse	state.	If	we	are,	we	can	fix
this	so	that	our	progress	should	resume	as	before.	Secondly,	we	can	check
whether	our	recovery	time	has	increased	by	reducing	our	training	frequency
slightly.	If	our	recovery	time	has	increased,	this	should	then	allow	us	to	resume
progress	as	before.	Thirdly,	if	neither	of	these	tactics	help,	we	must	assume	that
our	current	workout	is	not	working	for	producing	muscle	growth	and	we	either
need	to	change	the	exercise	or	increase	the	volume	by	one	set.

If	we	do	not	follow	a	program	that	involves	obvious	progressive	overload,	we	do
not	have	this	tool	available	to	us.	We	essentially	have	to	guess	whether	we	are
building	muscle	or	not.

What	happens	with	programs	that	are	periodized?

If	we	work	with	the	same	rep	ranges,	rather	than	following	a	(linear,	reverse
linear	or	block)	load	periodization	model,	then	progressive	overload	provides	us
with	a	very	clear,	external	indicator	that	we	are	gaining	muscle	over	time.

However,	if	we	use	load	periodization	and	alter	the	repetition	range	that	we	are
using	either	from	one	workout	to	the	next	(daily	undulating	periodization)	or
from	one	week	to	the	next	(weekly	undulating	periodization	or	traditional	linear
periodization),	this	can	obscure	whether	progressive	overload	is	happening,
because	it	does	not	allow	us	to	compare	the	weight	or	reps	from	every	workout
to	the	next	one.



Therefore,	we	cannot	really	tell	whether	we	are	gaining	muscle	from	one
workout	to	the	next.	We	have	to	wait	until	the	end	of	the	program,	when	we	test
our	strength	against	baseline.	While	there	are	advantages	to	load	periodization,
this	is	one	major	disadvantage.

What	is	the	takeaway?

The	principle	of	progressive	overload	is	essential	for	achieving	meaningful
amounts	of	muscle	growth	long-term,	because	it	affects	the	size	of	the
mechanical	loading	stimulus	in	each	set	that	leads	to	hypertrophy.	Ensuring	that
progressive	overload	is	being	achieved	during	a	strength	training	program	is
therefore	very	important	for	making	sure	that	muscle	growth	is	happening.	Some
popular	training	techniques,	such	as	load	periodization,	reduce	our	ability	to
detect	whether	progressive	overload	is	being	achieved,	and	this	increases	the	risk
that	we	could	be	performing	ineffective	training	without	knowing	it.

Progressive	overload	is	essential	because	it	makes	sure	that	we	continue	to
achieve	high	levels	of	motor	unit	recruitment,	despite	getting	stronger.	If	we	do
not	use	progressive	overload,	and	instead	do	the	same	number	of	sets	and	reps
with	the	same	load	for	successive	workouts,	then	each	sequential	workout	will
necessarily	involve	a	smaller	number	of	stimulating	reps,	triggering	smaller	and
smaller	amounts	of	muscle	growth.	Eventually,	the	stimulating	effect	will	be	too
small	for	any	muscle	growth	to	occur.	In	contrast,	if	we	do	workouts	with
progressive	overload,	either	by	increasing	the	weight	or	the	number	of	reps,	then
the	number	of	stimulating	reps	remains	the	same	in	each	workout	and	we
continue	to	experience	muscle	growth	(up	to	a	point).



WHY	IS	TECHNIQUE	IMPORTANT	FOR
HYPERTROPHY?



Most	strength	coaches	like	to	see	good	technique	being	used	in	an	exercise,
especially	in	the	popular	multi-joint	exercises	that	are	often	used	to	prepare
athletes	for	sport.

It	is	often	said	that	good	technique	is	helpful	because	it	reduces	the	risk	of	injury.
However,	technique	also	affects	hypertrophy	for	two	reasons.	Firstly,	it	affects
our	ability	to	deliver	a	mechanical	stimulus	to	the	muscle	we	are	trying	to	train.
Secondly,	it	affects	our	ability	to	quantify	and	therefore	achieve	progressive
overload.

How	does	exercise	technique	affect	the	mechanical	loading
stimulus?

Exercise	technique	affects	body	and	limb	positions.	This	in	turn	affects	the
turning	forces	(torques)	that	are	required	at	each	joint.	It	also	alters	the	points	in
the	exercise	range	of	motion	where	peak	turning	forces	(torques)	are	required.
Each	of	these	changes	can	affect	the	mechanical	loading	stimulus	that	a	muscle
experiences	during	strength	training.

Changes	in	the	turning	forces	(torques)	that	are	required	at	each	joint	shift	the
load	of	the	exercise	from	one	joint	onto	another	(and	therefore	from	one	muscle
group	to	another).	This	can	affect	which	of	the	muscle	groups	in	an	exercise	is
the	limiting	factor	for	exercise	performance	and	therefore	which	gets	closest	to
full	motor	unit	recruitment	at	muscular	failure,	although	the	extent	to	which	this
matters	is	dependent	upon	the	exercise.

For	example,	when	we	do	a	low	bar	squat,	we	alter	the	horizontal	distances	of
the	hip	and	knee	joints	from	the	barbell	at	the	bottom	of	the	exercise,	where	it	is
hardest.	In	doing	so,	we	shift	part	of	the	load	of	the	exercise	from	the	knee
extensors	to	the	hip	extensors.	Since	the	knee	extensors	seem	to	be	the	limiting
factor	in	the	squat,	this	allows	us	to	lift	a	slightly	heavier	weight	with	this
technique.	However,	since	the	knee	extensors	remain	the	limiting	factor	in	both
exercise	variations,	the	stimulus	to	the	quadriceps	is	likely	identical,	but	the



primary	hip	extensor	in	this	exercise	(the	adductor	magnus)	gets	to	work	a	little
bit	harder	when	we	use	a	low	bar	position.

Changes	in	the	points	in	the	exercise	range	of	motion	where	peak	turning	forces
(torques)	are	required	shifts	the	point	of	peak	contraction	from	one	part	of	the
exercise	range	of	motion	to	another	(and	therefore	from	one	muscle	group	or
region	of	a	muscle	group	to	another,	because	of	differences	in	internal	moment
arm	lengths	of	the	prime	mover	muscles	and	muscle	regions	at	each	joint).	This
affects	which	muscles	or	regions	of	a	muscle	experience	the	greatest	loading	in
an	exercise,	which	affects	the	subsequent	muscle	group	hypertrophy	or	regional
hypertrophy	that	occurs.

For	example,	when	we	alter	depth	in	the	squat,	we	alter	the	contribution	of	each
of	the	hip	extensors	at	the	bottom	of	the	exercise,	where	it	is	hardest.	Compared
to	a	deep	squat,	partial	squats	shift	the	load	of	the	exercise	from	the	adductor
magnus	to	the	gluteus	maximus.

Consequently,	if	we	alter	our	technique	from	one	workout	to	the	next,	or	from
one	set	to	the	next,	then	this	can	interfere	with	our	ability	to	quantify	progressive
overload,	because	different	muscles	or	regions	of	a	muscle	will	be	contributing
to	the	lift	in	each	workout.

How	do	changes	in	exercise	technique	affect	the	mechanical
loading	stimulus?

Sometimes,	our	technique	changes	inadvertently	during	a	set	when	we	lift	heavy
loads	or	when	we	lift	light	or	moderate	loads	under	fatiguing	conditions.	When
this	happens,	the	new	technique	involves	a	different	set	of	body	or	limb
positions,	and	it	often	allows	us	to	reduce	the	load	on	the	muscle	that	was
previously	being	worked	hardest,	while	increasing	the	contribution	of	other
muscle	groups.

For	example,	lifters	sometimes	alter	the	bar	position	slightly	on	their	back	when
squatting,	shifting	the	position	away	from	a	high	bar	position	and	towards	a	low
bar	position.	They	also	sometimes	alter	depth	over	a	set,	often	squatting	deeper



in	the	early	reps	than	in	later	reps.	Shifts	in	bar	position	alter	the	proportional
contribution	of	the	hip	and	knee	extensors,	and	shifts	in	depth	alter	the
proportional	contribution	of	each	of	the	hip	extensors.

Also,	some	beginners	find	that	the	squat	becomes	a	"squat	morning"	as	the	load
or	effort	increase.	This	causes	a	shift	in	the	proportional	contribution	of	the	knee
extensors	to	the	hip	extensors.	This	may	mean	that	the	load	on	the	quadriceps	is
reduced	to	the	point	where	the	muscles	are	no	longer	maximally	recruited,	or	it
may	mean	that	the	quadriceps	are	maximally	recruited,	but	load	has	shifted	to
the	hip	extensors	to	allow	more	reps	to	be	done	as	in	the	low	bar	squat,	described
above.

Ultimately,	when	a	shift	in	technique	occurs	in	a	set,	it	is	hard	to	know	whether
the	muscle	(or	region	of	a	muscle)	that	was	originally	being	trained	is	continuing
to	work	maximally	(with	a	high	level	of	motor	unit	recruitment),	or	whether	it	is
being	allowed	to	reduce	its	contribution	so	much	that	recruitment	has	reduced.
This	again	interferes	with	our	ability	to	identify	whether	progressive	overload
has	really	happened,	or	whether	the	increase	in	the	weight	or	in	the	number	of
reps	is	a	result	of	technique	changes.

Can	changes	in	single-joint	exercise	technique	affect	our	ability	to
quantify	progressive	overload?

Changes	in	exercise	technique	that	affect	our	ability	to	quantify	progressive
overload	are	not	limited	to	multi-joint	exercise.	They	can	also	occur	in	single-
joint	exercises,	when	range	of	motion	is	limited	as	a	result	of	fatigue.

For	example,	many	lifters	find	that	the	height	that	they	can	lift	the	dumbbells	in
a	lateral	raise	decreases	progressively	over	the	course	of	a	set,	and	it	is	hard	to
determine	the	point	at	which	the	height	has	dropped	to	the	level	where	the	rep
should	be	considered	a	failure	to	achieve	full	range	of	motion.	Monitoring
progressive	overload	in	this	exercise	requires	both	practice	and	discipline,	to
make	sure	that	reps	are	done	as	close	to	the	same	height	every	time,	and	to	stop
the	set	when	form	deteriorates	past	a	certain	point.



Why	is	quantifying	progressive	overload	important	for
hypertrophy?

Achieving	progressive	overload	in	each	set	is	critical	to	long-term	success	when
training	for	hypertrophy,	because	of	the	way	in	which	muscle	growth	is
stimulated.

If	we	perform	sequential	workouts	with	the	same	sets	and	reps	and	the	exact
same	weight,	the	number	of	stimulating	reps	delivered	to	the	muscle	is	smaller	in
the	second	workout,	because	we	move	further	from	failure	in	some	or	all	of	the
sets,	as	a	result	of	our	strength	gains.	If	we	do	this	for	several	workouts	in	a	row,
the	number	of	stimulating	reps	delivered	to	the	muscle	drops	below	the	level
necessary	to	achieve	hypertrophy	and	we	stop	moving	forwards.

Quantifying	progressive	overload	is	therefore	very	important	for	monitoring	our
progress	in	a	hypertrophy	program.	Only	if	we	are	increasing	the	weight	or	reps
in	each	workout	(while	keeping	technique	the	same)	can	we	be	sure	that	we	are
delivering	the	same	number	of	stimulating	reps	to	the	muscle	in	each	sequential
workout.

If	technique	changes	during	a	set,	allowing	us	to	perform	additional	reps	that	are
not	actually	stimulating	for	the	muscle	we	are	trying	to	train,	we	could	easily
fool	ourselves	into	believing	that	we	are	achieving	progressive	overload	when
we	are	not.	We	could	spend	many	weeks	or	even	months	performing	workouts	in
which	the	weights	and	numbers	of	reps	continue	to	increase,	but	the	muscle
remains	the	same	size	because	the	increases	are	occurring	due	to	alterations	in
technique	while	the	muscle	itself	is	not	actually	being	challenged	anymore.

Which	exercises	frequently	lead	to	changes	in	exercise	technique?

We	all	know	that	it	is	easier	to	maintain	a	constant	technique	in	some	exercises
than	in	others.



Those	exercises	in	which	it	is	easy	to	maintain	technique	are	valuable	to	use
when	training	for	hypertrophy,	because	they	allow	us	to	deliver	all	of	our
stimulating	reps	to	the	muscle	(and	region	of	a	muscle)	we	are	intending	to	train,
and	because	they	allow	us	to	quantify	the	amount	of	progressive	overload	we	are
achieving.

In	contrast,	when	we	use	exercises	that	permit	shifts	in	technique,	we	open	up
the	possibility	that	each	set	is	providing	a	few	stimulating	reps	to	one	muscle	(or
region	of	a	muscle)	and	a	few	stimulating	reps	to	another	muscle	(or	region	of	a
muscle).	It	is	also	very	difficult	to	identify	whether	progressive	overload	is
occurring,	or	whether	we	are	just	altering	our	form	to	do	more	reps	or	lift	a
heavier	weight.

#1.	Exercises	in	which	it	is	easy	to	maintain	form

In	some	exercises,	it	is	fairly	easy	to	maintain	form	when	lifting	heavy	loads,	or
in	the	5	reps	before	failure	when	lifting	light	or	moderate	weights	(these
conditions	are	essentially	the	same,	as	far	as	the	mechanical	loading	stimulus	is
concerned).	These	exercises	fall	into	two	categories:	(1)	those	with	fixed
movement	patterns,	and	(2)	those	without	fixed	movement	patterns,	but	where
the	weight	tends	not	to	change	its	bar	path	or	range	of	motion	when	using	heavy
loads	or	working	under	fatiguing	conditions.

Exercises	with	fixed	movement	patterns	are	those	that	do	not	allow	the	weight	to
be	diverted	from	its	intended	path.	Such	exercises	can	only	be	performed	on
machines	(excluding	cable	machines).	In	these	exercises,	regardless	of	how
much	effort	you	exert,	it	is	fairly	easy	to	maintain	form.	The	leg	press	is	a	good
example	of	this	type	of	exercise.	We	cannot	change	the	path	of	the	weight	in	this
exercise	by	altering	our	form.

Exercises	without	fixed	movement	patterns,	where	the	weight	tends	not	to
change	its	bar	path	or	range	of	motion	when	using	heavy	loads	or	working	under
fatiguing	conditions,	are	harder	to	define.	Even	so,	they	are	fairly	easy	to
identify	by	observation.	Good	examples	of	this	type	of	exercise	include	the
bench	press	and	deadlift.



As	load	or	fatigue	are	increased	in	all	of	these	exercises,	the	increased	effort	at
slow	speeds	does	not	cause	any	substantial	change	in	the	way	that	the	exercise	is
performed.	The	same	ranges	of	motion	are	achieved,	and	the	body	positions
throughout	the	lift	remain	largely	the	same.	This	means	that	we	can	be	fairly
certain	that	we	have	achieved	true	progressive	overload	when	we	improve	our
repetition	strength	during	a	workout	in	these	exercises.

#2.	Exercises	in	which	it	is	difficult	to	maintain	form

In	a	number	of	exercises,	it	can	be	hard	for	us	to	maintain	the	same	form	or
range	of	motion	when	lifting	heavy	loads,	or	in	the	five	reps	before	failure	when
lifting	light	or	moderate	weights	(these	conditions	are	essentially	the	same,	as	far
as	the	mechanical	loading	stimulus	is	concerned).

Exercises	in	which	form	or	range	of	motion	are	altered	by	the	size	of	the	weight
or	by	the	proximity	to	failure	are	often	those	that	require	momentum	to
accomplish	the	top	part	of	the	exercise.	Such	exercises	have	an	incredibly	steep
strength	curve,	such	that	the	bottom	part	is	very	easy	but	the	top	part	is	very
hard.	Consequently,	as	effort	increases,	it	remains	easy	to	perform	the	bottom
part	of	the	exercise,	but	the	top	part	becomes	very	hard.

The	dumbbell	lateral	raise	is	one	example	of	this	type	of	exercise.	The	height
that	the	dumbbells	reach	decreases	progressively	over	the	course	of	a	set,	and	it
is	hard	to	determine	the	point	at	which	the	height	has	dropped	to	the	level	where
the	rep	should	be	considered	a	failure	to	achieve	full	range	of	motion.	The
barbell	bent-over	row	is	another	good	example.	When	using	light	or	moderate
loads,	the	bent-over	row	can	be	performed	easily	through	its	full	range	of
motion,	at	least	when	fatigue	is	minimal.	Yet	as	effort	is	increased	(either	due	to
increasing	load	or	fatigue),	technique	usually	alters.	Without	a	lot	of	practice	and
discipline,	the	exercise	turns	into	a	hybrid	between	a	row	and	a	power	clean,	so
that	more	force	exerted	at	the	bottom	of	the	lift	can	compensate	for	a	lack	of
force	at	the	top.

Exercises	in	which	form	or	range	of	motion	are	altered	by	the	size	of	the	weight
or	by	the	proximity	to	failure	also	include	exercises	that	have	steep	strength



curves	in	the	other	direction,	such	that	the	top	part	is	very	easy	but	the	bottom
part	is	very	hard,	like	the	squat.	Consequently,	as	effort	increases,	it	becomes
increasingly	tempting	to	perform	shallower	and	shallower	versions	of	the
exercise,	since	the	top	part	remains	very	easy.

In	both	cases,	when	form	alters	during	the	set,	it	becomes	hard	to	tell	when	a	rep
should	be	considered	a	failure,	since	it	is	nearly	always	possible	to	do	"just	one
more"	rep,	albeit	with	progressively	worse	and	worse	form.	Thus,	without
careful	monitoring	of	technique,	identifying	whether	progressive	overload	is
happening	from	one	workout	to	the	next	is	nearly	impossible.

What	is	the	takeaway?

Technique	affects	hypertrophy	for	two	reasons.	Firstly,	it	affects	our	ability	to
deliver	a	mechanical	stimulus	to	the	muscle	or	region	of	a	muscle	that	we	are
trying	to	train,	and	secondly,	it	affects	our	ability	to	quantify	progressive
overload.

When	shifts	in	technique	occur	over	a	set,	the	muscle	(or	region	of	a	muscle)	that
was	originally	being	trained	can	reduce	its	contribution	to	overall	force
production,	such	that	its	level	of	motor	recruitment	reduces	and	it	ceases	to
receive	a	stimulus	with	each	stimulating	rep,	because	other	muscles	or	muscle
regions	are	worked	instead.	This	splits	the	stimulating	effect	of	an	exercise
across	multiple	muscles	or	muscle	regions,	which	will	not	be	as	effective	as	a
more	targeted	approach.

If	technique	changes	during	a	set,	and	this	change	allows	us	to	do	additional	reps
that	are	not	stimulating	for	the	muscle	we	are	trying	to	train,	we	could	easily	fool
ourselves	into	believing	that	we	are	achieving	progressive	overload	when	we	are
not.	We	can	address	this	by	either	selecting	exercises	that	do	not	run	the	risk	of
altering	their	form	or	range	of	motion	over	the	course	of	a	set,	or	by	carefully
monitoring	technique	in	those	exercises	that	do.



HYPERTROPHY	TRAINING
VARIABLES



HOW	DOES	THE	WEIGHT	ON	THE	BAR
AFFECT	HYPERTROPHY?



Traditionally,	it	was	assumed	that	lifting	heavy	weights	was	necessary	to	achieve
muscle	growth.

Indeed,	a	simple	comparison	between	strength	training,	which	has	historically
involved	doing	repeated	muscular	contractions	with	heavy	weights,	and	aerobic
exercise,	which	involves	a	far	greater	number	of	repeated	muscular	contractions
with	lower	forces,	suggests	that	lifting	heavy	is	required	for	hypertrophy	to
occur.

Nevertheless,	recent	research	has	shown	that	muscle	growth	is	similar	after
strength	training	with	either	heavy	or	light	weights,	at	least	when	training	to	the
point	of	muscular	failure.

Some	researchers	believe	that	this	similar	overall	muscle	growth	may	occur	in
conjunction	with	a	greater	increase	in	the	size	of	the	muscle	fibers	that	are
controlled	by	low-threshold	motor	units	after	light	load	strength	training,	and	a
greater	increase	in	the	sizes	of	the	muscle	fibers	that	are	controlled	by	high-
threshold	motor	units	after	heavy	load	strength	training.	The	foundation	of	this
proposal	is	that	low-threshold	motor	units	are	very	likely	subjected	to	a	larger
volume	of	mechanical	loading	(or	time	under	tension)	during	light	load	strength
training,	compared	to	in	heavy	load	strength	training.

But	does	this	actually	make	a	difference?

What	are	motor	units,	and	how	are	they	recruited?

Motor	units	comprise	motor	neurons	and	the	muscle	fibers	that	they	innervate.
There	are	usually	a	few	hundred	motor	units	in	any	muscle,	but	the	exact	number
varies	between	muscles.

When	the	central	nervous	system	sends	an	action	potential	(an	electrical	signal)
along	a	motor	neuron,	this	“recruits”	the	motor	unit	and	causes	all	of	the	muscle
fibers	governed	by	that	motor	unit	to	be	activated.	Once	the	fibers	have	been
activated,	they	exert	force	and	shorten	as	quickly	as	they	can.



Motor	units	are	recruited	in	order	of	motor	neuron	(not	muscle	fiber)	size,	and
the	size	of	the	motor	neuron	can	be	identified	by	the	amplitude	of	the	action
potential.	Larger	motor	neurons	display	large	action	potentials.	This	is	called
“Henneman’s	size	principle.”

In	unfatigued	conditions,	motor	units	are	recruited	at	particular	force	levels,
which	are	called	recruitment	thresholds.	Once	a	certain	level	of	force	is	required
in	a	given	contraction	type,	the	motor	unit	will	be	recruited.	Those	motor	units
that	are	recruited	at	relatively	low	levels	of	force	are	called	“low-threshold	motor
units,”	while	those	motor	units	that	are	recruited	at	higher	levels	of	force	are
called	“high-threshold	motor	units”.

Motor	units	that	have	larger	motor	neurons	also	control	far	more	muscle	fibers,
and	the	difference	in	the	number	of	muscle	fibers	controlled	by	each	motor	unit
can	be	very	dramatic.	The	lowest-threshold	motor	units	typically	control	only	a
dozen	muscle	fibers,	while	the	highest-threshold	motor	units	can	control
thousands.	The	number	of	muscle	fibers	controlled	by	a	motor	unit	increases
exponentially	with	increasing	recruitment	threshold.

In	practice,	this	means	that	the	capacity	for	low-threshold	motor	units	to
contribute	to	muscle	growth	is	very	small,	because	they	only	control	a	very	small
number	of	muscle	fibers,	while	the	capacity	of	high-threshold	motor	units	to
contribute	to	muscle	growth	is	huge,	because	they	control	the	majority	of	the
muscle	fibers	inside	a	muscle.

Additionally,	it	means	that	the	muscle	fibers	of	low-threshold	motor	units	are
routinely	called	upon	to	contribute	to	force	production	during	activities	of	daily
life,	and	therefore	they	experience	huge	volumes	of	mechanical	loading	on	a
regular	basis.	Therefore,	they	have	likely	reached	their	plateau	for	how	large
they	can	grow	in	most	recreationally	active	people.	In	contrast,	the	muscle	fibers
of	high-threshold	motor	units	only	experience	mechanical	loading	on	those
unusual	occasions	that	we	require	the	muscle	to	produce	high	levels	of	force	(or
expose	the	muscle	to	very	high	levels	of	local	fatigue).	Therefore,	they	probably
only	reach	their	plateau	for	how	large	they	can	grow	in	advanced	bodybuilders.



What	are	fiber	types?

Muscle	fibers	can	be	categorized	into	different	types.	The	categorization	of
muscle	fibers	can	be	done	based	on	several	different	factors.	Today,	the	most
common	way	of	categorizing	muscle	fibers	is	by	reference	to	the	isoforms	of
certain	of	their	proteins,	but	muscle	fibers	were	originally	classified	by	reference
to	their	maximum	shortening	velocity	(which	is	why	they	are	often	called	slow
twitch	and	fast	twitch),	and	then	later	by	their	oxidative	capacity,	which
coincides	with	their	color	(more	oxidative	fibers	have	greater	greater	myoglobin
and	capillary	content,	which	causes	them	to	appear	red	rather	than	white).

When	typing	muscle	fibers	by	shortening	velocity,	it	is	possible	to	test	muscle
fiber	shortening	speeds	directly.	However,	it	is	now	more	common	to	assess	the
rate	of	ATP	hydrolysis	by	performing	histochemical	staining	for	myosin	ATPase.
This	rate	is	associated	with	the	speed	that	the	muscle	fiber	can	shorten.	Using
this	method	usually	yields	three	basic	fiber	types	(I,	IIA,	and	IIX),	although
some	researchers	have	identified	types	that	have	intermediate	myosin	ATPase
staining	characteristics	between	these	three	major	types,	and	therefore	record
additional	types.

When	typing	muscle	fibers	by	reference	to	their	isoforms,	the	most	common
approach	is	to	refer	to	the	myosin	heavy	chain	(MHC)	isoform,	although	the
myosin	light	chain	(MLC)	can	also	vary	between	fibers,	and	contribute	to	its
functional	properties.	When	using	this	method	of	typing	fibers,	researchers	refer
to	MHC	I	and	MHC	II	to	differentiate	between	slow	and	fast	twitch	fibers.	These
types	can	be	further	subdivided	into	other	categories,	such	as	MHC	IIA	and
MHC	IIX,	and	hybrids	designated	in	the	format	MHC	IIAX.

In	general,	with	increasing	motor	unit	recruitment	threshold,	muscle	fibers	tend
to	decrease	in	oxidative	capacity,	increase	in	contraction	velocity,	increase	in
diameter,	and	increase	in	responsiveness	to	the	anabolic	stimulus	provided	by
mechanical	loading	during	strength	training.

Fibers	that	are	governed	by	low-threshold	motor	units	therefore	tend	to	be
mainly	type	I	(MHC	I)	fibers,	with	high	oxidative	capacity	and	a	red	appearance,
and	with	a	slow	maximum	shortening	velocity.	Fibers	that	are	governed	by	high-
threshold	motor	units	tend	to	be	mainly	(but	not	exclusively)	type	II	(MHC	II)



fibers,	with	a	low	oxidative	capacity	and	a	white	appearance,	and	with	a	fast
maximum	shortening	velocity.

Across	various	animals,	the	oxidative	capacity	of	muscle	fibers	is	inversely
related	to	their	diameter.	The	relationship	between	oxidative	capacity	and	fiber
diameter	seems	to	be	a	universal	one,	which	is	caused	by	the	prevailing	level	of
interstitial	oxygen	tension.	Consequently,	for	highly	oxidative	muscle	fibers	to
increase	in	diameter,	they	need	to	increase	mitochondrial	density	(and	not	just
the	number	of	mitochondria).	It	has	been	estimated	that	large	increases	in
mitochondrial	density	of	highly	oxidative	muscle	fibers	will	require	very	large
increases	in	capillarization	(measured	as	the	number	of	capillaries	per	fiber),
while	only	modest	increases	in	capillarization	seem	to	be	necessary	for	less
oxidative	muscle	fibers	to	increase	in	diameter.	This	unique	requirement	of
highly	oxidative,	type	I	muscle	fibers	may	be	part	of	the	reason	that	they	tend	to
increase	less	in	size	after	strength	training,	compared	to	less	oxidative,	type	II
muscle	fibers.

In	practice,	this	means	that	the	capacity	for	the	individual	(mainly	type	I)	muscle
fibers	controlled	by	low-threshold	motor	units	to	contribute	to	muscle	growth	is
small,	because	they	grow	little	after	strength	training,	while	the	capacity	of
individual	(mainly	type	II)	muscle	fibers	controlled	by	high-threshold	motor
units	to	contribute	to	muscle	growth	is	large,	because	they	grow	substantially
after	strength	training.

How	are	motor	units	and	muscle	fiber	types	related?

It	is	often	believed	that	low-threshold	motor	units	control	only	slow-twitch	(type
I)	muscle	fibers,	and	high-threshold	motor	units	control	fast-twitch	(type	II)
muscle	fibers.	However,	the	reality	is	more	complex.

In	muscles	that	contain	approximately	similar	numbers	of	type	I	and	type	II
muscle	fibers,	the	large	majority	of	the	motor	units	control	only	type	I	muscle
fibers.	This	happens	because	of	the	exponential	relationship	between	muscle
fiber	number	and	motor	unit	threshold.



For	example,	when	a	muscle	contains	50%	type	I	and	50%	type	II	muscle	fibers,
84%	of	the	motor	units	will	control	type	I	muscle	fibers,	and	the	remaining	16%
will	control	type	II	muscle	fibers.

Clearly,	when	a	muscle	contains	a	slightly	greater	proportion	of	type	I	muscle
fibers,	as	is	common	for	the	soleus,	biceps	femoris,	and	deltoids,	then	even	more
of	its	motor	units	will	control	type	I	fibers,	and	only	a	very	small	number	of	the
highest-threshold	motor	units	will	control	any	type	II	fibers.

In	practice,	this	means	that	large	numbers	of	type	II	muscle	fibers	are	activated
together	in	large	groups	at	similar	force	levels,	while	type	I	muscle	fibers	are
recruited	in	far	smaller	groups	and	at	a	range	of	different	force	levels.	In
addition,	it	means	that	type	II	muscle	fibers	are	probably	first	activated	only	after
voluntary	activation	reaches	a	high	level,	while	type	I	muscle	fibers	are	first
activated	at	a	range	of	force	levels,	from	the	smallest	possible	level	of	force	right
through	to	high	levels	of	force.

Additionally,	it	is	important	to	note	that	muscles	are	formed	of	multiple	regions,
and	these	regions	tend	to	comprise	different	fiber	type	proportions	from	one
another.	In	conjunction	with	this,	some	research	suggests	that	the	fibers	of	each
motor	unit	may	be	clustered	into	certain	specific	regions,	which	may	in	turn
explain	why	muscle	growth	in	certain	specific	regions	of	a	muscle	is	linked	to
changes	in	maximum	strength.

What	causes	individual	muscle	fibers	to	grow?

Individual	muscle	fibers	grow	once	they	have	experienced	a	sufficiently	high
level	of	mechanical	loading	in	sufficient	volume.	This	mechanical	loading	can
be	applied	when	the	muscle	fiber	is	active,	or	it	can	be	applied	when	the	fiber	is
not	active	by	passively	stretching	it.	Indeed,	both	heavy	strength	training	and
static	stretching	programs	lead	to	increases	in	muscle	size	in	both	animals	and
humans,	although	the	changes	after	stretching	are	smaller	than	after	strength
training.

The	mechanical	loading	that	is	experienced	by	single	muscle	fibers	during
strength	training	depends	largely	upon	its	shortening	velocity	in	the	lifting



(concentric)	phase,	because	of	the	force-velocity	relationship.

The	force-velocity	relationship	is	the	observation	that	greater	forces	(and
therefore	higher	levels	of	mechanical	loading)	are	produced	by	individual
muscle	fibers	when	the	shortening	velocity	is	slow,	compared	to	when	it	is	high.
This	happens	because	slower	shortening	velocities	allow	a	greater	number	of
actin-myosin	crossbridges	to	form,	which	are	the	driving	engines	of	force
production.

This	means	that	when	muscle	fibers	are	activated	but	shorten	quickly,	they	are
not	stimulated	to	increase	in	size.	This	is	why	training	programs	involving	high-
velocity	movements,	like	jumping,	do	not	increase	muscle	size,	even	though	they
can	involve	fairly	high	volumes	of	muscular	contractions	in	which	motor	unit
recruitment	is	very	high.

In	practice,	this	means	that	when	muscular	contractions	are	performed	involving
high	muscle	fiber	shortening	velocities,	muscle	growth	will	be	minimal,
regardless	of	whether	motor	unit	recruitment	is	high	or	low.

Can	aerobic	exercise	cause	individual	muscle	fibers	to	grow?

Aerobic	exercise	comprises	repeated	muscular	contractions	of	low	force	levels,
often	at	slow	velocities.	If	the	muscle	fibers	controlled	by	low-threshold	motor
units	can	grow	meaningfully	in	size	after	experiencing	mechanical	loading,	then
they	should	grow	most	after	aerobic	exercise,	since	this	involves	the	greatest
volume	of	relevant	muscular	contractions.

However,	how	long-term	aerobic	exercise	affects	the	size	of	individual	muscle
fibers	is	unclear.	When	testing	sedentary	and	older	individuals,	aerobic	exercise
does	often	have	a	beneficial	effect	on	muscle	size,	and	can	increase	the	size	of
both	type	I	and	type	II	fibers.	Yet	adding	aerobic	exercise	into	the	training
programs	of	athletes	who	are	already	doing	strength	training	often	reduces	the
gains	in	muscle	size	that	are	achieved,	perhaps	because	of	competing	signaling
that	causes	endurance-related	adaptations	(this	is	called	the	interference	effect).



It	therefore	seems	likely	that	training	status	may	affect	the	results	that	occur	after
aerobic	exercise,	with	aerobic	exercise	being	beneficial	for	muscle	size	in
sedentary	and	untrained	people,	but	detrimental	in	trained	lifters.	This	may
happen	because	sedentary	individuals	have	not	reached	a	plateau	in	the	size	of
the	muscle	fibers	belonging	to	low-threshold	motor	units,	because	of	their
inactive	lifestyles.	Findings	in	these	populations	are	therefore	not	particularly
relevant	for	understanding	the	effects	of	long-term	strength	training.

Moreover,	the	type	of	aerobic	exercise	may	be	important.

Marathon	running	training	seems	to	reduce	both	type	I	and	type	II	muscle	fiber
size	in	recreationally-active	subjects.	On	the	other	hand,	some	studies	have
found	that	endurance	cycling	training	in	untrained	individuals	increases	type	I
but	not	type	II	muscle	fiber	size.	These	findings	are	hard	to	interpret.

On	the	one	hand,	it	seems	that	aerobic	exercise	has	the	capacity	to	reduce	muscle
fiber	size.	On	the	other	hand,	aerobic	exercise	can	increase	the	size	of	either	both
type	I	and	type	II	fibers,	or	just	type	I	fibers.

It	seems	likely	that	training	status	and	the	type	of	exercise	are	responsible	for
these	differing	results.	The	following	framework	may	help	explain	the	current
picture	in	the	literature.

Sedentary	individuals	will	find	even	aerobic	exercise	very	challenging.	This	will
lead	to	a	high	level	of	motor	unit	recruitment	and	therefore	hypertrophy	of	both
fiber	types.	Individuals	with	a	high	strength	training	status	will	experience
competing	adaptations,	which	will	lead	to	aerobic	exercise	having	a	negative
impact	on	hypertrophy.	Exercise	that	involves	a	high	aerobic	demand	(like
running)	will	produce	a	greater	competing	signaling	effect	compared	to	exercise
that	involves	a	more	local	muscular	endurance	requirement	(like	cycling),	which
will	lead	to	it	causing	reductions	in	muscle	fiber	size.

In	cases	where	exercise	is	performed	by	recreationally	active	individuals	and
involves	a	local	muscular	endurance	requirement,	there	is	the	possibility	for	type
I	muscle	fiber	growth	to	occur	without	type	II	muscle	fiber	growth.	Yet	such
exercise	involves	a	very	high	workload	(approximately	30	minutes	at	70	rpm,	for
a	total	of	2,100	revolutions	or	reps	per	workout).	Comparable	studies	that	have
tested	strength	training	with	light	loads	while	avoiding	failure	(10	sets	of	36



reps,	for	a	total	of	360	reps	per	workout)	have	not	found	any	type	I	muscle	fiber
growth,	perhaps	because	the	volume	of	work	done	is	insufficient.

Does	fiber	type-specific	hypertrophy	happen	after	strength
training?

If	the	muscle	fibers	of	low-threshold	motor	units	were	to	grow	more	after	light
load	strength	training	to	failure,	and	the	fibers	of	high-threshold	motor	units
were	to	grow	more	after	heavy	load	strength	training,	even	though	overall
muscle	growth	is	the	same	after	both	heavy	and	light	load	strength	training,	we
would	predict	the	following:

Fiber	type-specific	hypertrophy	 — 	we	would	expect	research	to	record	greater
increases	in	type	II	muscle	fiber	cross-sectional	area	after	heavy	load	strength
training,	and	greater	increases	in	type	I	muscle	fiber	cross-sectional	area	after
light	load	strength	training.	Some	research	has	reported	such	changes,	but	recent
research	has	not.

Different	regional	hypertrophy 	— 	we	would	expect	changes	in	muscle	size	to
occur	in	different	regions	of	a	muscle	after	training	with	heavy	or	light	loads,
because	of	differences	in	fiber	type	between	regions	of	a	muscle.	There	has	been
little	research	done	in	this	area,	but	there	seems	to	be	no	effect	of	load	on	the
regional	nature	of	muscle	growth.

Greater	hypertrophy	after	training	with	slow	lifting	tempos	 — 	we	would
expect	hypertrophy	after	strength	training	to	be	greater	after	using	a	slow	tempo
in	the	lifting	(concentric)	phase,	than	after	using	a	fast	tempo,	because	fast
tempos	would	stop	the	fibers	of	low-threshold	motor	units	from	experiencing
mechanical	loading	in	the	early	reps	of	a	set.	However,	lifting	(concentric)	tempo
definitely	does	not	affect	muscle	growth,	since	both	fast	and	slow	tempos	cause
similar	hypertrophy.

Greater	hypertrophy	after	programs	involving	both	heavy	and	light	loads	 
— 	we	would	expect	hypertrophy	to	be	greater	after	using	a	mixture	of	both
heavy	and	light	loads,	compared	to	after	using	heavy,	moderate,	or	light	loads,



when	training	to	failure.	This	is	most	easily	tested	by	reference	to	the	load
periodization	literature,	because	these	studies	usually	compare	a	single,
unchanging	rep	range	with	a	number	of	rep	ranges	carried	out	in	sequence	over	a
period	of	time.	However,	there	seems	to	be	little	beneficial	effect	of	load
periodization	on	muscle	growth.

Greater	increases	in	capillarization	after	training	with	light	loads,	especially
around	type	I	muscle	fibers 	— 	we	would	expect	large	increases	in
capillarization	after	light	load	strength	training,	particularly	around	type	I	muscle
fibers,	as	well	as	increases	in	mitochondrial	density	in	these	fibers,	but	much
smaller	increases	in	capillarization	after	heavy	strength	training.	While	recent
research	suggests	that	capillarization	of	both	type	I	and	type	II	muscle	fibers
does	increase	after	strength	training,	light	load	and	heavy	load	strength	training
cause	similar	increases	in	capillarization	and	mitochondrial	content.

In	summary,	there	is	some	evidence	that	fiber	type-specific	hypertrophy	might
occur,	but	the	magnitude	of	the	effect	seems	to	be	very	small,	because	(1)	it	does
not	lead	to	any	differences	in	regional	muscle	growth,	(2)	reducing	lifting
(concentric)	tempo	does	not	enhance	hypertrophy,	(3)	training	with	a	mixture	of
heavy	and	light	loads	does	not	cause	greater	muscle	growth	compared	to	training
with	a	single	load,	and	(4)	increases	in	capillarization	are	similar	after	strength
training	with	light	and	heavy	loads.

What	is	the	most	likely	explanation	for	the	similar	overall	muscle
growth	after	training	with	heavy	and	light	loads?

The	most	likely	explanation	for	the	equal	muscle	growth	after	strength	training
with	heavy	and	light	loads	when	training	to	failure	is	the	way	in	which	fatigue
affects	the	behavior	of	motor	units	and	muscle	fibers.

When	fatigue	is	present	(whether	this	happens	in	combination	with	metabolic
stress	or	not),	the	recruitment	threshold	of	motor	units	decreases.	This	means
that	high-threshold	motor	units	are	recruited	at	lower	levels	of	force.	During
light	load	strength	training	to	failure,	the	last	reps	of	each	set	involve	high-
threshold	motor	units.



Light	load	strength	training	requires	a	large	number	of	reps	to	be	performed
before	fatigue	leads	to	increased	motor	unit	recruitment,	while	heavy	load
strength	training	only	involves	a	small	number	of	reps,	albeit	these	reps	are	all
performed	with	a	high	level	of	motor	unit	recruitment.	In	practice,	the	number	of
reps	performed	with	a	high	level	of	motor	unit	recruitment	are	probably	the	same
in	both	types	of	training.

Similarly,	when	fatigue	is	present	(whether	this	happens	in	combination	with
metabolic	stress	or	not),	the	maximum	shortening	velocity	of	the	working
muscle	fibers	decreases.	We	can	observe	this	happening	as	a	reduction	in	bar
speed	over	the	set.	This	means	that	the	working	shortening	velocity	of	any
newly-activated	muscle	fiber,	as	well	as	the	already-activated	muscle	fibers,	is
reduced.	Since	slower	shortening	velocities	allow	the	muscle	fibers	to	produce
greater	forces,	this	increases	the	mechanical	loading	on	any	of	the	muscle	fibers
that	are	active.

Light	load	strength	training	requires	a	large	number	of	reps	to	be	performed
before	fatigue	leads	to	reduced	bar	speed	(and	therefore	reduced	muscle	fiber
shortening	velocity),	while	heavy	load	strength	training	only	involves	a	small
number	of	reps,	although	these	reps	are	all	done	with	a	slow	fiber	shortening
velocity.	In	practice,	the	number	of	reps	performed	with	a	slow	fiber	shortening
velocity	are	probably	the	same	in	both	types	of	training.

(Technically,	light	load	strength	training	could	be	performed	with	a	slow	tempo
on	the	early	reps	of	each	set,	which	would	increase	the	mechanical	loading	on
the	muscle	fibers	of	low-threshold	motor	units,	while	reducing	motor	unit
recruitment	slightly	on	those	reps.	As	explained	above,	if	the	muscle	fibers	of
low-threshold	motor	units	contributed	substantially	to	overall	muscle	growth,
this	practice	should	enhance	hypertrophy,	but	it	doesn’t.)

In	summary,	fatigue	has	two	effects	that	influence	the	hypertrophic	stimulus	of	a
set	of	strength	training	exercise.	It	increases	the	number	of	motor	units	(and
therefore	muscle	fibers)	that	are	stimulated,	and	it	increases	the	size	of	the
stimulus	on	each	muscle	fiber,	by	increasing	the	mechanical	loading	that	it
experiences.



What	is	the	takeaway?

When	strength	training	to	failure,	the	rep	range	does	not	affect	the	amount	of
muscle	growth	that	occurs.	Training	with	either	heavy	loads	or	light	loads
produces	similar	hypertrophy.

This	effect	can	probably	be	attributed	to	the	effects	of	fatigue	during	light	load
strength	training,	which	leads	to	an	increase	in	the	level	of	motor	unit
recruitment	(to	the	same	level	as	when	training	with	heavy	loads)	and	a
reduction	in	muscle	fiber	shortening	velocity	(to	the	same	level	as	when	training
with	heavy	loads).	The	increase	in	the	level	of	motor	unit	recruitment	increases
the	number	of	muscle	fibers	that	are	stimulated,	and	the	reduction	in	muscle
fiber	shortening	velocity	increases	the	size	of	the	mechanical	loading	stimulus
on	each	muscle	fiber.

Muscle	fibers	of	low-threshold	motor	units	are	recruited	in	activities	of	daily
life,	and	have	probably	reached	their	maximum	possible	size	in	most
recreationally	active	people.	They	are	few	in	number	and	respond	little	to	the
strength	training	stimulus.	Muscle	fibers	of	high-threshold	motor	units	are	only
recruited	by	strength	training	and	probably	do	not	reach	their	maximum	size
except	in	advanced	bodybuilders.	There	are	thousands	of	muscle	fibers	for	each
high-threshold	motor	unit	and	they	respond	markedly	when	exposed	to	the
strength	training	stimulus.	Consequently,	while	there	is	some	evidence	that	fiber
type-specific	hypertrophy	can	occur,	it	is	likely	fairly	meaningless	in	the	context
of	strength	training.



WHY	DO	VERY	LIGHT	LOADS	NOT
PRODUCE	AS	MUCH	MUSCLE	GROWTH
AS	LIGHT	LOADS?



Recently,	a	study	was	published	comparing	the	long-term	effects	of	strength
training	with	very	light	(20%	of	1RM),	light	(40%	of	1RM),	moderate	(60%	of
1RM),	and	heavy	(80%	of	1RM)	loads.	All	sets	were	performed	to	failure,	and
volume	load	(sets	x	reps	x	load)	was	matched	between	conditions.

Muscle	growth	after	12	weeks	was	similar	in	the	conditions	that	involved	light
(40%	of	1RM),	moderate	(60%	of	1RM),	and	heavy	(80%	of	1RM)	loads.	Yet
training	with	very	light	(20%	of	1RM)	loads	produced	about	half	the	amount	of
muscle	growth	as	the	other	conditions	(both	in	absolute	terms	and	also	by
reference	to	effect	sizes).

Why	did	this	happen?

How	does	strength	training	produce	muscle	growth?

To	understand	exactly	how	the	volume-matched,	proximity-to-failure-matched
very	light	load	(20%	of	1RM)	strength	training	program	was	unable	to	produce
the	same	amount	of	muscle	growth	as	the	heavier	load	programs,	we	need	to
start	right	at	the	very	beginning.

For	an	individual	muscle	fiber	to	experience	mechanical	loading	during	a
strength	training	exercise,	it	needs	to	both	(1)	be	activated,	and	(2)	contract	at	a
speed	that	is	slow	enough	to	allow	enough	actin-myosin	bindings	to	form
simultaneously	(the	number	of	simultaneous	actin-myosin	bindings	affects	the
force	produced	by	a	fiber,	and	this	is	determined	by	the	contraction	velocity).

When	lifting	heavy	loads ,	most	motor	units	are	quickly	recruited	and	the	weight
is	heavy	enough	that	a	fast	bar	speed	is	impossible.	Thus,	heavy	loads
automatically	cause	(1)	activation	of	fibers	attached	high-threshold	motor	units,
and	(2)	enough	actin-myosin	bindings	to	form	simultaneously.

When	lifting	light	loads	to	failure ,	 few	motor	units	are	initially	activated,	but	as
metabolites	accumulate	and	cause	fatigue,	high-threshold	motor	units	are
recruited	in	order	to	compensate	for	the	reduced	capacity	for	force	production	in
the	working	muscle	fibers.	Similarly,	bar	speed	is	initially	quick,	but	as	fatigue



occurs,	bar	speed	involuntarily	slows	down.	By	the	end	of	a	set	to	failure,	light
loads	also	cause	(1)	activation	of	fibers	attached	to	high-threshold	motor	units,
and	(2)	enough	actin-myosin	bindings	to	form	simultaneously.

Strength	training,	either	with	heavy	loads,	or	with	light	loads	to	failure,	therefore
imposes	mechanical	loading	on	individual	muscle	fibers,	bringing	about
hypertrophy.	Note	that	deliberately	slowing	down	bar	speed	with	light	loads	does
not	work,	because	it	reduces	motor	unit	recruitment	even	though	it	increases	the
number	of	actin-myosin	bindings	that	form	simultaneously.

So	why	do	*very*	light	loads	work	less	effectively?

When	we	lift	light	loads	to	failure,	the	mechanical	loading	produced	on	the
muscle	fibers	only	occurs	if	the	fatigue	we	experience	leads	to	increased	motor
unit	recruitment.

Fatigue	is	a	very	complex	phenomenon	that	arises	from	multiple	causes,	and	its
nature	is	hotly	debated	by	researchers.	Even	so,	it	is	generally	agreed	that	the
nature	of	fatigue	changes	as	we	move	away	from	short-duration,	anaerobic
activities,	towards	longer-duration,	aerobic	activities.	Fatigue	in	very	intense,
short-duration	efforts	is	primarily	peripheral	in	nature,	while	fatigue	in	longer-
duration	efforts	involves	a	greater	central	component.

When	training	with	light	(40%	of	1RM)	or	moderate	(60%	of	1RM)	loads,	it	is
likely	that	fatigue	is	caused	primarily	by	peripheral	mechanisms,	which	reduce
individual	muscle	fiber	force.	This	reduction	in	individual	muscle	fiber	force	is
then	compensated	for	by	the	recruitment	of	high-threshold	motor	units.

When	using	very	light	(20%	of	1RM)	loads,	fatigue	may	be	caused	by	a	more
equal	balance	of	central	and	peripheral	mechanisms,	and	this	may	mean	that	a
smaller	amount	of	motor	unit	recruitment	occurs.	If	there	was	a	larger	amount	of
central	fatigue,	this	would	reduce	voluntary	force	by	decreasing	neural	drive	to
the	muscle.	This	would	lead	to	a	set	of	reps	being	stopped	even	before	high-
threshold	motor	units	have	been	recruited.



What	does	this	mean	in	practice?

There	is	probably	a	threshold	repetition-maximum	(RM)	that	represents	a	shift
from	one	type	of	fatigue	to	another.	In	this	study,	the	light	load	(40%	of	1RM)
condition	involved	approximately	30	reps	to	failure,	while	the	very	light	load
(20%	of	1RM)	condition	involved	approximately	65	reps	to	failure.

Somewhere	between	these	two	repetition	maximums	(RMs)	is	the	point	at	which
fatigue	shifts	from	being	primarily	peripheral	to	being	affected	by	a	more	equal
balance	of	central	and	peripheral	mechanisms.

For	bodybuilders,	staying	under	a	30RM	is	probably	a	good	plan	in	practice.
And	for	researchers,	it	bears	pointing	out	that	if	the	nature	of	fatigue	is	the	factor
that	determines	the	smaller	hypertrophic	response	with	very	light	loads,	then
categorizing	each	type	of	relative	load	based	on	repetition	maximums	makes	a
lot	more	sense	than	using	percentages	of	1RM,	because	it	is	exercise	duration
that	seems	to	alter	the	nature	of	fatigue	and	not	the	size	of	the	load	in	relation	to
the	maximum	force	that	can	be	exerted.

What	is	the	takeaway?

Strength	training	to	muscular	failure	means	training	to	the	point	where	fatigue
prevents	you	from	doing	another	repetition.	Depending	on	the	repetition	range
you	are	using,	the	nature	of	the	fatigue	will	probably	be	different.	It	seems	likely
that	peripheral	mechanisms	contribute	most	to	fatigue	in	lower	repetition	ranges,
while	central	mechanisms	gradually	increase	their	involvement	at	higher
repetition	ranges.



HOW	DOES	PROXIMITY	TO	FAILURE
AFFECT	HYPERTROPHY?



Training	to	failure	is	a	contentious	topic	in	bodybuilding.	Some	people	have
argued	that	it	is	essential	for	muscle	growth	to	occur,	while	others	claim	that	it	is
detrimental,	and	will	ultimately	lead	to	stagnation.	But	what	is	muscular	failure
really,	and	how	does	it	affect	hypertrophy?

What	is	muscular	failure?

Muscular	failure	refers	to	the	point	during	a	strength	training	set	at	which	we	can
no	longer	perform	the	lifting	(concentric)	phase	of	a	given	exercise	with	a
certain	load	through	a	predetermined	range	of	motion,	without	substantially
altering	our	technique.

This	point	is	determined	by	the	ability	of	the	muscle	to	exert	a	given	level	of
force.	When	our	muscles	can	no	longer	exert	force	above	a	certain	threshold
(which	is	slightly	greater	than	the	mass	of	the	weight),	we	reach	the	point	where
we	can	no	longer	perform	the	lift.

Importantly,	the	muscle	does	not	stop	working	completely.	It	can	still	produce	a
certain	level	of	force,	but	it	cannot	produce	the	required	level	of	force	in	order	to
perform	the	required	lift.	This	is	very	clear	when	using	drop	sets,	in	which
muscles	perform	sequential	sets	with	lighter	and	lighter	weights	immediately
after	reaching	failure	with	the	first	weight.

Therefore,	the	point	at	which	muscular	failure	is	reached	is	arbitrarily
determined	by	the	weight	that	we	use,	and	consequently	by	the	amount	of
muscle	force	that	is	required	to	lift	that	weight.

Our	use	of	the	term	"muscular	failure"	is	not	particularly	accurate,	because	it	is
not	the	muscle	that	fails,	but	rather	our	ability	to	perform	the	task.	Indeed,	many
researchers	use	the	term	"task	failure"	in	some	of	the	more	technical	literature
exploring	the	nature	of	fatigue,	since	this	is	a	much	better	description	of	what	is
really	happening.



What	causes	muscular	failure?

Muscular	failure	is	caused	by	fatigue.

Fatigue	causes	a	reduction	in	the	ability	of	muscles	to	produce	force	during
exercise.	Once	the	amount	of	fatigue	reaches	a	certain	level,	the	ability	of	the
prime	mover	muscles	to	produce	force	is	reduced	to	a	point	that	is	insufficient	to
lift	the	weight.

Although	fatigue	is	a	single	concept,	it	describes	a	range	of	different	processes
that	can	occur	in	either	the	central	nervous	system	(brain	and	spinal	cord)	or
inside	the	muscle	itself.	Which	processes	contribute	most	to	the	reduction	in
muscle	force	differ,	depending	on	the	level	of	force	being	produced	and	on	the
contraction	type.

Again,	this	indicates	that	our	use	of	the	term	"muscular	failure"	is	probably	not
particularly	helpful,	because	in	some	cases	it	may	be	the	central	nervous	system
that	stops	the	muscle	from	being	able	to	complete	the	task	in	hand,	rather	than
any	phenomenon	going	on	inside	the	muscle	itself.	This	is	another	reason	why
the	term	"task	failure"	is	a	better	way	to	refer	to	what	happens	when	we	are	no
longer	able	to	perform	another	repetition.

Let's	look	more	closely	at	the	two	types	of	fatigue.

#1.	Central	nervous	system	fatigue

Central	nervous	system	fatigue	can	occur	either	because	of	a	reduction	in	the
size	of	the	signal	sent	from	the	brain	or	the	spinal	cord,	or	because	of	an	increase
in	afferent	feedback	that	reduces	motor	neuron	excitability.	Central	nervous
system	fatigue	is	not	the	same	thing	as	feeling	tired	or	demotivated.	It	is	simply
the	extent	to	which	we	can	voluntarily	activate	the	trained	muscle.

Our	ability	to	voluntarily	activate	a	muscle	can	be	measured	by	testing	our
maximum	static	(isometric)	strength	in	a	voluntary	effort,	and	also	in	an
involuntary	effort,	by	stimulating	the	muscle	electrically.	Typically,	muscles



produce	slightly	more	force	when	they	are	stimulated	electrically,	compared	to
when	we	produce	force	voluntarily.	We	can	express	the	force	we	produce
voluntarily	as	a	percentage	of	the	force	we	produce	by	electrical	stimulation.
This	is	our	level	of	voluntary	activation.

The	level	of	voluntary	activation	reflects	the	number	of	motor	units	that	have
been	recruited.	When	voluntary	activation	is	very	high,	most	(if	not	all)	motor
units	are	recruited.	When	voluntary	activation	is	reduced,	some	motor	units	are
not	recruited.

When	central	nervous	system	fatigue	occurs,	voluntary	activation	is	reduced.
This	means	that	the	number	of	motor	units	that	are	recruited	decreases.	Since
motor	units	are	always	recruited	in	size	order,	this	means	that	some	of	the
highest	threshold	motor	units	(which	control	the	largest	numbers	of	the	most
highly	responsive	muscle	fibers)	are	not	recruited	and	are	therefore	not
stimulated	to	grow	after	strength	training.

#2.	Peripheral	fatigue

Peripheral	fatigue	can	be	caused	by	many	different	processes	that	happen	inside
the	muscle	itself.

Broadly,	peripheral	fatigue	happens	through	three	main	mechanisms:	(1)	a
reduction	in	the	release	of	calcium	ions	from	the	sarcoplasmic	reticulum,	(2)	a
decrease	in	the	sensitivity	of	actin-myosin	myofilaments	to	calcium	ions,	and	(3)
impairments	in	actin-myosin	crossbridge	function,	likely	due	to	the	generation	of
some	metabolic	byproducts	(phosphate	ions,	adenosine	diphosphate,	and
possibly	also	hydrogen	ions).	Contrary	to	popular	belief,	lactate	accumulation	is
not	central	to	the	process	of	fatigue.

Importantly,	peripheral	fatigue	only	affects	our	ability	to	produce	force	within	a
workout,	and	does	not	affect	our	ability	to	produce	force	for	very	long	after	a
workout.



Peripheral	fatigue	occurs	through	different	mechanisms	depending	on	the	load
that	is	used.	When	performing	conventional	strength	training	with	light	loads,
peripheral	fatigue	is	closely	linked	to	processes	that	are	connected	to	metabolite
accumulation.	When	performing	eccentric	contractions,	peripheral	fatigue	occurs
without	any	metabolite	accumulation	and	is	probably	determined	by	impaired
calcium	ion	release.	Similarly,	lifting	heavy	loads	does	not	involve	very	much
metabolite	accumulation,	and	the	fatiguing	mechanisms	are	likely	different	from
those	involved	in	lifting	light	loads.

However,	when	the	muscle	experiences	peripheral	fatigue	(through	whatever
mechanism),	this	reduces	the	amount	of	force	that	each	muscle	fiber	can
produce,	and	so	the	central	nervous	system	increases	the	level	of	motor	unit
recruitment	to	compensate.	When	peripheral	fatigue	is	very	high,	the	central
nervous	system	recruits	all	available	motor	units,	which	activates	the	majority	of
the	muscle	fibers	inside	the	muscle.

What	stimulates	hypertrophy?

Hypertrophy	is	mainly	the	result	of	single	muscle	fibers	inside	a	muscle
increasing	in	volume.	Single	muscle	fibers	grow	once	they	are	subjected	to	a
sufficiently	high	mechanical	loading	stimulus.	This	mechanical	loading	stimulus
is	the	force	exerted	by	the	muscle	fiber	itself.

To	achieve	a	sufficiently	high	force	during	conventional	strength	training,	fibers
need	to	contract	actively	at	a	slow	speed.	The	shortening	speed	of	a	fiber	is	the
main	determinant	of	the	force	it	produces,	because	of	the	force-velocity
relationship.	Slow	shortening	speeds	allow	greater	forces,	since	they	involve
more	simultaneously	attached	actin-myosin	crossbridges	and	it	is	the	attached
actin-myosin	crossbridges	that	produce	force.

Muscles	contain	many	thousands	of	fibers,	organized	into	groups	of	motor	units.
There	are	hundreds	of	motor	units	in	each	muscle,	and	they	are	recruited	in	order
of	size,	from	small,	low-threshold	motor	units	to	large,	high-threshold	motor
units.



Low-threshold	motor	units	govern	small	numbers	(dozens)	of	comparatively
unresponsive	muscle	fibers,	which	do	not	grow	very	much	after	being	subjected
to	a	mechanical	loading	stimulus.	High-threshold	motor	units	govern	large
numbers	(thousands)	of	highly	responsive	muscle	fibers,	which	grow
substantially	after	being	subjected	to	a	mechanical	loading	stimulus.	Such	motor
units	might	control	both	slow	twitch	and	fast	twitch	fibers,	or	solely	fast	twitch
fibers,	depending	on	the	fiber	proportions	of	the	muscle.

Only	those	contractions	that	involve	the	recruitment	of	high-threshold	motor
units	while	muscle	fibers	are	shortening	slowly	will	stimulate	meaningful
amounts	of	hypertrophy.	The	recruitment	of	low-threshold	motor	units	does	not
stimulate	very	much	muscle	growth,	because	such	motor	units	govern	only	a
small	number	of	relatively	unresponsive	muscle	fibers.

How	does	muscular	failure	affect	the	hypertrophic	stimulus?	(part
I)

As	we	fatigue,	the	shortening	speed	of	the	muscle	fibers	reduces	and	motor	unit
recruitment	increases.	These	are	the	key	factors	that	are	required	for	stimulating
hypertrophy,	because	they	allow	high-threshold	motor	units	to	experience
sufficiently	high	levels	of	mechanical	loading.	However,	the	type	of	fatigue	we
experience	affects	how	much	motor	unit	recruitment	we	can	achieve	at	the	point
of	muscular	failure.

When	muscular	failure	is	caused	entirely	by	peripheral	fatigue,	all	of	the	motor
units	in	the	prime	mover	muscle	are	recruited,	including	the	high-threshold
motor	units	that	control	the	majority	of	the	large,	highly-responsive	muscle
fibers	that	grow	after	strength	training.

Many	commentators	assume	that	muscular	failure	only	involves	peripheral
fatigue	during	strength	training.	This	then	leads	them	to	the	conclusion	that
training	to	muscular	failure	always	leads	to	full	motor	unit	recruitment.	For
much	of	the	time,	this	is	a	valid	model	of	strength	training	(although	there	are
important	exceptions,	as	we	will	see	shortly).	Indeed,	when	we	compare	the



effects	of	strength	training	with	heavy	and	light	loads,	the	model	appears	to	hold
up	reasonably	well.

What	does	training	to	muscular	failure	achieve,	when	training
with	heavy	or	light	loads?

#1.	Heavy	loads

When	we	lift	a	heavy	weight	(5RM,	or	85–90%	of	1RM),	all	of	our	motor	units
are	recruited	(to	the	extent	that	we	are	capable	of	voluntarily	activating	them	in
that	particular	muscle).	Also,	when	we	lift	a	heavy	weight,	we	cannot	move
quickly.	Therefore,	muscle	fiber	shortening	speed	is	slow.	So	lifting	heavy
weights	stimulates	hypertrophy	to	occur	even	without	experiencing	any
peripheral	fatigue	(or	training	to	failure).

Moreover,	neither	experiencing	peripheral	fatigue	nor	training	to	failure	should
make	much	difference	to	the	amount	of	hypertrophy	that	occurs	when	lifting
heavy	weights	(which	is	exactly	what	the	research	reports).

Lifting	five	reps	with	a	5RM	should	therefore	produce	*largely*	the	same
amount	of	hypertrophy,	whether	it	is	done	as	five	singles	with	rest	periods	in
between	or	as	a	5RM.	It	is	true	that	performing	a	5RM	might	lead	to	slightly
greater	muscle	growth	than	five	singles	due	to	(1)	a	longer	stimulating	time
under	tension,	and	(2)	higher	levels	of	mechanical	loading,	because	of	the	slower
bar	speeds	in	the	final	reps,	but	this	will	likely	only	have	a	tiny	effect.

#2.	Moderate	and	light	loads

When	we	lift	a	moderate	or	light	weight	(<5RM,	or	<85%	of	1RM),	not	all	of
our	motor	units	are	recruited	until	we	experience	enough	peripheral	fatigue.
Similarly,	when	we	lift	moderate	or	light	weights	we	can	move	very	quickly.
Therefore,	muscle	fiber	shortening	speed	is	fast	and	mechanical	loading	on	each
muscle	fiber	will	be	small	(we	could	reduce	the	speed	we	move	by	voluntarily



using	a	slow	tempo,	but	this	would	simultaneously	reduce	motor	unit
recruitment,	so	it	is	of	no	practical	use).	This	means	that	lifting	moderate	or	light
weights	does	not	stimulate	hypertrophy	to	occur	unless	we	experience	enough
peripheral	fatigue.

But	how	much	peripheral	fatigue	do	we	need	when	lifting	moderate	or	light
weights?	Do	we	actually	need	to	train	to	failure?

Research	has	shown	that	motor	unit	recruitment	increases	progressively
throughout	a	set	with	light	loads	(which	makes	sense)	and	may	reach	full	motor
unit	recruitment	at	the	point	of	muscular	failure	(although	some	research
suggests	that	full	motor	unit	recruitment	is	not	reached).	Similarly,	bar	speed
(and	therefore	muscle	fiber	shortening	velocity)	also	reduces	progressively	over
a	set	with	light	loads,	and	bar	speed	is	the	same	as	the	speed	used	in	a	one
repetition	maximum	(1RM)	in	the	final	rep.

This	suggests	that	when	using	light	and	moderate	loads,	hypertrophy	will	be
stimulated	in	several	reps	*before*	reaching	muscular	failure,	as	well	as	on	the
final	rep	itself,	because	those	reps	also	involve	high	levels	of	motor	unit
recruitment	and	slow	muscle	fiber	shortening	velocities.

Practically,	since	bar	speed	likely	reduces	progressively	towards	the	speed	used
in	a	1RM	on	the	final	rep,	regardless	of	the	weight	used,	and	motor	unit
recruitment	is	full	when	using	a	5RM	load,	it	is	probably	the	final	five	reps	of
any	set	performed	to	failure	that	stimulate	hypertrophy.	Each	of	those	final	five
reps	probably	contributes	approximately	the	same	amount	to	the	overall
hypertrophic	stimulus,	which	is	why	training	to	failure	and	stopping	one	rep
short	of	failure	with	moderate	and	light	loads	produces	largely	the	same	effects,
as	there	is	only	one	stimulating	rep	difference	between	the	programs.	Clearly,
stopping	three	or	four	reps	short	of	failure	would	lead	to	a	bigger	difference	in
the	number	of	stimulating	reps	per	set,	when	compared	with	training	to	failure,
and	this	would	probably	lead	to	less	hypertrophy.	Stopping	more	than	five	reps
short	of	failure	should	produce	no	hypertrophy	at	all.

Ultimately,	this	means	that	sets	with	light	and	moderate	loads	can	probably	be
terminated	a	couple	of	reps	before	muscular	failure	(1–2	reps	in	reserve)	and	still
produce	meaningful	amounts	of	muscle	growth.	For	some	trainees,	this	may	be



helpful,	since	training	with	a	closer	proximity	to	muscular	failure	increases
muscle	damage,	making	it	harder	to	train	more	frequently.

How	does	muscular	failure	affect	the	hypertrophic	stimulus?	(part
II)

As	we	fatigue,	the	shortening	speed	of	the	muscle	fibers	reduces	and	motor	unit
recruitment	increases.	These	are	the	key	factors	that	are	required	for	stimulating
hypertrophy,	because	they	allow	high-threshold	motor	units	to	experience
sufficiently	high	levels	of	mechanical	loading.	However,	the	type	of	fatigue	we
experience	affects	how	much	motor	unit	recruitment	we	can	achieve	at	the	point
of	muscular	failure.

When	muscular	failure	is	caused	by	peripheral	fatigue,	all	of	the	motor	units	in
the	prime	mover	muscle	are	recruited.	In	contrast,	when	muscular	failure	is
(partly)	caused	by	central	nervous	system	fatigue,	our	ability	to	produce	a	given
level	of	force	is	reduced	without	all	of	our	motor	units	being	recruited.

Therefore,	although	fatigue	generally	always	causes	a	reduction	in	muscle	fiber
shortening	speed,	it	does	not	always	lead	to	full	motor	unit	recruitment.	Only
when	muscular	failure	is	caused	solely	by	peripheral	fatigue	(and	no	central
fatigue	is	present)	does	full	motor	unit	recruitment	occur.	There	are	situations	in
which	central	fatigue	does	seem	to	be	increased	during	strength	training,	which
is	very	important	for	hypertrophy.

When	does	central	nervous	system	fatigue	occur?

During	strength	training,	peripheral	fatigue	and	central	nervous	system	fatigue
both	occur,	and	both	contribute	to	us	reaching	muscular	failure	in	a	set.
Moreover,	there	are	certain	factors	that	seem	to	increase	the	proportional	amount
of	central	fatigue	that	is	present	within	the	workout.



Additionally,	when	we	experience	muscle	damage	during	a	workout,	this	can
lead	to	central	fatigue	occurring	that	can	last	for	a	couple	of	days.	And
obviously,	some	workouts	cause	a	lot	more	muscle	damage	(and	therefore	more
central	fatigue)	than	others.

#1.	During	the	workout

During	any	workout,	there	will	be	some	central	fatigue.

The	amount	of	central	fatigue	is	greater	during	aerobic	exercise,	while	the
amount	of	peripheral	fatigue	seems	to	be	greater	after	anaerobic	exercise.	Also,
endurance	training	bouts	of	longer	durations	seem	to	produce	more	central
fatigue	than	bouts	of	shorter	durations.

In	general,	it	seems	likely	that	central	fatigue	accumulates	to	a	greater	extent
when	exercise	involves	longer	durations	of	muscular	contractions	at	lower	levels
of	force.	Therefore,	central	fatigue	is	probably	increased	towards	the	end	of	a
workout,	which	could	help	explain	why	higher	volumes	do	not	cause
increasingly	greater	amounts	of	hypertrophy,	and	could	also	explain	why
exercise	order	affects	muscle	growth.

Also,	the	amount	of	central	fatigue	reduces	quite	quickly	at	the	end	of	each	set	of
muscular	contractions.	It	is	very	high	at	the	end	of	a	set,	and	reduces	quickly
(most	likely	in	an	exponential	way)	thereafter.	Therefore,	central	fatigue	is	likely
increased	at	the	start	of	the	subsequent	set	when	rest	periods	are	short,	which
could	help	explain	why	short	rest	periods	lead	to	less	muscle	growth.

Interestingly,	exercises	that	involve	smaller	amounts	of	working	muscle	mass
(such	as	single-joint	or	single-limb	exercises)	lead	to	less	central	fatigue	and
therefore	allow	more	peripheral	fatigue	to	be	achieved,	compared	with	multi-
joint	and	two-limb	exercises.	This	is	perhaps	because	they	involve	greater
aerobic	demand.	This	is	an	argument	in	favor	of	making	extensive	use	of	single-
joint	exercises	for	bodybuilding,	as	well	as	for	placing	multi-joint	exercises
(such	as	lat	pull-downs)	first	in	a	workout,	progressing	to	single-joint	exercises



(such	as	biceps	curls),	and	finishing	with	single-limb,	single-joint	exercises
(such	as	concentration	curls).

#2.	After	the	workout

Workouts	that	involve	large	amounts	of	muscle	damage	cause	central	fatigue	to
develop	in	the	days	after	exercise.	This	means	that	the	subsequent	workout	can
be	affected	by	what	we	do	in	the	previous	one.

Various	factors	influence	the	amount	of	muscle	damage	that	is	caused	in	a
workout,	although	the	most	important	one	in	practice	is	training	volume.	Higher
volumes	cause	more	muscle	damage	and	therefore	require	longer	to	recover
from.	In	addition,	using	eccentric	contractions	can	increase	muscle	damage,	as
can	using	unfamiliar	exercises.	

Therefore,	we	need	to	be	aware	that	when	we	increase	workout	volume,	we	may
need	to	reduce	training	frequency,	otherwise	we	could	be	performing	workouts
in	which	we	do	not	achieve	full	motor	unit	recruitment,	which	will	be
suboptimal.	Similarly,	if	we	choose	to	use	eccentric	exercises,	we	may	need	to
do	them	less	frequently.	And	when	we	start	using	a	new	exercise	for	a	muscle
group,	it	may	make	sense	to	reduce	our	workout	frequency	for	the	first	couple	of
weeks.

What	is	the	takeaway?

Muscular	failure	refers	to	a	point	during	strength	training	at	which	we	can	no
longer	perform	the	lifting	phase	of	an	exercise	through	the	required	range	of
motion	without	altering	our	technique.	This	point	is	determined	by	the	ability	of
the	muscles	to	produce	force.	The	amount	of	force	that	muscles	can	produce	is
affected	by	the	level	of	fatigue	that	they	are	experiencing.

Fatigue	reduces	muscle	fiber	shortening	speed,	and	peripheral	fatigue	increases
motor	unit	recruitment	increases,	while	central	fatigue	prevents	full	motor	unit



recruitment	from	being	reached.	Increasing	peripheral	fatigue	while	minimizing
central	nervous	system	fatigue	is	therefore	necessary	to	stimulate	maximum
hypertrophy.

When	lifting	heavy	loads,	muscle	fiber	shortening	speed	is	slow	and	motor	unit
recruitment	is	high,	regardless	of	the	amount	of	peripheral	fatigue	that	is	present.
Therefore,	training	to	failure	is	unnecessary.	When	lifting	moderate	or	light
loads,	a	certain	level	of	peripheral	fatigue	is	required	to	achieve	sufficient	levels
of	motor	unit	recruitment	and	a	sufficiently	slow	muscle	fiber	shortening	speed,
but	this	can	be	achieved	within	a	couple	of	reps	of	muscular	failure,	and	it	is	not
actually	necessary	to	reach	failure	in	order	to	stimulate	muscle	growth.

Central	nervous	system	fatigue	is	increased	by	longer	durations	of	exercise
involving	greater	aerobic	demand,	which	limits	the	effects	of	high	volume
workouts,	reduces	the	effectiveness	of	exercises	performed	later	in	a	workout,
makes	short	rest	periods	less	effective	than	long	rest	periods,	and	makes	it	easier
to	achieve	full	motor	unit	recruitment	on	single-joint	and	single-limb	exercises.



HOW	MUCH	VOLUME	SHOULD	WE
PERFORM	FOR	MAXIMAL	MUSCLE
GROWTH?



Strength	training	volume	for	hypertrophy	always	seems	to	be	a	contentious
topic,	whether	people	are	arguing	about	one	set	versus	multiple	sets,	or	whether
they	are	arguing	about	the	exact	number	of	sets	at	which	the	dose-response
relationship	plateaus	or	even	begins	to	produce	a	negative	impact	on	muscle
growth.

Even	so,	in	many	of	these	arguments	there	is	rarely	a	clear	understanding	of
exactly	what	volume	is,	how	it	is	defined,	and	how	the	research	has	linked
different	amounts	of	volume	to	hypertrophy.

Crucially,	we	need	to	know	when	a	rep	actually	stimulates	hypertrophy	(not	all
reps	do,	otherwise	aerobic	exercise	would	produce	a	tremendous	amount	of
muscle	growth)	and	can	therefore	be	counted	as	volume.	We	also	need	to
understand	the	difference	between	workout	volume	and	weekly	volume,	and
how	each	of	those	things	have	been	studied	by	researchers.

What	is	volume?

Volume	is	the	way	in	which	we	measure	the	size	of	the	dose	of	a	strength
training	program.	In	this	respect,	it	is	quite	similar	to	time	under	tension,	which
is	another	very	commonly	misunderstood	concept.	Greater	volumes	provide	a
larger	dose	of	training,	and	produce	a	greater	stimulating	effect	on	the	muscle
fibers	to	increase	in	size.

Volume	is	measured	in	a	number	of	ways	by	researchers.	The	most	common
ways	are	(1)	the	total	number	of	sets	to	failure,	(2)	the	total	number	of	reps	(sets
x	reps),	and	(3)	the	volume	load	(sets	x	reps	x	weight).

Studies	have	only	linked	the	number	of	sets	to	failure	to	a	dose-response	on
muscle	growth.	Measured	in	this	way,	greater	volumes	(number	of	sets	to
failure)	lead	to	more	hypertrophy.	Measured	in	either	of	the	other	two	ways
(total	number	of	reps	or	volume	load),	there	is	no	relationship	whatsoever
between	volume	and	the	amount	of	hypertrophy	that	occurs	after	training.



For	example,	when	two	groups	of	strength-trained	individuals	perform	similar
training	programs	using	3	sets	of	the	same	7	exercises	to	muscular	failure,	but
with	either	light	loads	(25–35RM)	or	moderate	loads	(8–12RM),	they	achieve
the	same	amount	of	hypertrophy,	and	yet	training	with	lighter	loads	involves	far
more	volume	(sets	x	reps)	and	volume	load	(sets	x	reps	x	weight)	than	training
with	moderate	loads.

Similarly,	the	relationship	between	training	volume	and	hypertrophy	also
disappears	when	we	do	not	perform	sets	to	failure.	This	can	be	seen	in	studies	of
German	Volume	training,	where	moderate	and	high	volume	training	programs
produce	similar	muscle	growth.	It	can	also	be	seen	when	comparing	training
programs	of	light	or	moderate	loads	with	the	same	volume	load	when	failure	is
not	reached,	where	training	with	a	moderate	load	leads	to	greater	muscle	growth.

Failing	to	realize	that	research	has	only	really	linked	increases	in	this	one
measurement	of	volume	to	greater	hypertrophy	can	easily	lead	even	quite
experienced	commentators	astray.

Even	so,	there	is	a	very	good	reason	why	this	must	be	the	case.

What	is	volume	really?

Volume	is	really	just	the	number	of	stimulating	reps	that	are	performed	for	a
muscle	group	in	each	set.

A	stimulating	rep	is	one	that	involves	(1)	the	recruitment	of	high-threshold	motor
units	(and	therefore	the	activation	of	their	associated	muscle	fibers),	and	(2)	a
slow	shortening	velocity.

We	need	to	recruit	high-threshold	motor	units	for	two	reasons.	Firstly,	despite
being	quite	few	in	number,	they	actually	control	the	large	majority	of	muscle
fibers.	Secondly,	the	very	slow	twitch	muscle	fibers	that	are	controlled	by	low-
threshold	motor	units	are	not	very	responsive	to	the	workout	stimulus	and	tend
not	to	grow	after	training.



The	recruitment	of	high-threshold	motor	units	is	determined	largely	by	the	effort
involved	in	performing	a	movement.	When	we	lift	a	heavy	load,	or	move	a	light
load	explosively,	or	lift	a	light	load	to	muscular	failure,	we	are	using	a	high	level
of	effort	and	motor	unit	recruitment	is	high.

However,	simply	recruiting	the	motor	units	(and	activating	the	associated	muscle
fibers)	is	not	enough.	We	also	need	to	expose	the	activated	muscle	fibers	to	high
levels	of	mechanical	loading.	This	is	accomplished	through	the	force-velocity
relationship.	When	the	activated	muscle	fibers	shorten	slowly,	they	produce	a	lot
of	force	and	therefore	experience	high	levels	of	mechanical	loading.	When	the
activated	muscle	fibers	shorten	quickly	(as	in	very	fast	movements),	they
produce	little	force	and	experience	little	mechanical	loading.	This	is	why	lifting
light	loads	explosively	involves	maximal	motor	unit	recruitment	but	does	not
stimulate	muscle	growth.

Importantly,	the	last	5	or	so	reps	of	a	set	performed	to	failure	involve	similarly
high	levels	of	motor	unit	recruitment	and	similarly	slow	bar	speeds	due	to
increased	local	muscular	fatigue.	Therefore,	regardless	of	the	weight	on	the	bar,
the	muscle	fibers	controlled	by	high-threshold	motor	units	experience
approximately	the	same	number	of	stimulating	reps	when	training	to	failure
(training	with	a	certain	number	of	reps	in	reserve	produces	the	same	effect,	albeit
with	1	or	2	fewer	stimulating	reps,	as	appropriate).

This	is	why	the	number	of	sets	to	failure	is	often	a	good	way	of	measuring
training	volume,	regardless	of	the	weight	on	the	bar,	because	every	set	to	failure
usually	contains	the	same	number	of	stimulating	reps.	When	we	do	not	perform
sets	to	failure,	it	is	not	clear	how	many	stimulating	reps	are	done	in	each	set.	In
fact,	the	number	of	stimulating	reps	is	often	smaller	when	some	so-called	higher
volume	routines	are	performed!

When	is	the	number	of	sets	to	failure	a	poor	measurement	of
volume?

Although	the	number	of	sets	to	failure	is	often	a	good	measure	of	the	number	of
stimulating	reps	in	a	set,	sometimes	it	is	not.	This	happens	if	the	number	of



stimulating	reps	is	cut	short,	despite	reaching	muscular	failure.

During	a	set	of	strength	training	exercise,	our	ability	to	exert	force	can	be
negatively	affected	by	either	(1)	reducing	the	ability	of	the	muscle	itself	to	exert
force	(called	"peripheral	fatigue"),	or	(2)	reducing	the	ability	of	the	central
nervous	system	to	activate	the	muscle	so	that	it	produces	force	(called	"central
nervous	system	fatigue").	The	activation	of	the	muscle	by	the	central	nervous
system	is	accomplished	by	the	recruitment	of	motor	units,	in	size	order,	from
low-threshold	to	high-threshold.

Consequently,	both	peripheral	and	central	fatigue	contribute	to	us	reaching
muscular	failure.	Importantly,	central	fatigue	reduces	the	level	of	motor	unit
recruitment,	while	peripheral	fatigue	increases	it.	However,	central	fatigue	takes
precedence	by	virtue	of	being	the	ultimate	controller	of	muscle	function.	So
when	there	is	more	central	fatigue	(either	because	of	a	shorter	recovery	time,	a
greater	aerobic	demand,	or	increased	lactate	accumulation),	we	reach	muscular
failure	before	actually	achieving	full	motor	unit	recruitment.

For	example,	when	short	rest	periods	are	used,	muscular	failure	is	reached	on
each	set	but	the	stimulating	effect	of	the	set	is	less	than	expected.	This	can	be
attributed	to	greater	central	nervous	system	fatigue	with	short	rests	(either	due	to
the	reduced	recovery	time	for	this	type	of	fatigue,	the	greater	aerobic	demand,	or
the	increased	lactate	accumulation).	This	same	logic	can	be	applied	to	increasing
training	volume,	because	central	nervous	system	fatigue	increases	over	the
course	of	a	workout.	This	means	that	later	sets	likely	contain	fewer	stimulating
reps	than	earlier	sets.	This	can	help	explain	the	effects	of	exercise	order	and	also
suggests	that	adding	extra	sets	to	a	workout	will	have	progressively	smaller	and
smaller	incremental	benefits.

In	addition	to	affecting	our	ability	to	accomplish	stimulating	reps	in	workouts
with	short	rest	periods,	central	fatigue	can	also	reduce	the	number	of	stimulating
reps	achieved	in	a	workout	if	we	have	not	yet	recovered	from	a	previous
workout.	If	we	train	a	muscle	too	soon	after	the	last	workout,	there	will	be
muscle	damage	present.	When	this	muscle	damage	is	present	it	can	lead	to
accompanying	central	fatigue.	This	is	why	training	too	frequently	each	week	can
fail	to	produce	greater	muscle	growth,	even	when	the	volume	is	greater	with	the
higher	frequency.



Essentially,	central	fatigue	experienced	during	workouts	(either	because	it
accumulates	within	the	workout,	or	because	it	is	still	present	from	a	previous
workout)	means	that	we	cannot	simply	add	up	the	number	of	sets	to	failure
performed	in	all	of	our	workouts	in	a	week	and	expect	to	be	able	to	calculate	the
total	number	of	stimulating	reps	per	week.	That	is	not	a	valid	calculation.	Some
of	the	later	sets	in	a	workout,	and	some	of	the	later	workouts	in	a	week,	will	not
involve	as	many	stimulating	reps,	because	of	central	fatigue.

When	does	an	exercise	stimulate	a	muscle?

One	last	factor	that	must	be	taken	into	account	when	measuring	training	volume
is	the	effect	of	an	exercise	on	a	muscle	group.

Stimulating	reps	can	only	be	counted	in	full	when	an	exercise	produces	full
motor	unit	recruitment	for	the	worked	muscle	group,	which	usually	means	that
the	muscle	group	has	to	be	the	limiting	factor	for	the	exercise.	Yet	many
exercises	involve	multiple	muscle	groups,	and	not	all	of	them	are	worked
equally	hard.	For	example,	the	squat	probably	stimulates	the	quadriceps
maximally,	as	they	are	the	limiting	factor,	but	likely	leaves	some	stimulating	reps
in	the	tank	for	the	working	hip	extensors	(adductor	magnus	and	gluteus
maximus),	especially	when	a	traditional	high	bar	squat	variation	is	used.

Moreover,	the	impact	of	an	exercise	may	not	be	quite	as	obvious	as	we	like	to
think.	Although	the	squat	is	a	good	exercise	for	the	quadriceps,	it	only	really
develops	the	single-joint	quadriceps.	The	rectus	femoris	is	actually	very	poorly
trained	by	this	exercise,	which	in	reality	makes	sense,	because	it	is	a	hip	flexor
and	the	production	of	a	hip	flexion	turning	force	would	oppose	the	important
work	being	done	by	the	hip	extensors.

Conversely,	while	we	may	program	bench	presses	for	the	pectoralis	major	and
anterior	deltoids,	they	are	actually	similarly	effective	for	the	triceps	brachii.	So	if
we	are	following	a	body	part	split	routine,	include	bench	presses	for	the	chest
and	shoulder	muscles,	and	then	carry	out	a	separate	day	involving	single-joint
exercises	for	our	arms,	then	we	are	actually	training	the	triceps	twice	as	often	as
the	chest	and	shoulders.



Ultimately,	whether	an	exercise	stimulates	a	muscle	must	be	determined	by	an
understanding	of	the	biomechanics	of	the	exercise,	and	not	by	whether	it	has
traditionally	been	included	in	workouts	for	that	body	part.	Including	multi-joint
exercises	will	always	lead	to	some	confusion,	but	that	is	a	problem	we	may	need
to	work	with,	if	we	are	to	benefit	from	using	them.

What	does	this	mean	in	practice?

In	practice,	this	means	that	we	can	produce	the	following	working	definitions	of
workout	and	weekly	volume.

Workout	volume 	– 	volume	is	the	number	of	stimulating	reps	achieved	for	a
muscle	group	in	a	workout.	This	is	likely	to	be	approximately	5	reps	per	set	to
failure	with	an	exercise	that	involves	that	muscle	as	the	limiting	factor,	although
if	short	rest	periods	are	used	then	this	number	will	be	smaller.	Also,	later	sets	in
a	workout	may	not	contain	quite	as	many	stimulating	reps	as	earlier	sets,	due	to
central	fatigue.

Weekly	volume	–	 volume	is	the	number	of	stimulating	reps	achieved	in	each
workout,	added	up	over	the	week.	This	is	likely	to	be	approximately	5	reps	per
set	to	failure	with	an	exercise	that	involves	that	muscle	as	the	limiting	factor	in
each	workout,	although	if	workouts	performed	earlier	in	the	week	lead	to
substantial	muscle	damage,	then	central	fatigue	will	cause	a	reduction	in	the
number	of	stimulating	reps	achieved	in	each	set	to	failure	in	later	workouts.

Consequently,	while	many	strength	training	experts	measure	weekly	volume	as
the	sum	of	the	sets	to	failure	performed	each	week,	this	is	often	not	valid,
because	of	central	fatigue.	Similarly,	while	many	research	groups	try	to	identify
the	weekly	volume	that	produces	the	most	hypertrophy	by	altering	the	number	of
sets	in	a	workout	while	maintaining	the	number	of	workouts	per	week	the	same,
this	is	also	a	not	a	valid	calculation,	because	of	the	interaction	between	workout
frequency	and	workout	volume.

So	how	does	workout	volume	affect	muscle	growth?



What	is	the	dose-response	effect	of	workout	volume	on
hypertrophy?

Workout	volume	(as	defined	by	the	number	of	stimulating	reps)	clearly	produces
a	(non-linear)	dose-response	effect	on	post-workout	increases	in	signaling	in	the
mTOR	pathway,	in	increases	in	muscle	protein	synthesis	(MPS)	rates,	and	in
myogenic	signaling	responses.	Studying	each	of	these	dose-responses	carefully
can	help	us	understand	better	how	workout	volume	affects	muscle	growth.

mTOR	pathway  	— 	 The	dose-response	of	workout	volume	on	signaling	in	the
mTOR	pathway	seems	to	increase	fairly	linearly	with	increasing	workout
volume.

MPS	rates 	— 	The	dose-response	of	workout	volume	on	post-workout	increases
in	MPS	rates	is	a	gradual	increase	up	to	a	plateau,	after	which	there	is	no	change
in	the	response	(either	up	or	down).	This	makes	sense,	because	MPS	rates	are
determined	by	the	rate	of	protein	synthesis	per	ribosome	(translational
efficiency)	and	by	the	amount	of	translational	machinery	in	a	given	volume	of
muscle	(translational	capacity).	Temporary	increases	in	MPS,	such	as	after	single
workouts,	are	likely	caused	by	an	increase	in	translational	efficiency,	while	long-
term	strength	training	is	believed	to	increase	translational	capacity,	which
requires	the	production	of	new	translational	machinery	through	ribosome
biogenesis.	Since	there	is	a	limit	to	how	much	efficiency	can	be	increased,	this
strongly	indicates	the	presence	of	a	plateau	in	the	post-workout	increases	in	MPS
rates	as	a	result	of	training	volume.

(Note	that	it	is	not	completely	unusual	for	post-workout	increases	in	muscle
protein	synthesis	to	differ	from	post-workout	mTOR	signaling,	although	the	two
responses	normally	move	in	tandem.	Indeed,	mTOR	signaling	has	been	observed
to	diverge	markedly	from	MPS	responses	on	occasion).

Myogenic	signaling	responses  	—	The	dose-response	of	workout	volume	on
myogenic	signaling	responses	seems	to	be	delayed	and	even	slightly	reduced	at
high	volumes.	The	delayed	response	has	been	attributed	to	the	negative	effects	of
muscle	damage,	since	greater	workout	volumes	produce	more	muscle	damage,



and	since	the	post-workout	MPS	response	occurs	both	in	order	to	repair	muscle
damage	and	also	in	order	to	produce	muscle	growth.	Therefore,	when	a	(high
volume)	workout	causes	a	lot	of	muscle	damage,	this	could	lead	to	a	need	to
devote	more	of	the	post-workout	increase	in	MPS	rates	to	muscle	damage	repair,
and	less	to	hypertrophy.	This	could	then	imply	that	the	mTOR	signaling	response
is	also	partly	related	to	the	need	to	repair	muscle	damage.

The	muscle	damage	response	to	a	workout	is	also	important	to	consider.

When	muscle	damaging-exercise	is	extremely	severe,	it	can	lead	to	muscle	fiber
loss.	Muscle	damage	can	range	from	very	small	disruptions	to	the	myofibrils	and
cytoskeleton	of	the	muscle	fiber,	to	tears	in	the	cell	membrane,	to	ruptures	of	the
muscle	fiber,	and	ultimately	to	its	wholesale	destruction.	When	a	muscle	fiber	is
slightly	damaged,	it	can	be	repaired.	In	such	cases,	the	damaged	areas	are
cleared	away	and	replaced	with	new	structures.	When	a	muscle	fiber	is	very
severely	damaged,	it	becomes	necrotic	and	is	completely	removed.	Afterwards,	a
new	muscle	fiber	is	grown	inside	the	cell	membrane	of	the	old	one.	This	is	called
regeneration.	It	is	possible	that	some	muscle	fibers	are	not	regenerated	after	they
have	become	necrotic.	This	is	then	observed	as	the	loss	of	muscle	fibers	or
muscle	mass.

Overall,	we	can	therefore	describe	the	dose-response	of	workout	volume
(defined	as	the	number	of	stimulating	reps)	as	being	formed	of	three	elements:
(1)	a	non-linear	relationship	between	workout	volume	and	MPS	rates	up	to	a
plateau,	and	(2)	an	increasing	(probably	linear)	relationship	between	training
volume	and	the	amount	of	MPS	that	must	be	directed	to	muscle	damage	repair
instead	of	to	hypertrophy,	and	(3)	a	(probably	non-linear)	increase	in	the	number
of	fibers	that	become	necrotic	and	yet	are	subsequently	not	regenerated.
Together,	these	three	relationships	suggest	that	there	might	be	a	U-shaped	curve
of	workout	volume	on	hypertrophy,	rather	than	simply	an	increase	up	to	a
plateau.

Again,	it	is	important	to	note	that	the	above	analysis	refers	to	volume	as	defined
by	the	number	of	stimulating	reps.	Clearly,	central	fatigue	will	also	have	an
influence	on	the	actual	number	of	stimulating	reps	that	are	performed	during	a
workout.	Central	fatigue	therefore	also	has	an	effect	on	the	relationship	between
the	more	common	measures	of	volume	(such	as	the	number	of	sets	to	muscular
failure)	and	the	resulting	muscle	growth	after	training.



What	is	the	dose-response	effect	of	weekly	volume	on
hypertrophy?

To	identify	the	real	dose-response	effect	of	weekly	volume	on	hypertrophy
requires	us	to	find	the	right	combination	of	workouts	over	the	week	that	allows
the	maximum	number	of	stimulating	reps	to	be	performed.

Importantly,	this	will	depend	on	the	optimal	training	frequency	for	(1)	the
individual,	and	(2)	the	muscle	group.	Optimal	training	frequency	has	been
shown	to	vary	between	individuals	(most	likely	because	the	susceptibility	to
muscle	damage	also	varies	between	individuals),	and	muscles	take	different
durations	of	time	to	repair	the	resulting	muscle	damage	from	the	same	volume	of
training,	which	implies	that	training	them	with	the	same	frequency	will	lead	to
quite	different	results.	Also,	the	level	of	psychological	stress	that	an	individual	is
currently	experiencing	affects	the	rate	of	workout	recovery,	most	likely	by
altering	the	speed	at	which	muscle	damage	is	repaired.

In	general,	many	strength	training	workouts	allow	full	recovery	of	muscle
damage	(and	associated	central	fatigue)	within	24	hours,	but	high	volume
workouts	typically	require	48	hours	(for	the	lower	body)	or	72	hours	(for	the
upper	body).	Even	so,	there	are	some	studies	that	have	recorded	a	markedly
suppressed	ability	to	produce	force	(indicating	muscle	damage)	for	far	longer,
even	up	to	5	days	post-workout.	Therefore,	the	effect	of	recovery	rate	on	the
optimal	weekly	training	volume	is	very	important.

However,	the	majority	of	the	literature	exploring	the	effects	of	training	volume
has	examined	the	effects	of	altering	the	number	of	sets	to	failure	in	single
workouts	over	the	course	of	a	week	(where	some	groups	do	1	set	per	exercise	in
each	workout,	while	other	groups	do	2	or	more	sets	per	exercise).

Such	studies	tell	us	about	the	maximum	workout	volume	that	can	be	used	in	the
context	of	a	given	training	frequency	for	the	majority	of	the	individuals	in	the
cohort.	For	example,	a	recent	study	examined	what	happens	if	strength-trained
individuals	perform	1,	3,	or	5	sets	per	exercise	within	the	context	of	a	training
program	involving	3	workouts	per	week.	However,	these	studies	do	not	tell	us



the	maximum	weekly	volume	that	could	be	used	if	we	also	modified	training
frequency	to	best	fit	the	stimulating	reps	into	the	week	(and	the	answer	is	also
likely	to	be	different	for	different	individuals	and	different	muscle	groups!).

Failing	to	spot	this	problem	can	easily	lead	even	experienced	commentators	to
give	guidelines	about	maximum	weekly	volume	based	on	a	body	of	literature
that	doesn't	actually	answer	that	question.

What	is	the	takeaway?

There	is	probably	a	specific	amount	of	volume	that	can	be	performed	in	a
workout	that	maximizes	the	amount	of	hypertrophy	that	results	for	a	given
muscle,	because	there	are	good	reasons	why	moderate	volumes	will	produce
superior	growth	when	compared	to	low	volumes,	and	why	excessively	high
volumes	will	produce	inferior	growth	to	more	moderate	volumes.

Similarly,	there	is	probably	a	specific	amount	of	volume	that	can	be	done	in	a
week	that	maximizes	the	amount	of	hypertrophy	that	results	for	a	given	muscle.
However,	this	may	not	involve	performing	individual	workouts	with	the	amount
of	volume	that	maximizes	the	amount	of	hypertrophy	for	a	given	muscle,
because	it	is	the	optimal	combination	of	frequency	and	volume	that	leads	to	the
weekly	volume	that	produces	the	most	muscle	growth.



DO	ECCENTRIC	AND	CONCENTRIC
TRAINING	PRODUCE	DIFFERENT
TYPES	OF	MUSCLE	GROWTH?



During	normal	strength	training,	we	lift	and	lower	weights	repeatedly.
Sometimes,	as	in	the	squat	exercise,	we	begin	with	the	lowering	phase	and	then
perform	the	lifting	phase	to	return	to	the	start.	Other	times,	as	in	the	biceps	curl
exercise,	we	begin	with	the	lifting	phase	and	then	perform	the	lowering	phase	to
return	to	the	beginning.

When	we	lift	the	weight,	the	muscle	fibers	inside	the	muscle	shorten.	This	is
called	a	concentric	muscle	action.	When	we	lower	the	weight,	the	muscle	fibers
lengthen.	This	is	called	an	eccentric	muscle	action.

Occasionally,	athletes	use	strength	training	methods	that	involve	only	either	the
lifting	phase	(as	in	some	ballistic	exercises)	or	only	the	lowering	phase	(as	in	the
Nordic	curl).	These	are	called	“concentric-only”	and	“eccentric-only”	strength
training,	respectively.	Among	bodybuilders,	concentric-only	strength	training	is
rare,	but	the	use	of	eccentric-only	strength	training	in	the	form	of	“negatives”	is
commonplace.

Research	that	has	compared	the	effects	of	concentric-only	and	eccentric-only
strength	training	has	found	that	they	produce	different	effects	on	muscle	growth,
in	respect	of	increases	in	fiber	length	versus	fiber	diameter,	in	respect	of
different	regions	of	the	muscle	and	in	respect	of	slow	twitch	and	fast	twitch
muscle	fiber	area.

So	what	causes	these	different	effects?

What	happens	when	muscle	fibers	shorten?

When	muscle	fibers	shorten,	they	produce	force	because	of	the	actions	of	active
elements	inside	them.	Active	elements	are	those	structures	that	exert	force	by
using	energy	to	move	in	response	to	the	electrical	signal	that	is	sent	from	the
central	nervous	system.

Each	muscle	fiber	contains	long,	thin	chains	of	structures	called	sarcomeres,
which	are	made	up	of	many	strands	(myofilaments)	of	molecules.	For	active
force	production,	the	key	myofilaments	inside	each	sarcomere	are	those	made	of



actin	and	myosin	molecules.	When	the	electrical	signal	from	the	central	nervous
system	arrives	at	the	muscle	fiber,	it	causes	calcium	ions	to	be	released	into	the
area	around	these	actin	and	myosin	myofilaments.

Regulatory	proteins	located	on	the	actin	strand	respond	to	the	presence	of	these
calcium	ions.	When	there	are	few	calcium	ions	present,	as	is	the	case	when	the
muscle	is	inactive,	these	proteins	prevent	myosin	from	binding	to	actin.	The
release	of	calcium	ions	into	the	area	around	the	strands	of	actin	and	myosin
molecules	alters	the	positions	of	these	regulatory	proteins	and	allows	myosin	to
bind	to	actin.	This	binding	process,	which	involves	the	formation	of
crossbridges,	causes	actin	to	slide	past	myosin	in	each	sarcomere	along	the
length	of	the	muscle	fiber.	This	movement	deforms	the	whole	fiber	and
subsequently,	the	whole	muscle.

Importantly,	the	actin	and	myosin	myofilaments	do	not	themselves	change	length
when	crossbridges	are	formed.	Rather,	the	amount	of	overlap	between	the	actin
and	myosin	myofilaments	within	each	sarcomere	increases.	Since	muscle	fibers
do	not	change	volume	when	they	deform	by	decreasing	in	length,	this	increasing
overlap	at	various	points	along	the	length	of	the	fiber	causes	it	to	bulge	outwards
at	the	center	of	each	sarcomere.	This	outward	deformation	in	the	transverse
plane	of	the	muscle	fiber	can	be	detected	by	mechanoreceptors,	thereby
stimulating	muscle	growth.

The	process	by	which	myosin	binds	to	actin	to	produce	crossbridges	is	driven	by
chemical	energy	provided	in	the	form	of	adenosine	triphosphate	(ATP).	During
strength	training,	as	this	ATP	is	used	it	is	replenished	by	the	oxidative,
glycolytic,	and	creatine-phosphate	energy	systems.	When	moderate	or	high	reps
are	used,	the	glycolytic	system	is	heavily	used,	leading	to	the	formation	of
metabolic	byproducts	such	as	lactate,	hydrogen	ions,	phosphate,	and	adenosine
diphosphate	(ADP),	which	has	been	termed	metabolic	stress	and	is	closely
linked	to	the	fatiguing	process	that	causes	increased	motor	unit	recruitment	and	a
reduction	in	muscle	shortening	velocity.

What	happens	when	muscle	fibers	lengthen?



When	muscle	fibers	lengthen,	they	produce	force	because	of	the	actions	of	both
active	and	passive	elements	inside	them.	Passive	elements	are	elastic	structures
that	exert	force	by	resisting	being	deformed,	rather	than	by	using	energy	to
move.

Since	muscle	fibers	use	both	active	and	passive	elements	to	produce	force	while
they	are	lengthening	(but	they	can	only	use	active	elements	to	produce	force
while	they	are	shortening),	they	can	necessarily	exert	higher	forces	in	lowering
(eccentric)	movements	than	in	lifting	(concentric)	movements.

Single	muscle	fibers	can	produce	approximately	50%	more	force	while	they	are
lengthening	than	when	they	are	shortening,	and	we	are	usually	25–30%	stronger
when	lowering	a	weight	than	when	lifting	a	weight	in	the	same	exercise.	Single
muscle	fibers	are	probably	stronger	when	lengthening	than	whole	muscles
because	they	are	tested	during	electrical	stimulation	rather	than	in	voluntary
movements,	in	which	the	central	nervous	system	probably	limits	how	much
force	we	exert,	as	a	safety	mechanism.

There	are	three	elements	of	muscle	fibers	that	are	deformed	during	lengthening:
(1)	the	extracellular	matrix,	or	collagen	layer	(endomysium)	that	covers	over	the
cell	membrane,	(2)	the	internal	structure	(cytoskeleton)	of	the	muscle	fiber,	and
(3)	the	giant	molecule	titin,	which	plays	a	particularly	important	role	when	the
muscle	fiber	is	active.

Titin	is	therefore	very	important	for	gaining	an	understanding	of	eccentric
contractions	and	eccentric-only	strength	training.

Researchers	have	found	that	titin	contains	two	elements	in	series	with	each	other
(the	Ig	domains	and	the	PEVK	segment).	It	seems	that	when	titin	is	elongated
passively,	the	elastic	Ig	domains	increase	in	length,	which	provides	little
resistance	to	stretch.	In	contrast,	when	titin	is	elongated	actively,	changes	occur
that	cause	the	stiffer	PEVK	segment	to	elongate	instead.	This	provides	a	great
deal	of	passive	resistance	to	stretch,	but	only	during	active	lengthening
(eccentric)	contractions.

As	muscle	fibers	produce	force	actively	while	lengthening,	the	actin	and	myosin
myofilaments	experience	progressively	less	and	less	overlap	and	do	not	bulge
outwards	in	the	middle	of	each	sarcomere	as	much	as	they	do	during	fiber



shortening.	In	fact,	since	fibers	do	not	change	volume	when	they	deform,	they
must	actually	reduce	in	diameter	as	they	increase	in	length.	Yet	the	longitudinal
(rather	than	outward)	deformation	of	the	muscle	fiber	is	likely	still	detected	by
mechanoreceptors,	thereby	stimulating	muscle	growth.

When	muscle	fibers	produce	force	actively	while	lengthening,	they	require
metabolic	activity	to	produce	the	ATP	that	powers	the	binding	of	myosin	to	actin
to	produce	crossbridges,	just	as	they	do	when	producing	force	while	shortening.
However,	the	amount	of	ATP	required	to	produce	force	while	lengthening	is
much	less	than	the	amount	required	to	produce	force	while	muscle	fibers	are
shortening.	In	fact,	eccentric	muscle	actions	are	more	than	twice	as	energy
efficient	as	concentric	muscle	actions.	Thus,	the	fatiguing	processes	that	lead	to
muscular	failure	when	muscle	fibers	are	lengthening	do	not	involve	a	high	level
of	metabolite	accumulation,	and	the	fatiguing	process	does	not	produce	a
reduction	in	movement	velocity	but	instead	seems	to	increase	the	proportional
load	on	the	passive	elements	as	the	contribution	of	the	active	elements	reduces.

How	do	concentric-only	and	eccentric-only	contractions	differ
from	each	other?

When	muscle	fibers	shorten	in	concentric-only	strength	training,	they	produce
force	through	the	actions	of	the	active	elements,	leading	to	the	muscle	fiber
being	deformed	by	reducing	its	length	and	bulging	outwards	in	the	middle	of
each	sarcomere.

This	process	requires	a	high	level	of	energy	metabolism,	through	a	fairly
inefficient	process,	causing	a	large	amount	of	metabolite	accumulation	as	the
fiber	fatigues.	Moreover,	as	the	fiber	fatigues	this	leads	to	a	reduction	in	muscle
shortening	velocity.	This	increases	mechanical	loading	on	the	fibers	of	newly
recruited	motor	units	because	of	the	force	they	exert	in	accordance	with	the
force-velocity	relationship.

When	muscle	fibers	lengthen	during	eccentric-only	strength	training,	they
produce	force	through	the	actions	of	both	active	and	passive	elements,	leading	to



higher	forces	being	developed	and	meaning	that	the	muscle	fiber	is	deformed	by
increasing	its	length	and	decreasing	its	diameter.

This	process	requires	a	much	lower	level	of	energy	metabolism,	through	an
efficient	process,	and	causes	minimal	metabolite	accumulation	as	the	fiber
fatigues.	As	the	fiber	fatigues,	the	load	increases	on	the	passive	elements	relative
to	the	active	elements.

How	do	the	long-term	effects	of	concentric-only	and	eccentric-
only	training	differ	from	each	other?

Overall,	it	seems	likely	that	eccentric-only	and	concentric-only	strength	training
produce	largely	similar	increases	in	muscle	volume,	although	early	researchers
tended	to	find	indications	that	eccentric-only	training	caused	greater	increases	in
muscle	size.

It	is	possible	that	eccentric-only	training	might	produce	slightly	greater	overall
gains	in	size,	although	this	effect	would	most	likely	be	related	to	the	greater
overall	forces	involved,	rather	than	any	specific	characteristic	of	the	contraction
type.

More	importantly,	recent	research	has	shown	that	eccentric-only	strength
training	causes	greater	gains	in	muscle	fiber	length,	while	concentric-only
strength	training	leads	to	greater	increases	in	muscle	fiber	diameter,	even	while
overall	increases	in	muscle	volume	are	similar.	These	effects	may	be	connected
to	differences	in	regional	muscle	growth	between	the	two	types	of	training,
because	eccentric-only	strength	training	causes	greater	increases	in	muscle	size
in	the	distal	region,	while	concentric-only	strength	training	causes	greater
increases	in	the	middle	region	of	the	muscle.

So	what	causes	the	similar	overall	muscle	growth,	but	differences	in	the
direction	that	fibers	grow	and	regional	hypertrophy?



Can	the	effects	of	concentric-only	and	eccentric-only	strength
training	be	explained	by	mechanical	tension,	metabolic	stress,	and
muscle	damage?

Traditionally,	researchers	have	attempted	to	predict	the	resulting	muscle	growth
that	occurs	after	concentric-only	and	eccentric-only	strength	training	by
reference	to	a	model	involving	mechanical	tension,	metabolic	stress,	and	muscle
damage,	although	some	researchers	regard	muscle	damage	as	a	positive	factor
that	enhances	muscle	growth,	while	others	regard	it	as	a	negative	factor	that
limits	muscle	growth.

Early	researchers	suggested	that	while	eccentric-only	strength	training	involves
higher	muscle	fiber	forces	(and	therefore	higher	levels	of	mechanical	tension),
concentric-only	strength	training	involves	more	metabolic	stress,	because	of	the
greater	accumulation	of	metabolites	that	occurs.	They	suggested	that	these
competing	factors	might	explain	the	similar	growth	that	occurs	after	the	two
types	of	training.

Metabolic	stress	has	been	proposed	to	cause	muscle	growth,	primarily	through
increased	motor	unit	recruitment	and	secondarily	through	the	release	of	systemic
hormones,	muscle	cytokines,	reactive	oxygen	species,	and	cellular	swelling.
However,	recent	evidence	suggests	that	the	perception	of	effort,	and	not	the
accumulation	of	metabolites,	is	responsible	for	the	increase	in	motor	unit
recruitment	during	strength	training.	This	perception	of	effort	can	increase	due	to
fatigue	that	occurs	through	any	mechanism,	whether	linked	to	the	accumulation
of	metabolites	or	not.

Later	researchers	proposed	that	while	eccentric-only	strength	training	involves
higher	muscle	fiber	forces	(and	therefore	higher	levels	of	mechanical	tension),	it
also	causes	greater	muscle	damage,	which	might	reduce	its	effectiveness	and
cause	it	to	produce	similar	muscle	growth	as	concentric-only	strength	training.
Indeed,	muscle	damage	can	lead	to	muscle	loss	when	it	is	particularly	severe.

Consequently,	the	model	of	hypertrophy	that	involves	mechanical	loading,
metabolic	stress,	and	muscle	damage	produces	an	untestable	hypotheses	in
relation	to	the	differences	in	hypertrophy	that	might	arise	after	eccentric-only
and	concentric-only	strength	training.	Any	outcome	can	be	explained,	either	by	a



preferentially	greater	role	of	metabolic	stress	or	by	a	preferentially	greater	role
of	muscle	damage.	In	addition,	the	model	cannot	explain	why	muscle	fibers
grow	in	different	directions	and	produce	differing	regional	muscle	growth	after
each	type	of	training.

What	is	actually	happening?

It	is	commonly	assumed	that	the	mechanical	loading	stimulus	that	causes
hypertrophy	is	a	scalar	quantity	(only	having	magnitude)	rather	than	a	vector
(with	both	a	magnitude	and	a	direction).

However,	different	types	of	mechanical	loading	(which	lead	to	deformations	of
the	fiber	in	different	directions	and	which	cause	different	anabolic	signals)	seem
to	produce	different	muscle	fiber	adaptations,	possibly	because	the	deformations
are	detected	by	different	mechanoreceptors.

When	deformations	occur	that	involve	temporary	increases	in	length	and
reductions	in	diameter	(as	happens	during	eccentric-only	strength	training),	this
stimulates	the	fiber	to	grow	in	volume	by	increasing	in	length.	This	effect	might
be	mediated	by	titin	sensing	the	stretch	that	is	imposed	upon	it	when	the	fiber	is
deformed	longitudinally.

When	deformations	occur	involving	temporary	increases	in	diameter	(by	bulging
outwards	in	the	middle	of	each	sarcomere)	and	reductions	in	length	(as	during
concentric-only	strength	training),	this	stimulates	the	fiber	to	grow	in	volume	by
increasing	in	diameter.

What	about	fiber	type-specific	hypertrophy?

Some	researchers	have	suggested	that	eccentric	training	might	produce
preferentially	greater	growth	of	the	muscle	fibers	of	high-threshold	motor	units,
which	control	mainly	type	II	muscle	fibers.	This	might	then	be	observed	as	a
preferentially	greater	increase	in	average	type	II	than	type	I	muscle	fiber



diameter,	in	comparison	with	normal	strength	training.	Indeed,	some	studies
have	reported	this	tendency.

However,	it	is	important	to	note	that	strength	training	routinely	causes	greater
increases	in	type	II	muscle	fiber	diameter	compared	to	type	I	muscle	fiber
diameter,	because	type	II	muscle	fibers	are	more	responsive	to	the	anabolic
stimulus	provided	by	strength	training.	This	is	likely	because	type	II	muscle
fibers	are	less	oxidative.	It	is	difficult	for	highly	oxidative,	type	I	muscle	fibers
to	increase	in	diameter	without	becoming	dysfunctional.

Therefore,	any	apparent	preferential	increase	in	type	II	fiber	area	resulting	from
eccentric	training	could	be	a	result	of	greater	overall	hypertrophy	resulting	from
a	higher	level	of	mechanical	loading.

Additionally,	it	is	important	to	appreciate	that	the	size	principle	is	still	applicable
during	eccentric	contractions,	and	also	that	greater	forces	can	be	exerted	with
less	motor	unit	recruitment	while	muscles	are	lengthening,	because	this	involves
force	production	by	both	active	and	passive	elements	of	the	muscle	fibers.
Consequently,	when	producing	the	same	amount	of	force	at	the	same	speed,	all
the	motor	units	that	are	recruited	in	eccentric	contractions	are	also	recruited	in
concentric	contractions,	but	the	concentric	contractions	recruit	additional	motor
units	as	well.	However,	when	efforts	are	maximal,	all	motor	units	are	recruited	in
both	contraction	types.

Therefore,	it	is	unlikely	that	differences	in	motor	unit	recruitment	can	explain
any	preferential	increase	in	type	II	fiber	area	after	eccentric	training.	In	fact,	it	is
more	likely	that	eccentric-only	strength	training	would	lead	to	greater	type	I
muscle	fiber	growth	for	this	reason,	because	of	reduced	levels	of	motor	unit
recruitment	(and	therefore	reduced	type	II	muscle	fiber	activation)	during	most
muscular	contractions.

Therefore,	some	researchers	have	suggested	that	since	type	II	muscle	fibers	are
more	easily	damaged	after	eccentric	training,	this	greater	damage	could	be	a
mechanism	by	which	greater	growth	of	these	fibers	then	occurs.	Indeed,	greater
satellite	cell	activation	has	been	observed	in	type	II	fibers	than	in	type	I	fibers
after	eccentric	training,	which	might	be	taken	as	support	for	this	idea.	Even	so,
satellite	cell	activation	can	be	directed	towards	muscle	damage	repair	only	and
need	not	imply	that	fiber	growth	has	occurred.



In	fact,	it	is	more	likely	that	a	difference	in	titin-based	sensing	of	mechanical
loading	is	responsible	for	any	preferential	hypertrophy	in	type	II	muscle	fibers
after	eccentric	training,	because	titin	molecules	can	vary	in	size	between	muscle
fibers.

Overall,	type	I	muscle	fibers	seem	to	contain	longer,	larger	titin	molecules,	and
therefore	display	less	titin-related	passive	stiffness,	while	type	II	muscle	fibers
tend	to	display	shorter,	smaller	titin	molecules	that	give	them	greater	titin-related
passive	stiffness.	The	greater	contribution	of	the	stiffer	type	II	muscle	fibers	to
force	production	could	allow	them	to	experience	greater	mechanical	loading
during	eccentric	contractions,	and	thereby	grow	to	a	greater	extent.	This	would
then	explain	why	fast	eccentric	contractions	seem	to	display	a	greater	tendency
towards	fiber	type-specific	hypertrophy	than	slow	eccentric	contractions,
because	they	involve	a	greater	contribution	to	force	production	from	the	passive
elements	of	muscle	fibers.

What	is	the	takeaway?

Strength	training	using	only	the	lifting	phase,	when	muscle	fibers	are	shortening
(concentric-only	training)	and	strength	training	using	only	the	lowering	phase,
when	fibers	are	lengthening	(eccentric-only	strength	training)	lead	to	similar
increases	in	muscle	fiber	volume	but	different	effects	on	fiber	length	and
diameter.

Eccentric-only	strength	training	causes	greater	gains	in	fiber	length,	as	well	as
greater	increases	in	the	size	in	the	distal	region	of	the	muscle.	Concentric-only
strength	training	causes	greater	increases	in	fiber	diameter,	as	well	as	greater
increases	in	the	middle	region	of	the	muscle.	It	seems	likely	that	these	specific
adaptations	arise	in	response	to	the	deformations	of	the	fibers	in	different
directions	which	occur	during	each	type	of	training,	and	which	lead	to	different
anabolic	signals	after	the	workout.

Additionally,	eccentric-only	training	might	permit	preferential	increases	in	fast
twitch	muscle	fiber	size,	because	an	element	of	the	mechanical	loading	during



eccentric	contractions	is	produced	by	the	passive	element	titin,	and	fast	twitch
fibers	tend	to	display	greater	titin-based	stiffness	than	slow	twitch	muscle	fibers.



WHY	DOES	LOWERING	TEMPO	AFFECT
MUSCLE	GROWTH,	BUT	LIFTING
TEMPO	DOES	NOT?



Contrary	to	the	claims	of	hundreds	of	bodybuilding	articles	written	over	the	last
decade,	the	tempo	of	the	lifting	phase	of	an	exercise	does	not	affect	the	amount
of	muscle	growth	that	is	triggered	by	a	workout.	However,	research	indicates
that	we	can	increase	the	hypertrophy	that	results	from	a	workout	when	we	slow
down	the	lowering	phase	of	an	exercise.	Why	does	this	happen?

What	is	tempo?

The	tempo	of	an	exercise	is	the	speed	that	we	choose	to	move.	It	describes	the
duration	of	time	that	each	part	of	a	repetition	takes	to	perform.	There	are	four
parts	to	each	repetition:	(1)	the	lowering	(eccentric)	phase,	(2)	the	pause	between
the	lowering	and	lifting	phases,	(3)	the	lifting	(concentric)	phase,	and	(4)	the
pause	between	the	lifting	and	lowering	phases.

Tempos	are	usually	written	as	four-figure	numbers,	describing	the	number	of
seconds	taken	in	each	phase.	For	example,	when	a	lift	is	done	with	a	4-second
lowering	phase,	a	1-second	pause	between	lowering	and	lifting	phases,	a	2-
second	lifting	phase,	and	no	pause	between	the	lifting	and	lowering	phases,	this
would	be	written	as	4/1/2/X.	We	usually	write	“X”	to	describe	a	phase	in	which
there	is	either	no	pause,	or	the	phase	is	done	as	quickly	as	possible.

If	we	want	to	figure	out	how	lifting	(concentric)	and	lowering	(eccentric)	tempos
affect	hypertrophy,	we	first	need	to	understand	what	stimulates	hypertrophy	and
how	different	lifting	and	lowering	speeds	might	alter	that	stimulus.

Let’s	begin!

What	stimulates	hypertrophy?

Hypertrophy	is	the	result	of	single	muscle	fibers	increasing	in	volume.	This
increase	in	volume	can	happen	either	though	increases	in	fiber	length	or
increases	in	fiber	diameter.	Either	way,	increases	in	fiber	volume	are	triggered	by



a	mechanical	loading	stimulus.	This	stimulus	is	produced	by	the	muscle	fiber
itself.	The	forces	that	the	muscle	fiber	produces	need	to	be	above	a	certain
threshold,	because	low	forces	do	not	stimulate	hypertrophy.

Each	muscle	contains	several	thousand	fibers.	These	fibers	are	arranged	into
groups	of	motor	units,	which	are	recruited	in	order	of	size,	from	small,	low-
threshold	motor	units	to	large,	high-threshold	motor	units.	Importantly,	only	the
muscle	fibers	of	high-threshold	motor	units	grow	after	experiencing	a
mechanical	loading	stimulus.	We	know	this	not	only	because	of	experiments
involving	strength	training,	but	also	because	most	types	of	aerobic	exercise
involve	applying	a	high	volume	of	mechanical	loading	to	the	fibers	of	low-
threshold	motor	units,	but	their	muscle	fibers	do	not	often	grow	very	much	in
response.	In	fact,	they	sometimes	even	reduce	in	size.

Essentially,	hypertrophy	only	occurs	when	the	muscle	fibers	controlled	by	high-
threshold	motor	units	experience	a	mechanical	loading	stimulus	that	exceeds	the
required	level	of	force.

How	do	muscle	fibers	produce	a	mechanical	loading	stimulus?

The	mechanical	loading	stimulus	that	leads	to	hypertrophy	can	be	created	either
when	a	muscle	fiber	is	shortening	(or	remaining	a	constant	length)	or	when	a
muscle	fiber	is	lengthening.	Muscle	fibers	shorten	when	we	lift	a	weight	and
lengthen	when	we	lower	a	weight.	Lifting	while	fibers	are	shortening,	and
lowering	while	fibers	are	lengthening,	are	called	concentric	and	eccentric
contractions,	respectively.

When	fibers	shorten,	they	only	produce	force	actively,	through	the	formation	of
actin-myosin	crossbridges.	When	muscle	fibers	lengthen,	they	produce	force
actively	through	the	formation	of	actin-myosin	crossbridges,	and	also	passively,
since	the	structural	elements	of	the	fiber	resist	being	stretched.

Regardless	of	how	forces	are	produced	by	muscle	fibers	(and	therefore	the
mechanical	tension	that	is	experienced),	muscle	growth	is	stimulated.	However,
the	type	of	hypertrophy	differs	according	to	the	proportional	contribution	of
active	and	passive	elements	to	the	total	force.



When	the	mechanical	tension	experienced	by	the	fiber	is	produced	more	by
passive	elements	(the	structural	parts	of	the	fiber,	including	titin),	fibers	increase
in	volume	mainly	by	increasing	in	length,	by	adding	sarcomeres	in	series.	When
the	mechanical	tension	experienced	by	the	fiber	is	produced	more	by	active
elements	(the	actin-myosin	crossbridges),	the	fiber	increases	in	volume	mainly
by	increasing	in	diameter,	by	adding	myofibrils	in	parallel.

This	means	that	lengthening	(eccentric)	contractions	produce	greater	increases	in
muscle	fiber	length,	while	shortening	(concentric)	contractions	produce	greater
increases	in	muscle	cross-sectional	area	(fiber	diameter).

How	is	the	mechanical	loading	stimulus	determined	in	the	lifting
(concentric)	phase?

In	the	lifting	(concentric)	phase,	muscle	fibers	are	stimulated	while	they	are
shortening.	To	achieve	the	required	level	of	force	for	hypertrophy	to	occur,	the
muscle	fibers	need	to	work	at	a	slow	speed,	because	the	shortening	speed	of	a
fiber	is	the	primary	determinant	of	the	force	it	produces.

Slow	fiber	shortening	speeds	allow	fibers	to	produce	high	forces,	because	they
involve	more	simultaneously	attached	actin-myosin	crossbridges.

When	a	fiber	shortens	slowly,	each	crossbridge	inside	the	fiber	can	remain
attached	for	a	long	time,	because	it	does	not	need	to	detach	as	quickly.	This
slower	detachment	rate	allows	more	crossbridges	to	remain	attached	at	the	same
time	during	the	contraction,	and	this	greater	number	of	simultaneously	attached
actin-myosin	crossbridges	allows	a	higher	force	to	be	produced.

How	is	the	mechanical	loading	stimulus	determined	in	the
lowering	(eccentric)	phase?

In	the	lowering	(eccentric)	phase,	muscle	fibers	are	stimulated	while	they	are
lengthening.	To	achieve	the	required	level	of	force	for	hypertrophy	while	the



muscle	fibers	are	lengthening,	the	working	speed	of	a	muscle	fiber	is	less
relevant,	although	it	does	affect	how	the	force	is	produced.

Faster	lengthening	velocities	cause	attached	actin-myosin	crossbridges	to	detach
more	quickly,	and	this	reduces	the	active	force	exerted	at	faster	speeds.	This
reduction	in	force	at	faster	speeds	is	probably	smaller	than	in	the	lifting
(concentric)	phase,	because	of	the	elongation	of	myofilaments	that	occurs	when
fibers	are	stretched.

However,	passive	forces	are	also	produced	during	fiber	lengthening,	by	titin	and
other	structural	elements	inside	the	muscle	fiber.	These	passive	elements	have
viscoelastic	properties,	which	means	that	the	forces	they	produce	are	higher	at
faster	lengthening	velocities.

These	increasing	passive	forces	compensate	for	the	reduced	active	forces,	as
fiber	lengthening	speed	increases.	This	is	why	the	force-velocity	relationship	of
eccentric	contractions	is	flatter	than	the	force-velocity	relationship	for	concentric
contractions.

Even	so,	differences	in	the	contribution	of	active	and	passive	forces	to	total
mechanical	tension	influence	the	degree	to	which	fibers	adapt	by	increasing	in
length	or	diameter.	At	faster	lengthening	velocities,	more	force	is	produced	by
passive	elements,	which	causes	increases	in	volume	to	occur	more	through
increases	in	fiber	length.	At	slower	fiber	lengthening	velocities,	more	force	is
produced	by	active	elements,	which	means	that	increases	in	volume	occur	more
through	increases	in	fiber	diameter.

N.B.	Practical	effects	of	architectural	gearing

In	practice,	it	may	be	quite	difficult	to	bring	about	fast	*fiber*	lengthening
velocities	during	strength	training,	because	the	architectural	gear	ratio	is	twice	as
high	in	eccentric	contractions	than	in	concentric	contractions.

Architectural	gearing	refers	to	the	extent	to	which	the	fibers	rotate	while	the
muscle	shortens	or	lengthens.	The	rotation	of	fibers	allows	them	to	shorten	at



slower	speeds	than	the	whole	muscle.	When	the	architectural	gear	ratio	is	very
high	(which	it	is	during	eccentric	contractions),	each	fiber	changes	length	much
more	slowly	than	the	whole	muscle.	This	high	gear	ratio	means	that	even	when	a
muscle	is	lengthening	quickly,	each	muscle	fiber	may	not	be	lengthening	very
quickly	at	all.

What	determines	how	motor	units	are	recruited	in	the	lifting
(concentric)	phase?

Motor	unit	recruitment	levels	are	determined	by	the	level	of	effort,	while	factors
inside	the	muscle	and	inside	each	muscle	fiber	determine	the	amount	of	force
that	corresponds	to	that	level	of	effort.

When	muscle	fibers	are	shortening,	motor	unit	recruitment	(and	effort)	must	be
increased	to	lift	a	heavier	object,	to	move	a	light	object	at	a	faster	speed,	or	to	lift
a	light	object	more	times	while	fatigued.

However,	only	lifting	a	heavy	object	and	lifting	a	light	object	repeatedly	while
fatigued	involve	a	high	level	of	force	exerted	by	the	muscle	fibers	of	high-
threshold	motor	units,	because	these	are	the	only	situations	in	which	fiber
shortening	velocity	is	slow	enough	to	allow	the	fibers	to	produce	high	forces.

Consequently,	only	lifting	a	heavy	object	and	lifting	a	light	object	repeatedly
while	fatigued	produce	hypertrophy,	even	though	moving	a	light	object	very
quickly	also	involves	high	levels	of	motor	unit	recruitment.

What	determines	how	motor	units	are	recruited	in	the	lowering
(eccentric)	phase?

Movement	speed	has	a	smaller	impact	on	the	level	of	motor	unit	recruitment
when	fibers	are	lengthening,	compared	to	when	they	are	shortening.	This	is
because	the	force	that	a	fiber	can	exert	is	less	dependent	upon	its	velocity	when
it	is	lengthening,	compared	to	when	it	is	shortening.



Force	is	less	dependent	upon	lengthening	velocity	than	upon	shortening	velocity
because	passive	forces	produced	by	titin	and	other	structural	elements	increase
with	increasing	velocity,	which	compensates	for	the	decreasing	active	force
generated	by	actin-myosin	crossbridges.

Since	the	force	per	fiber	does	not	alter	substantially	with	lengthening	velocity,
there	is	no	need	for	motor	unit	recruitment	to	change	when	lengthening	velocity
is	increased	or	decreased.	In	fact,	motor	unit	recruitment	probably	only	alters
markedly	in	response	to	the	level	of	force	required	or	to	the	amount	of	fatigue
that	is	present.

N.B.	Comparing	recruitment	in	eccentrics	and	concentrics

The	level	of	motor	unit	recruitment	required	to	produce	a	force	while	fibers	are
lengthening	is	smaller	than	when	producing	the	same	force	while	fibers	are
shortening.	This	is	because	force	is	produced	by	both	active	and	passive
elements	when	the	fiber	is	lengthening,	but	only	by	active	elements	when	the
fiber	is	shortening.

Therefore,	if	we	perform	movements	that	involve	the	same	level	of	force	in
coupled	lowering	(eccentric)	and	lifting	(concentric)	phases,	the	level	of	motor
unit	recruitment	involved	in	the	lowering	(eccentric)	phase	will	typically	be
lower	than	in	the	corresponding	lifting	(concentric)	phase.

How	does	tempo	affect	the	hypertrophic	stimulus?

#1.	In	the	lifting	(concentric)	phase,	when	fibers	are	shortening

If	we	produce	a	given	lifting	(concentric)	force	deliberately	slowly,	this	reduces
the	number	of	active	motor	units.	Slower	fiber	shortening	speeds	mean	greater
force	produced	by	each	fiber,	so	fewer	fibers	need	to	be	activated	for	a	given
level	of	force.



If	we	produce	the	same	lifting	(concentric)	force	as	quickly	as	possible,	this
increases	the	number	of	active	motor	units.	Faster	fiber	shortening	speeds	lead	to
less	force	produced	by	each	fiber,	so	more	fibers	need	to	be	activated	for	a	given
level	of	force.

Hypertrophy	requires	the	fibers	controlled	by	high-threshold	motor	units	to
experience	a	mechanical	loading	stimulus	that	exceeds	a	given	level	of	force.
Producing	a	given	lifting	(concentric)	force	deliberately	slowly	can	fail	to	recruit
high-threshold	motor	units,	while	moving	as	quickly	as	possible	can	fail	to	load
fibers	with	a	sufficiently	high	force.

In	both	cases,	a	mechanical	loading	stimulus	is	only	achieved	if	the	weight	is
heavy	(which	involves	full	recruitment	and	a	slow	fiber	shortening	speed)	or
once	fatigue	arises,	as	this	increases	recruitment	and	makes	fiber	shortening
speeds	similar,	regardless	of	whether	we	are	moving	deliberately	slowly	or
trying	to	move	as	quickly	as	possible.

Consequently,	the	choice	of	what	tempo	to	use	when	producing	a	given	lifting
(concentric)	force	does	not	influence	the	amount	of	muscle	growth	that	results.

#2.	In	the	lowering	(eccentric)	phase,	when	fibers	are	lengthening

If	we	produce	a	given	lowering	(eccentric)	force	at	different	speeds,	this	does	not
have	as	large	an	effect	on	the	number	of	motor	units	that	are	recruited,	because
the	force	exerted	by	each	fiber	remains	far	more	constant,	partly	due	to	the	high
level	of	architectural	gearing,	and	partly	due	to	an	increase	in	passive	force
compensating	for	the	lower	active	force.

Whatever	the	tempo,	high-threshold	motor	units	will	only	be	recruited	if	the
force	required	is	sufficiently	high,	or	if	enough	fatigue	is	present	such	that
recruitment	is	increased	because	of	a	reduction	in	force	exerted	by	low-threshold
motor	units.	Even	so,	lowering	(eccentric)	tempo	does	affect	how	muscle	growth
occurs,	and	may	also	affect	how	much	muscle	growth	occurs.



A	slow	lengthening	tempo	increases	the	amount	of	active	force	production,
which	stimulates	greater	increases	in	fiber	diameter,	while	a	fast	lengthening
tempo	increases	the	amount	of	passive	force	production,	which	stimulates
greater	increases	in	fiber	length.

This	could	mean	that	greater	gains	in	muscle	size	are	recorded	after	eccentric
training	with	a	slow	tempo,	because	most	hypertrophy	researchers	use	changes
in	muscle	cross-sectional	area	to	assess	muscle	growth,	which	tends	to	reflect
changes	in	fiber	diameter	rather	than	fiber	length.

However,	a	slow	lengthening	tempo	may	genuinely	increase	the	amount	of
muscle	growth	that	occurs	overall,	by	increasing	the	total	time	exposed	to	a
given	level	of	tension.	This	is	possible	partly	because	the	force	exerted	by	each
fiber	is	not	altered	by	the	movement	speed,	so	that	motor	unit	recruitment	is	not
changed	by	tempo,	and	partly	because	the	fatigue	resistance	of	lengthening
contractions	is	higher	than	of	shortening	contractions,	which	means	that	slow
lengthening	tempos	do	not	lead	to	a	substantially	reduced	number	of	reps,	as
often	occurs	when	using	slow	lifting	tempos.

#3.	In	coupled	lifting	and	lowering	movements

When	applying	the	same	amount	of	force,	motor	unit	recruitment	is	lower	in
eccentric	contractions	than	in	concentric	contractions.

This	happens	because	the	maximum	force	we	can	exert	in	eccentric-only
contractions	is	approximately	25–30%	greater	than	in	concentric-only
contractions.	We	can	exert	these	higher	forces	when	muscles	are	lengthening
because	of	the	higher	forces	produced	by	each	muscle	fiber,	which	is	enabled	by
the	contribution	of	passive	elements	to	total	force	production.	This	means	that
when	we	lift	85%	of	our	one	repetition-maximum	(1RM),	that	weight	is	actually
only	65%	of	our	eccentric-only	1RM	when	we	come	to	lower	it.	This	has
important	implications	for	hypertrophy.

Since	motor	unit	recruitment	is	less	in	the	lowering	(eccentric)	phase	than	in	the
lifting	(concentric)	phase,	the	lowering	(eccentric)	phase	of	normal	strength



training	exercises	logically	cannot	stimulate	as	much	muscle	growth	as	the
paired	lifting	(concentric)	phase.

To	recruit	the	same	number	of	high-threshold	motor	units	in	the	lowering
(eccentric)	phase	of	coupled	eccentric	and	concentric	contractions	as	in	the
corresponding	lifting	(concentric)	phase	requires	eccentric	overload,	in	which	a
larger	force	is	applied	to	the	barbell	during	the	lowering	phase,	perhaps	by	using
weight	releasers.

What	is	the	takeaway?

Motor	unit	recruitment	is	less	in	lowering	(eccentric)	phases	than	in	lifting
(concentric)	phases	during	normal	strength	training.	This	makes	the	stimulating
effect	of	the	lowering	phase	smaller	than	during	the	lifting	phase.	However,	we
may	still	be	able	to	alter	the	type	and	amount	of	muscle	growth	that	we	achieve,
by	slowing	down	the	tempo	of	the	lowering	phase.

Slow	lengthening	tempos	increase	the	amount	of	active	force	production,	which
stimulates	greater	increases	in	fiber	diameter.	This	could	be	why	some	research
has	recorded	greater	increases	in	muscle	cross-sectional	area	after	slow
lengthening	tempos,	compared	to	fast	lengthening	tempos.	We	would	probably
find	that	the	beneficial	effects	of	slow	lengthening	tempos	were	smaller,	if	we
measured	changes	in	muscle	volume	instead	of	muscle	cross-sectional	area.

Even	so,	slow	lengthening	tempos	might	still	genuinely	increase	the	amount	of
muscle	growth	that	occurs	overall,	by	increasing	the	total	time	exposed	to	a
given	level	of	tension.	Unlike	during	the	lifting	(concentric)	phase,	time	under
tension	can	be	increased	in	the	lowering	(eccentric)	phase	without	reducing
motor	unit	recruitment	levels,	and	the	high	levels	of	fatigue	resistance	in	the
lowering	phase	make	this	an	ideal	way	to	increase	time	under	tension	without
also	reducing	the	number	of	stimulating	reps.



DOES	KEEPING	CONSTANT	TENSION
ON	A	MUSCLE	INCREASE
HYPERTROPHY?



Bodybuilding	experts	sometimes	recommend	that	we	“keep	a	constant	tension
on	the	muscle”	during	each	set	of	a	workout,	in	order	to	maximize	hypertrophy.
When	making	this	recommendation,	they	are	usually	suggesting	either	(1)	that
each	repetition	should	be	done	with	a	deliberately	slow	lifting	tempo,	or	(2)	that
there	should	be	no	pause	between	each	repetition.	Sometimes,	they	are
suggesting	both	of	these	things.

However,	in	the	context	of	conventional	bodybuilding	training	with	moderate
loads	(65–85%	of	1RM	or	5RM — 15RM),	neither	of	these	factors	affect	the
amount	of	muscle	growth	that	occurs	after	strength	training,	because	of	the	ways
in	which	motor	units	are	recruited,	and	because	of	the	factors	that	determine	the
mechanical	loading	on	individual	muscle	fibers.

Let	me	explain.

How	does	altering	lifting	tempo	affect	hypertrophy?

When	bodybuilding	experts	recommend	“keeping	a	constant	tension	on	the
muscle”	during	a	repetition	performed	with	a	moderate	load,	they	almost	always
specify	a	submaximal	lifting	tempo.

When	a	moderate	load	is	lifted	as	quickly	as	possible	(with	maximal	effort),
there	is	an	acceleration	phase	followed	by	a	deceleration	phase.	This	means	that
muscle	force	is	high	in	the	first	half	of	the	rep	and	low	in	the	second	half.	It	is
not	possible	to	“keep	a	constant	tension	on	the	muscle”	and	also	use	a	maximal
effort,	except	when	we	are	very	fatigued.

So	how	does	lifting	tempo	affect	motor	unit	recruitment	and	the	mechanical
loading	on	individual	muscle	fibers?

#1.	Performing	reps	as	quickly	as	possible



If	we	perform	a	single	rep	with	a	moderate	load	as	quickly	as	possible,	this
requires	a	maximal	effort.	If	we	deliberately	perform	the	same	rep	at	a	slower
speed,	this	requires	only	a	submaximal	effort.

Performing	single	reps	of	a	moderate	load	with	a	maximal	effort	has	three	key
features.

Firstly,	motor	unit	recruitment	is	very	high.	The	central	nervous	system
determines	the	force	that	is	produced	against	any	given	load	by	altering	the
degree	of	motor	unit	recruitment.	Therefore,	maximal	efforts	involve	maximal
levels	of	motor	unit	recruitment.	This	means	that	more	high-threshold	motor
units	are	recruited	at	maximal	levels	of	effort,	compared	to	at	submaximal	levels
of	effort.

Secondly,	since	maximal	efforts	lead	to	faster	bar	speeds	(and	therefore	faster
muscle	fiber	shortening	velocities),	individual	muscle	fibers	must	necessarily
exert	lower	forces	at	maximal	efforts	compared	to	at	submaximal	efforts,
because	of	the	force-velocity	relationship.	This	means	that	the	mechanical
loading	experienced	by	each	individual	muscle	fiber	is	smaller	at	maximal
efforts	compared	to	at	submaximal	efforts.

Thirdly,	when	reps	are	performed	with	maximal	effort,	there	is	a	long
acceleration	phase	at	the	start	of	the	movement,	followed	by	a	long	deceleration
phase.	In	the	acceleration	phase,	the	force	produced	by	the	muscle	on	the	barbell
must	be	equal	to	the	sum	of	the	force	due	to	gravity	(F	=	mg)	plus	the	force
required	to	accelerate	the	mass	of	the	barbell	(F	=	ma).	In	the	deceleration	phase,
the	force	produced	by	the	muscle	on	the	barbell	must	be	smaller	than	the	force
due	to	gravity	(F	<	mg),	so	that	the	barbell	naturally	slows	to	a	halt	at	the	top	of
its	range	of	motion.	This	means	that	the	muscle	only	exerts	a	high	force	in	the
first	part	of	the	exercise	(at	the	point	when	the	muscle	is	lengthened),	after	which
it	reduces	force	production,	by	reducing	motor	unit	recruitment.

In	summary,	when	we	perform	a	single	rep	with	a	moderate	load	as	quickly	as
possible	(and	therefore	with	maximal	effort),	motor	unit	recruitment	is	very	high
due	to	the	high	level	of	effort,	but	the	mechanical	loading	experienced	by	each
individual	muscle	fiber	is	lower	than	at	submaximal	efforts	(and	slower
contraction	velocities),	because	of	the	force-velocity	relationship.	Whole	muscle



force	also	reduces	partway	through	the	rep,	because	of	the	need	for	a
deceleration	phase.	This	is	accomplished	by	reducing	motor	unit	recruitment.

#2.	Performing	reps	slowly	and	under	control

If	we	perform	a	single	rep	with	a	moderate	load	deliberately	slowly,	this	involves
a	submaximal	effort.	Performing	single	reps	of	a	moderate	load	with	a
submaximal	effort	has	three	key	features.

Firstly,	motor	unit	recruitment	is	relatively	low.	The	central	nervous	system
determines	the	force	that	is	produced	at	any	given	speed	(i.e.	against	any	given
load)	by	altering	the	degree	of	motor	unit	recruitment.	Therefore,	submaximal
efforts	involve	lower	levels	of	motor	unit	recruitment	than	maximal	efforts,
which	means	that	they	do	not	recruit	the	high-threshold	motor	units	that	control
the	large	numbers	of	highly	responsive	muscle	fibers	that	grow	after	strength
training.

Secondly,	since	submaximal	efforts	lead	to	slower	bar	speeds	(and	therefore
slower	muscle	fiber	shortening	velocities),	individual	muscle	fibers	will	exert
higher	forces	at	submaximal	efforts	compared	to	at	maximal	efforts,	because	of
the	force-velocity	relationship.	This	means	that	the	mechanical	loading
experienced	by	each	individual	muscle	fiber	is	higher	at	submaximal	efforts
compared	to	at	maximal	efforts.	However,	since	these	muscle	fibers	are	attached
to	low-threshold	motor	units,	which	tend	not	to	grow	very	much	after	strength
training,	this	is	not	relevant	for	hypertrophy.

Thirdly,	when	reps	are	performed	with	a	submaximal	effort,	there	is	only	a	very
short	acceleration	phase	at	the	start	of	the	movement,	and	only	a	very	short
deceleration	phase	at	the	end.	This	means	that	the	force	exerted	is	approximately
equal	to	the	force	due	to	gravity	(F	=	mg)	throughout	the	whole	exercise	range	of
motion,	which	causes	a	proportional	decrease	in	force	when	the	muscle	is
lengthened,	and	a	proportional	increase	in	force	when	the	muscle	is	shortened.
Importantly,	however,	this	tension	is	only	applied	to	those	muscle	fibers	that	are
controlled	by	the	recruited	motor	units,	which	must	necessarily	exclude	the	high-
threshold	motor	units	because	the	effort	is	submaximal.



In	summary,	when	we	perform	a	rep	deliberately	slowly	(with	a	submaximal
effort),	motor	unit	recruitment	is	relatively	low	because	of	the	lower	level	of
effort,	but	the	mechanical	loading	experienced	by	each	individual	muscle	fiber	is
higher	than	at	maximal	efforts	(and	faster	contraction	velocities)	because	of	the
force-velocity	relationship.	Whole	muscle	force	remains	constant	(at	both	long
and	short	muscle	lengths)	throughout	the	rep,	because	there	are	only	short
acceleration	and	deceleration	phases,	which	keeps	a	more	consistent	tension	on
the	working	muscle	fibers.	However,	since	these	muscle	fibers	are	not	the	ones
that	are	controlled	by	high-threshold	motor	units,	this	does	not	enhance
hypertrophy.

What	happens	as	we	fatigue	over	a	set?

Over	the	course	of	a	set,	fatigue	accumulates,	which	has	two	effects.

Firstly,	fatigue	causes	a	reduction	in	the	force	produced	by	each	working	muscle
fiber.	This	causes	additional	motor	units	to	be	recruited,	which	activates
additional,	fresh	muscle	fibers.	These	additional	muscle	fibers	compensate	for
the	reduced	force	being	produced	by	the	fatigued	ones.

This	is	a	key	stage	in	the	process	by	which	hypertrophy	occurs,	since	only	the
muscle	fibers	of	high-threshold	motor	units	contribute	in	a	meaningful	way	to
muscle	growth.	This	is	because	high-threshold	motor	units	each	control
exponentially	more	muscle	fibers	than	low-threshold	motor	units,	and	the	muscle
fibers	they	control	are	far	more	responsive	to	the	strength	training	stimulus	than
those	of	low-threshold	motor	units.

Secondly,	fatigue	causes	a	reduction	in	the	shortening	velocity	of	the	working
muscle	fibers.	This	causes	the	force	produced	by	each	muscle	fiber	to	be	higher
than	at	faster	shortening	velocities,	because	of	the	force-velocity	relationship.
(The	force	produced	by	fatigued	muscle	fibers	is	still	reduced,	but	the	force
produced	by	any	new	muscle	fibers	activated	due	to	additional	motor	units	being
recruited	is	high).

This	is	also	a	key	stage	in	the	process	by	which	hypertrophy	occurs,	since
mechanical	loading	of	single	muscle	fibers	is	what	causes	them	to	increase	in



volume.	Reducing	muscle	fiber	shortening	velocity	therefore	exposes	the	new
muscle	fibers	that	are	activated	due	to	additional	motor	units	being	recruited	to
high	levels	of	mechanical	loading.

#1.	Performing	reps	as	quickly	as	possible

When	we	perform	single	reps	with	a	moderate	load	as	quickly	as	possible	in	a
non-fatigued	state,	this	involves:	(1)	a	maximal	effort	(therefore	high	motor	unit
recruitment),	(2)	a	fast	bar	speed	(therefore	a	fast	muscle	fiber	shortening
velocity),	which	means	low	levels	of	force	produced	by	each	individual	muscle
fiber	(therefore	low	levels	of	mechanical	loading	on	each	muscle	fiber)	because
of	the	force-velocity	relationship,	and	(3)	a	long	acceleration	phase	and	a
similarly	long	deceleration	phase,	which	reduces	the	motor	unit	recruitment	in
the	second	half	of	the	rep.

However,	when	we	perform	multiple	reps	as	quickly	as	possible	with	a	moderate
load,	fatigue	accumulates	and	this	situation	changes.

So	long	as	we	continue	to	exert	a	maximal	effort,	motor	unit	recruitment	remains
high.	However,	fatigue	decreases	muscle	fiber	shortening	velocity.	This
increases	the	mechanical	loading	on	each	individual	muscle	fiber.	Also,	the
amount	of	force	that	can	be	produced	in	excess	of	the	force	due	to	gravity
reduces,	so	that	the	durations	of	the	acceleration	and	deceleration	phases	reduce.
This	leads	to	a	long	period	of	constant	(and	high)	mechanical	tension	on	the
activated	muscle	fibers	of	high-threshold	motor	units,	which	is	what	triggers
hypertrophy.

#2.	Performing	reps	slowly	and	under	control

When	we	perform	single	reps	of	a	moderate	load	slowly	and	under	control	in	a
non-fatigued	state,	this	involves:	(1)	a	submaximal	effort	(therefore	lower	levels
of	motor	unit	recruitment),	(2)	a	slow	bar	speed	(therefore	a	slow	muscle	fiber



shortening	velocity),	which	means	high	levels	of	force	produced	by	each
individual	muscle	fiber	(therefore	high	levels	of	mechanical	loading	on	each
muscle	fiber)	because	of	the	force-velocity	relationship,	and	(3)	a	short
acceleration	phase	and	a	similarly	short	deceleration	phase,	which	maintains
motor	unit	recruitment	at	similar	levels	throughout	the	rep.

However,	when	we	perform	multiple	reps	slowly	and	under	control	with	a
moderate	load,	fatigue	accumulates	and	this	situation	changes.

As	the	load	becomes	harder	and	harder	to	lift,	the	effort	required	to	perform	the
exercise	at	the	specified	tempo	necessarily	increases.	The	submaximal	effort
becomes	a	maximal	effort,	because	of	the	accumulated	fatigue.	As	a	result,
motor	unit	recruitment	becomes	high.	Muscle	fiber	shortening	velocity	was
already	slow,	and	the	acceleration	and	deceleration	phases	were	already	short,	so
there	is	a	long	period	of	constant	(and	high)	mechanical	tension	on	the	activated
muscle	fibers	of	high-threshold	motor	units,	which	is	what	triggers	hypertrophy.

N.B.	Heavy	loads

The	above	analysis	refers	to	moderate	loads.	However,	the	role	of	fatigue	can
also	be	performed	by	heavy	weights.	When	relative	load	is	high	(>85–90%	of
1RM),	motor	unit	recruitment	is	complete	regardless	of	tempo,	the	difference	in
bar	speed	between	maximal	and	submaximal	efforts	is	fairly	minimal,	and	the
durations	of	the	acceleration	and	deceleration	phases	are	small.

How	does	taking	no	pause	between	reps	affect	hypertrophy?

Most	of	the	time	when	we	are	lifting	weights,	we	subconsciously	or	consciously
take	a	short	pause	between	each	rep.	Short	pauses	have	the	effect	of	allowing	the
muscles	a	brief	period	of	time	in	which	to	recover	from	the	fatigue	that
eventually	causes	us	to	terminate	the	set.



Cluster	sets	can	involve	deliberately	taking	short	pauses	between	each	rep,	often
of	between	10–15	seconds.	This	training	method	slows	down	the	rate	at	which
fatigue	accumulates,	and	allows	sets	to	be	prolonged	for	longer	than	would
otherwise	be	possible.	Compared	to	cluster	sets,	fatigue	accumulates	more
quickly	in	conventional	sets	(and	sets	are	completed	faster).

There	are	two	main	differences	between	sets	performed	with	no	pauses	between
reps	and	sets	performed	with	pauses	(or	even	short	rests)	between	reps.	Firstly,
taking	no	pauses	between	reps	leads	to	reduced	total	reps	per	set,	compared	to
taking	pauses.	Secondly,	taking	no	pauses	between	reps	leads	to	greater
reductions	in	blood	oxygenation.

But	do	either	of	these	factors	affect	hypertrophy?

#1.	Differences	in	volume

Some	people	have	observed	that	since	inter-rep	rest	periods	permit	greater
numbers	of	reps,	this	allows	greater	volumes	to	be	performed,	which	may	lead	to
greater	muscle	growth,	since	greater	volumes	are	often	linked	to	greater
hypertrophy	in	a	dose-responsive	way.	However,	this	suggestion	fails	to
understand	the	nature	of	the	relationship	between	volume	and	hypertrophy.

The	literature	shows	that	greater	volumes	(number	of	sets	to	failure)	produce
more	hypertrophy,	and	this	result	is	dose-responsive	up	to	quite	high	volumes.
Yet	this	result	is	not	affected	by	the	number	of	reps	that	are	done	in	each	set
when	using	moderate	or	moderately	light	loads.	When	the	weight	is	between
5RM	and	30RM,	the	amount	of	hypertrophy	that	is	achieved	is	the	same,
although	training	with	lighter	loads	involves	several	times	more	volume	(sets	x
reps)	and	volume	load	(sets	x	reps	x	weight)	than	training	with	moderate	loads,
and	greater	increases	in	both	volume	(sets	x	reps)	and	volume	load	(sets	x	reps	x
weight)	over	a	training	program.

In	other	words,	volume	(sets	x	reps)	and	volume	load	(sets	x	reps	x	weight)	are
completely	unrelated	to	hypertrophy.



This	is	because	the	only	reps	that	produce	hypertrophy	during	conventional
strength	training	are	those	that	involve	a	high	level	of	motor	unit	recruitment	at
the	same	time	as	a	slow	muscle	fiber	shortening	velocity,	and	these	are	probably
the	final	five	(stimulating)	reps	of	any	set	performed	to	failure,	when	lifting	a
moderate	load.	Consequently,	it	is	likely	that	the	differences	in	volume	(sets	x
reps)	and	volume	load	(sets	x	reps	x	weight)	between	sets	performed	with	and
without	pauses	with	moderate	loads	will	have	no	effect	on	the	resulting	muscle
growth	that	occurs.

#2.	Differences	in	blood	oxygenation

When	performing	reps	with	a	deliberately	slow	tempo	and	with	no	pause
between	them,	there	is	a	greater	reduction	in	blood	oxygenation,	compared	to
when	performing	reps	at	a	normal	speed	with	1-second	pauses.	This	greater
reduction	in	blood	oxygenation	is	likely	related	to	the	restriction	of	blood	flow
caused	by	the	constantly	contracting	muscle.

Some	researchers	have	suggested	that	hypoxia	might	lead	to	the	recruitment	of
high-threshold	motor	units,	in	order	to	maintain	force	production	despite	a	lack
of	energy	availability	(although	this	might	be	just	as	easily	explained	by	the
presence	of	any	form	of	fatigue).	Others	have	pointed	out	that	hypoxia	leads	to
increased	reactive	oxygen	species	(ROS)	production.	ROS	are	often	increased	in
response	to	strength	training,	and	have	often	been	linked	to	metabolic	stress,	but
whether	they	play	a	key	role	in	hypertrophy	or	muscle	damage	repair	is	unclear.
In	fact,	it	is	more	likely	that	they	serve	to	indicate	the	presence	of	peripheral
fatigue.

Even	so,	it	is	worth	noting	that	other	measures	of	metabolic	stress	are	not
heightened	when	using	slow	tempos.	Blood	lactate	levels	are	largely	the	same,
regardless	of	whether	reps	are	performed	with	a	deliberately	slow	tempo	and	no
pause	or	a	normal	tempo	with	pauses,	indicating	that	metabolite	accumulation	is
not	different.	(Moreover,	some	studies	have	shown	that	slower	tempos	actually
produce	smaller	increases	in	post-workout	blood	lactate	than	faster	tempos,
when	no	pauses	are	taken	between	reps.)



On	balance,	it	seems	likely	that	many	of	the	elevated	post-workout	responses
that	occur	as	a	result	of	hypoxia	are	related	to	muscle	damage.	Fatiguing
conditions	performed	in	hypoxic	conditions	involve	a	sustained	excitation-
induced	influx	of	calcium	ions	under	conditions	of	low	energy	status,	and	this
activates	proteases	known	as	calpains	and	phospholipases.	These	proteases	break
down	the	ultrastructure	of	the	muscle	cell	and	the	sarcolemma,	which	leads	to
muscle	fiber	damage.

It	is	true	that	some	research	has	been	conducted	showing	that	performing
strength	training	under	hypoxic	conditions	(including	with	blood	flow
restriction)	may	be	slightly	superior	for	muscle	growth,	in	comparison	with
conventional	strength	training.	However,	training	under	hypoxic	conditions	(and
with	external	blood	flow	restriction)	also	involves	other	factors	that	differ	from
training	with	constant	tension.

What	is	the	takeaway?

Bodybuilding	experts	often	recommend	that	we	“keep	a	constant	tension	on	the
muscle”	during	each	set	of	a	workout	in	order	to	maximize	hypertrophy.
Superficially,	this	sounds	plausible,	but	since	deliberately	slow	lifting	tempos
involve	submaximal	levels	of	motor	unit	recruitment,	this	tactic	cannot	enhance
muscle	growth,	since	it	fails	to	activate	the	large	numbers	of	highly	responsive
muscle	fibers	that	are	controlled	by	high-threshold	motor	units.	Only	once
fatigue	accumulates	towards	the	end	of	a	set	(and	makes	the	submaximal	effort
maximal)	are	the	muscle	fibers	of	these	high-threshold	motor	units	stimulated	to
grow.



CAN	USING	THE	MIND-MUSCLE
CONNECTION	ENHANCE
HYPERTROPHY?



Historically,	many	bodybuilders	championed	the	importance	of	implementing	a
“mind-muscle	connection”	during	strength	training.	Using	a	mind-muscle
connection	refers	to	focusing	our	attention	on	the	muscle	that	is	working	during
a	set	of	strength	training	exercise.

While	this	may	not	seem	like	an	obvious	area	for	researchers	to	investigate,	the
effects	of	where	we	focus	our	attention	during	physical	activities	has	been	of
great	interest	to	scientists.	This	wider	literature,	as	well	as	some	recent	studies
into	attentional	focus	during	strength	training,	allows	us	to	assess	whether	using
the	mind-muscle	connection	could	help	or	hinder	us	on	our	quest	to	achieve
greater	muscle	growth.

What	is	attentional	focus?

Two	key	types	of	attentional	focus	have	been	identified:	(1)	internal,	and	(2)
external.

An	external	focus	of	attention	involves	thinking	about	the	environment,	such	as
the	weight	or	the	ground.	An	internal	focus	of	attention	involves	thinking	about
the	body,	such	as	the	contraction	of	the	working	muscle	or	the	movement	of	the
limbs	around	a	joint.

Researchers	have	found	that	when	an	individual	employs	an	external	focus	of
attention	during	a	physical	movement,	this	allows	them	to	achieve	greater
maximum	force	production,	greater	performance	on	tests	of	athletic	ability,	and
more	reps	in	tests	of	muscular	endurance.	These	benefits	all	likely	occur	due	to
greater	movement	efficiency.

Consequently,	it	is	hardly	surprising	that	using	an	external	focus	of	attention	has
also	been	associated	with	superior	gains	in	motor	learning	over	a	long-term
training	period.

In	contrast,	researchers	have	found	that	using	an	internal	focus	of	attention	leads
to	greater	muscle	activation	(as	measured	by	surface	electromyography)	in
conjunction	with	reduced	joint	torques	measured	by	a	dynamometer.	This



finding	also	been	reported	when	researchers	have	examined	the	mind-muscle
connection	during	conventional	strength	training,	at	least	when	using	lighter
loads	and	when	the	subjects	have	some	strength	training	experience.

Even	so,	using	the	mind-muscle	connection	to	produce	an	internal	focus	of
attention	has	been	associated	with	superior	gains	in	muscle	size	over	a	long-term
training	period.	Researchers	have	generally	explained	this	finding	by	reference
to	the	greater	activation	of	the	working	(agonist)	muscles	that	is	usually
observed	during	reps	done	with	an	internal	focus,	compared	to	those	done	with
an	external	focus.

How	could	an	internal	focus	of	attention	enhance	muscle
activation?

During	strength	training,	muscle	activation	is	affected	mainly	by	the	level	of
motor	unit	recruitment,	although	it	can	also	be	influenced	by	the	motor	unit
firing	frequency,	as	well	as	other	factors.	When	muscle	activation	is	higher,	this
indicates	that	more	motor	units	may	have	been	recruited	to	carry	out	the	task.
Additional	motor	units	are	recruited	when	the	central	nervous	system	identifies
that	the	existing	levels	of	force	production	are	insufficient	to	carry	out	the
movement	as	intended.

More	motor	units	are	recruited	in	any	of	three	scenarios:	(1)	load	increases,	and
therefore	the	requirement	for	external	force	production	increases,	(2)	movement
speed	increases,	and	therefore	the	force	produced	by	each	muscle	fiber
decreases,	and	(3)	fatigue	occurs,	and	therefore	the	force	produced	by	each
muscle	fiber	decreases.

Given	that	an	external	focus	of	attention	often	involves	superior	performance	in
athletic	movements,	it	is	unlikely	that	an	internal	focus	of	attention	would	cause
greater	agonist	muscle	activation	than	an	external	focus	of	attention	due	to
increased	movement	speed.	Consequently,	in	unfatigued	conditions,	it	is	likely
that	an	internal	focus	leads	to	increased	motor	unit	recruitment	due	to	a	need	to
produce	a	larger	agonist	muscle	force	at	the	same	(or	perhaps	even	at	a	slower)
movement	speed.



Exactly	*why*	there	is	a	need	to	produce	a	greater	agonist	muscle	force	when
using	an	internal	focus	of	attention	is	rarely	discussed.

Some	possible	explanations	for	the	increased	agonist	muscle	force	include:	(1)
an	increased	antagonist	muscle	force,	(2)	altered	synergist	muscle	force,	and	(3)
the	activation	of	regions	of	the	agonist	muscle	that	are	less	effective	for	the
movement	being	performed.

An	increase	in	antagonist	muscle	force	will	necessarily	require	the	agonist	to
produce	more	force	in	order	to	achieve	the	same	joint	torque,	since	the	joint
torque	is	the	net	effect	of	the	agonist	muscle	less	the	antagonist	muscle	forces.
Alterations	in	synergist	muscle	force	(due	to	impaired	coordination)	will	also
require	the	agonist	muscle	to	exert	more	force	in	order	to	achieve	the	same	joint
torque,	since	the	synergists	contribute	positively	to	joint	torque,	usually	by
making	the	joint	more	stable.	Activating	regions	of	the	muscle	that	are	not
normally	activated	to	perform	the	specific	exercise	would	be	very	inefficient.	In
such	cases,	these	regions	might	simply	contract	in	isolation,	while	not
contributing	to	force	production	at	the	joint	in	any	meaningful	way.

Ultimately,	since	it	is	probably	not	possible	to	alter	the	amount	of	motor	unit
synchronization,	the	greater	agonist	muscle	activation	for	the	same	amount	of
external	force	or	joint	torque	must	arise	due	to	one	of	these	factors.

How	could	an	internal	focus	of	attention	enhance	muscle	growth?

Although	an	internal	focus	of	attention	does	increase	muscle	activation,	and	it	is
likely	that	this	leads	to	increased	agonist	muscle	force	in	a	given	exercise	for	the
same	amount	of	external	force	or	joint	torque,	how	might	this	translate	into
increased	muscle	growth?

The	answer	may	depend	on	the	mechanism	by	which	muscle	activation	is
increased	with	an	internal	focus	of	attention.



#1.	Increased	antagonist	muscle	activation

Antagonist	muscle	activation	is	indeed	greater	during	throwing	and	jumping
movements	with	an	internal	focus	of	attention,	compared	to	with	an	external
focus	of	attention.

However,	hypertrophy	only	occurs	when	the	muscle	fibers	of	high-threshold
motor	units	shorten	at	slow	speeds	(and	therefore	produce	high	forces	and
experience	high	levels	of	mechanical	loading).	The	circumstances	that	lead	to
force	being	exerted	by	those	muscle	fibers	are	largely	irrelevant.

In	other	words,	it	should	not	matter	whether	those	muscle	fibers	produce	force	in
response	to	an	external	load,	or	to	antagonist	muscle	activation.	Indeed,	this	is
why	we	can	produce	high	levels	of	muscle	activation	(and	subsequently	also
hypertrophy)	by	simply	flexing	muscles.

Consequently,	it	seems	unlikely	that	differences	in	the	level	of	antagonist	muscle
activation	between	an	internal	and	an	external	focus	of	attention	could	be
responsible	for	the	greater	hypertrophy	that	occurs	when	using	an	internal	focus
of	attention.

#2.	Altered	synergist	muscle	activation

Similarly,	it	should	not	matter	whether	the	muscle	fibers	controlled	by	high-
threshold	motor	units	produce	greater	force	in	response	to	altered	synergist
activation	or	increased	antagonist	muscle	activation.

This	is	why	training	using	unstable	(free	weights)	and	stable	(machine)
implements	for	similar	exercises	generally	involves	similar	levels	of	agonist
muscle	activation	and	probably	also	causes	similar	amounts	of	muscle	growth.
Even	though	the	unstable	conditions	require	much	greater	contributions	from	the
synergist	muscles	in	order	to	stabilize	the	joint,	the	resulting	hypertrophy	is	not
that	different.



#3.	Regional	muscle	activation

Muscle	growth	does	not	occur	evenly	in	all	parts	of	a	muscle	after	strength
training,	but	rather	occurs	in	specific	regions.	This	likely	happens	for	at	least	two
very	different	reasons.

Firstly,	it	happens	when	muscle	fibers	increase	in	either	length	or	diameter,	since
increases	in	length	tend	to	lead	to	greater	increases	in	distal	muscle	size,	while
increases	in	fiber	diameter	tend	to	cause	greater	hypertrophy	in	the	proximal	and
middle	regions	of	a	muscle.

Secondly,	it	happens	when	specific	functional	regions	of	the	muscle	are	activated
in	order	to	perform	certain	movements.	This	can	involve	force	production	at
specific	muscle	lengths	or	in	different	directions	at	a	joint.	Researchers	have
found	that	these	regions	are	controlled	differently	by	the	central	nervous	system
in	much	the	same	way	as	different	muscles	are	themselves	controlled.

When	we	perform	a	movement	with	an	external	focus	of	attention,	we	likely
only	produce	force	with	those	regions	that	are	optimally	structured	to	contribute
to	that	movement.	In	contrast,	when	we	perform	a	movement	with	an	internal
focus	of	attention,	we	may	well	produce	force	with	additional	regions	as	well,
and	these	regions	may	not	contribute	particularly	effectively	to	the	movement.
This	would	cause	greater	overall	muscle	activation	without	substantially
increasing	the	external	force	or	joint	torque	(which	is	what	we	observe).	It	could
also	lead	to	greater	overall	hypertrophy	because	of	muscle	growth	in	additional
regions	of	the	muscle	that	are	not	trained	when	using	an	external	focus	of
attention.

What	does	this	mean	in	practice?

In	practice,	the	use	of	an	internal	focus	may	be	helpful	for	some	groups	of	lifters
who	are	training	for	hypertrophy,	but	not	others.



Complete	beginners	may	find	that	using	an	internal	focus	of	attention	is	helpful
during	certain	exercises,	to	make	sure	that	they	are	using	the	exercise	effectively
to	train	the	target	muscle.	Indeed,	researchers	have	found	that	asking	people	to
focus	on	certain	muscle	groups	does	allow	them	to	activate	those	muscle	groups

Intermediate	lifters	may	find	that	using	an	internal	focus	of	attention	can
interfere	with	progressive	overload.	Unlike	complete	beginners,	intermediates
cannot	always	easily	increase	the	number	of	reps	in	each	set	or	the	weight	on	the
bar	from	one	workout	to	the	next.	And	yet,	achieving	progressive	overload	is
essential	for	hypertrophy	to	continue	over	a	long	period	of	time.	Since	using	an
internal	focus	of	attention	leads	to	fewer	reps	being	performed	on	a	set,	it	can	be
tempting	to	temporarily	stop	using	the	internal	focus	of	attention	towards	the	end
of	a	set	purely	in	order	to	achieve	the	target	number	of	reps	for	a	set	for	the	day.
This	can	lead	to	the	appearance	of	progressive	overload	being	achieved,	without
actually	achieving	it.

Advanced	lifters,	who	are	able	to	employ	exactly	the	same	focus	of	attention	on
every	rep	of	every	set,	may	find	that	they	can	use	an	internal	focus	of	attention
effectively,	but	this	may	take	a	lot	of	time	and	practice.

What	is	the	takeaway?

The	mind-muscle	connection	is	an	internal	focus	of	attention,	which	involves
directing	our	attention	to	the	working	muscle	during	strength	training.	An
internal	focus	of	attention	likely	increases	muscle	force	for	the	same	level	of
external	force	or	joint	turning	force,	due	to	either	increased	antagonist	muscle
force,	altered	synergist	muscle	forces,	or	the	activation	of	additional	regions	of
the	agonist	muscle	that	would	normally	not	be	used	for	that	particular
movement.	However,	it	is	most	likely	that	only	the	activation	of	additional
regions	of	the	agonist	muscle	contributes	to	the	greater	hypertrophy	that	is
observed	when	training	using	an	internal	focus	of	attention.



DOES	A	FULL	RANGE	OF	MOTION
ALWAYS	PRODUCE	MORE	MUSCLE
GROWTH?



It	is	widely	believed	that	greater	gains	in	muscle	size	are	always	achieved	after
strength	training	with	a	full	range	of	motion,	compared	to	after	training	with	a
partial	range	of	motion.	While	this	belief	probably	originated	among	strength
coaches	who	were	annoyed	by	seeing	their	athletes	performing	quarter	squats,	it
does	have	some	scientific	backing.

Some	long-term	trials	have	reported	greater	muscle	growth	after	training	with	a
full	range	of	motion,	or	after	training	with	a	partial	range	of	motion	where	the
muscle	reaches	a	longer	length	and	is	therefore	more	stretched.	The	researchers
carrying	out	these	studies	hypothesized	that	this	would	happen	because	of	the
potentially	additive	effects	of	stretch	and	contraction	on	hypertrophy	that	have
been	observed	in	animal	models.

However,	not	every	long-term	trial	has	reported	greater	muscle	growth	after
training	with	a	full	range	of	motion,	or	with	a	partial	range	of	motion	where	the
muscle	reaches	a	longer	length.	A	number	of	recent	studies	have	reported	similar
hypertrophy	after	training	with	various	different	ranges	of	motion.	Even	more
surprisingly,	some	studies	have	actually	reported	greater	muscle	growth	after
partial	range	of	motion	training!

So	let	us	take	a	careful	look	at	all	of	the	research.

How	have	researchers	compared	training	with	different	ranges	of
motion?

Researchers	have	assessed	the	problem	of	how	range	of	motion	affects	muscle
growth	after	strength	training	in	several	different	ways.	In	general,	there	are	two
groups	of	studies.

One	group	of	studies	has	compared	full	ranges	of	motion	with	partial	ranges	of
motion,	where	the	partial	range	of	motion	is	a	part	of	the	full	range	of	motion.
The	group	training	with	a	full	range	of	motion	covers	all	of	the	range	of	motion
used	by	the	group	training	with	a	partial	range	of	motion,	and	more	besides.



Another	group	of	studies	has	compared	different	partial	ranges	of	motion	(which
may	or	may	not	overlap	slightly).	In	these	studies,	one	group	reaches	a	shorter
(more	contracted)	muscle	length,	while	the	other	group	reaches	a	longer	(more
stretched)	muscle	length.

#1.	Full	and	partial	ranges	of	motion

Some	studies	have	compared	full	ranges	of	motion	with	partial	variations	of	the
same	exercise.	However,	the	exact	partial	ranges	of	motion	used	in	these	studies
differ	slightly.	Some	studies	use	the	top	part	of	the	full	range	of	motion	for	the
partial	range	of	motion	group,	while	others	use	the	middle.

For	example,	a	couple	of	studies	have	compared	training	with	full	and	partial
squats.	In	these	studies,	partial	squat	training	involves	using	the	top	part	of	the
exercise	performed	by	the	full	range	of	motion	group.	Similarly,	another	study
has	compared	knee	extension	training	through	full	(0–100	degrees)	and	partial
(0–60	degrees)	ranges	of	motion.

In	these	studies,	the	full	range	of	motion	group	reaches	the	same	top	(contracted
muscle)	position	as	the	partial	range	of	motion	group,	but	a	different	bottom
(stretched	muscle)	position.

Other	studies	have	compared	training	with	full	and	partial	ranges	of	motion,
where	the	partial	range	of	motion	is	in	the	middle	of	the	full	range	of	motion
exercise.	One	study	compared	preacher	curl	training	with	a	full	range	of	motion
(0–130	degrees)	and	a	partial	range	of	motion	(50–100	degrees).	Another	study
compared	lying	triceps	extension	training	with	a	full	range	of	motion	(0–120
degrees)	and	a	partial	range	of	motion	(45–90	degrees).	In	these	studies,	the	full
range	of	motion	group	reaches	a	higher	top	(contracted	muscle)	and	a	lower
bottom	(stretched	muscle)	position	than	the	partial	range	of	motion	group.

#2.	Different	partial	ranges	of	motion



Other	studies	have	compared	similar	partial	ranges	of	motion,	where	one	group
trains	such	that	the	muscle	is	quite	stretched	at	the	end	of	the	lowering
(eccentric)	phase,	while	the	other	group	trains	such	that	the	muscle	is	not	as
stretched.

For	example,	one	study	compared	training	with	a	range	of	knee	extension
exercises	with	a	partial	range	of	motion	that	involved	reaching	either	a	more
stretched	position	for	the	quadriceps	(40–90	degrees)	or	a	less	stretched	position
(0–50	degrees).	Another	study	compared	different	triceps	extension	exercises,
where	one	group	trained	such	that	the	triceps	reached	a	stretched	position	(70–
150	degrees)	and	the	other	group	trained	such	that	the	muscle	reached	a
contracted	position	(10–90	degrees).

In	these	studies,	the	groups	reach	different	top	(contracted	muscle)	and	bottom
(stretched	muscle)	positions	from	one	another,	and	while	one	group	reaches	a
more	contracted	position,	the	other	group	reaches	a	more	stretched	position.

What	do	these	comparisons	tell	us?

These	studies	allow	us	to	assess	the	effect	of	range	of	motion	on	muscle	growth
by	three	different	comparisons,	depending	on	the	partial	ranges	of	motion	that
were	tested.

Comparison	#1:	The	full	range	of	motion	group	reaches	the	same	top
(contracted	muscle)	position	as	the	partial	range	of	motion	group,	but	a	different
bottom	(stretched	muscle)	position.	Together,	these	studies	show	that	full	and
partial	ranges	of	motion	produce	different	regional	hypertrophy,	and	while	the
full	range	of	motion	produces	greater	increases	in	fiber	length,	the	partial	range
of	motion	could	produce	greater	increases	in	fiber	diameter.

Comparison	#2:	The	full	range	of	motion	group	reaches	a	higher	top
(contracted	muscle)	and	a	lower	bottom	(stretched	muscle)	position	than	the
partial	range	of	motion	group.	These	studies	show	that	when	the	partial	range	of
motion	used	is	in	the	middle	of	the	full	range	of	motion,	it	produces	similar	or
greater	muscle	growth.



Comparison	#3:	The	groups	reach	different	top	(contracted	muscle)	and	bottom
(stretched	muscle)	positions	from	one	another,	and	while	one	group	reaches	a
more	contracted	position,	the	other	group	reaches	a	more	stretched	position.
These	studies	show	that	when	the	partial	range	of	motion	used	reaches	a	more
stretched	muscle	length,	it	produces	greater	increases	in	fiber	length,	but	the
effects	on	muscle	size	are	unclear.

Overall,	the	research	does	not	provide	unanimous	support	for	the	idea	that
reaching	a	stretched	position	is	always	beneficial	for	muscle	growth.	Even	if	we
include	those	studies	reporting	greater	muscle	growth	only	in	some	regions	as
being	indicative	of	greater	overall	hypertrophy,	three	studies	report	greater
hypertrophy	after	training	with	a	more	stretched	position,	but	four	studies	report
similar	or	greater	hypertrophy	after	training	with	a	less	stretched	position.

In	fact,	the	clearest	trend	is	for	greater	increases	in	muscle	fiber	length	after
training	with	full	or	partial	ranges	of	motion	where	the	muscle	reaches	a	more
stretched	position,	which	may	be	linked	to	the	different	regional	hypertrophy.
Increases	in	fiber	length	seem	to	be	stimulated	when	the	muscle	reaches	a	longer
length	during	an	exercise,	because	this	causes	the	mechanical	tension
experienced	by	the	muscle	fibers	to	be	produced	more	by	passive	elements	(the
structure	of	the	muscle	fiber,	including	titin).

Conversely,	the	proportionally	greater	mechanical	tension	placed	on	the	active
elements	(the	actin-myosin	crossbridges)	during	partial	range	of	motion	training
could	cause	greater	increases	in	fiber	diameter,	which	could	lead	to	greater	gains
in	anatomical	or	physiological	cross-sectional	area.

What	might	produce	differences	between	studies?

Since	these	studies	were	generally	all	well-designed	and	carried	out	to
(comparatively)	high	methodological	standards,	it	is	more	likely	that	any
differences	between	them	lies	in	(1)	the	ways	that	the	volume	or	work	done	was
equated	between	groups,(2)	the	exercises	that	were	used,	or	(3)	the	muscle	group
that	was	trained	and	measured.



#1.	Volume	or	work	done

Some	of	the	studies	equated	volume	(sets	x	reps)	between	groups,	some	equated
predicted	muscle	forces,	and	one	equated	work	done.	The	single	study	that
equated	work	done	required	the	partial	range	of	motion	group	to	perform
additional	sets	or	reps,	indicating	that	full	ranges	of	motion	are	more	efficient
ways	to	achieve	a	greater	training	load.

Moreover,	the	study	that	equated	work	done	rather	than	volume	reported	greater
increases	in	physiological	cross-sectional	area	after	partial	range	of	motion
training,	suggesting	that	those	studies	equating	volume	and	reporting	similar	or
greater	muscle	growth	after	training	at	long	muscle	lengths	may	be	providing	a
smaller	stimulus	in	the	partial	range	of	motion	group	because	of	less	work	done.

#2.	Exercises	used

The	exercises	used	in	these	studies	varied	in	several	ways,	including	(1)	the
number	of	exercises	used	in	the	training	programs,	(2)	the	number	of	joints	used
(multi-joint	or	single-joint),	and	(3)	the	strength	curves	of	the	exercises.	Looking
at	how	the	studies	differ	from	one	another	might	help	us	understand	the	role	of
range	of	motion	in	hypertrophy.

Number	of	exercises	 — 	All	but	two	of	the	studies	investigating	the	effects	of
range	of	motion	have	tested	single	exercises,	which	makes	comparisons	between
groups	fairly	reliable.	Interestingly,	both	of	these	two	studies	show	a	beneficial
effect	of	training	at	longer	muscle	lengths	when	using	a	range	of	multi-joint
lower	body	exercises,	suggesting	that	increased	exercise	variation	could	interact
with	range	of	motion.

Number	of	joints	 — 	Three	studies	assessed	multi-joint	exercises.	These	were
the	three	that	reported	a	beneficial	effect	of	training	at	longer	muscle	lengths,
suggesting	that	multi-joint	exercises	could	benefit	more	from	a	full	range	of
motion.	The	four	studies	that	reported	a	similar	or	superior	effect	of	partial	range



of	motion	training	all	assessed	single-joint	exercises,	of	which	one	assessed	the
knee	extension,	two	assessed	various	different	triceps	extensions,	and	one
assessed	the	preacher	curl.

Strength	curves	 — 	Not	every	study	used	exercises	with	the	same	strength
curve.	Multi-joint	lower	body	exercises	generally	involve	a	fairly	steep	strength
curve	because	of	changing	external	moment	arm	lengths	over	the	exercise	range
of	motion.	This	steep	strength	curve	requires	the	muscles	to	produce	higher
forces	at	the	bottom	of	the	exercise	than	at	the	top.	The	preacher	curl	has	a
similarly	steep	strength	curve.	In	contrast,	one	study	used	accommodating
resistance	for	the	knee	extension,	thereby	creating	a	flat	strength	curve,	and	the
triceps	exercises	probably	involved	parabolic	strength	curves,	where	the	exercise
required	the	greatest	forces	in	the	middle.

In	summary,	the	studies	that	reported	greater	muscle	growth	after	training	with	a
full	range	of	motion,	or	with	a	partial	range	of	motion	where	the	muscle	reaches
a	longer	length,	tended	to	use	a	variety	of	exercises	(instead	of	a	single	exercise),
multi-joint	exercises	(instead	of	single-joint	exercises),	and	a	steeper	strength
curve,	where	the	greatest	forces	are	required	at	the	bottom	of	the	lift,
corresponding	to	long	muscle	lengths.

#3.	Muscle	group

The	muscle	groups	tested	in	these	studies	varied	insofar	as	they	(1)	belonged	to
either	the	upper	or	the	lower	body,	and	(2)	displayed	differences	in	their	length-
tension	relationships.

Upper	vs.	lower	body 	— 	Three	studies	assessed	changes	in	the	vastus	lateralis,
one	assessed	hypertrophy	of	the	whole	thigh,	two	assessed	muscle	growth	in	the
triceps	brachii,	and	one	assessed	changes	in	the	biceps	brachii.	The	only	studies
to	report	a	beneficial	effect	of	training	at	longer	muscle	lengths	have	involved
training	and	measuring	thigh	(quadriceps)	muscles,	but	beneficial	effects	of
training	with	a	partial	range	of	motion	have	been	reported	for	both	upper	and
lower	body	muscle	groups.



Length-tension	relationship	 — 	The	triceps	brachii	operates	almost	entirely	on
the	plateau	region	of	the	length-tension	relationship	(where	the	active	elements
of	the	muscle	fibers	contribute	most	to	force	production),	the	biceps	brachii
operates	on	the	ascending	limb	and	plateau	regions	(where	the	active	elements	of
the	muscle	fibers	contribute	most	to	force	production),	and	the	quadriceps
operate	for	most	of	the	time	on	the	descending	limb	(where	the	passive	elements
of	the	muscle	fibers	contribute	more	to	force	production).	The	only	studies	to
report	a	beneficial	effect	of	training	at	longer	muscle	lengths	have	involved
training	and	measuring	thigh	(quadriceps)	muscles.

In	summary,	studies	that	report	greater	muscle	growth	after	training	with	a	full
range	of	motion,	or	with	a	partial	range	of	motion	where	the	muscle	reaches	a
longer	length,	tend	to	test	the	quadriceps.	These	muscles	could	be	more
susceptible	to	stretch-mediated	muscle	growth	because	they	are	working	on	the
descending	limb	of	the	length-tension	relationship	for	most	of	the	time,	meaning
that	the	passive	elements	of	the	muscle	fibers	contribute	very	substantially	to
force	production.

What	does	this	mean	in	practice?

By	analyzing	the	studies	that	have	compared	exercises	with	different	ranges	of
motion,	and	yet	have	produced	different	results,	we	can	draw	inferences	about
the	factors	that	might	be	important	for	getting	the	most	benefit	out	of	exercises
using	full	ranges	of	motion,	or	using	a	partial	range	of	motion	where	the	muscle
reaches	a	longer	length.

Some	of	these	factors,	such	as	greater	exercise	variety,	multi-joint	exercises,	and
lower	body	muscles,	could	be	coincidental,	as	it	is	difficult	to	find	a	plausible
biological	mechanism	that	could	explain	their	effects.

Two	other	factors	are	more	promising,	however.

Muscles	that	work	on	the	descending	limb	of	the	length-tension	relationship	for
most	of	their	working	range	of	motion	could	be	more	susceptible	to	stretch-
mediated	muscle	growth.	This	could	explain	why	only	studies	measuring	the
quadriceps	have	reported	any	beneficial	effect	of	full	ranges	of	motion,	or
exercises	where	muscles	are	trained	at	longer	lengths.



Exercises	involving	a	steep	strength	curve,	in	which	the	greatest	forces	are
required	at	the	bottom	of	the	lift,	corresponding	to	long	muscle	lengths,	could
provide	a	greater	stimulus	to	the	muscle	in	a	stretched	position	than	exercises
with	flatter	strength	curves.	This	might	be	why	the	one	study	assessing	the
quadriceps	that	did	not	find	a	beneficial	effect	of	using	a	full	range	of	motion
was	the	only	study	to	use	accommodating	resistance,	which	involves	a	flat
strength	curve,	and	was	also	the	only	study	to	test	concentric-only	exercise,
which	almost	certainly	reduced	the	proportional	load	on	the	passive	elements	of
the	working	muscle	fibers.

What	is	the	takeaway?

Reaching	a	more	stretched	position	in	an	exercise	by	using	a	full	range	of	motion
does	not	always	cause	more	hypertrophy,	but	it	often	causes	greater	increases	in
fiber	length,	likely	because	of	the	proportionally	greater	mechanical	tension
experienced	by	the	passive	elements	of	the	fiber.

For	a	full	range	of	motion	to	cause	greater	hypertrophy	and	not	just	greater
increases	in	fiber	length,	the	muscle	may	need	to	work	predominantly	on	the
descending	limb	of	the	length-tension	relationship,	so	that	the	passive	elements
contribute	substantially	to	total	force	production	for	the	majority	of	the	lift.	A
steep	exercise	strength	curve	may	also	help,	such	that	the	muscles	are	loaded
very	forcefully	in	the	stretched	position.



WHAT	DETERMINES	TRAINING
FREQUENCY?



Training	frequency	for	bodybuilding,	or	for	recreational	strength	training	with
the	purpose	of	increasing	muscle	size,	is	a	contentious	topic.	A	quick	look
around	the	internet	will	reveal	that	experts	hold	a	very	wide	range	of	opinions
about	the	ideal	training	frequency	to	use	when	strength	training	for	increased
muscle	size.

Some	authorities	recommend	training	a	muscle	very	frequently,	while	others
(especially	those	who	are	closer	to	mainstream	bodybuilding)	still	suggest
training	each	muscle	only	once	per	week.	Those	who	follow	the	literature	fairly
dogmatically	will	point	to	recent	meta-analyses	that	have	reported	an	ideal
training	frequency	of	2–3	times	per	week,	although	most	bodybuilders	still	only
train	muscles	1–2	times	per	week.

Even	so,	whether	to	train	a	muscle	2	or	3	times	per	week	is	a	major	decision	that
will	have	a	big	impact	on	the	way	a	strength	training	program	is	set	up.
Consequently,	the	current	literature	does	not	yet	have	the	level	of	precision	that
we	need	to	decide	on	the	optimal	training	frequency	by	crunching	the	numbers
from	the	available	long-term	studies.

What	factors	might	affect	training	frequency?

Training	frequency	can	be	affected	by	the	duration	of	time	for	which	muscle
protein	synthesis	rates	are	elevated	after	a	workout,	and	also	by	the	ability	of	the
lifter	to	recover	from	the	first	workout,	because	of	the	residual	effects	of	fatigue
on	the	hypertrophic	stimulus	experienced	in	a	second	workout.

Let’s	take	a	look	at	both	of	those	factors.

#1.	Changes	in	the	rate	of	muscle	protein	synthesis

In	a	strength	training	workout,	the	fibers	of	a	muscle	experience	mechanical
loading.	This	mechanical	loading	is	detected	by	mechanoreceptors,	which	leads



to	anabolic	signaling.	This	signaling	triggers	an	increase	in	the	rate	of	muscle
protein	synthesis	inside	each	loaded	muscle	fiber.	The	increase	in	the	internal
rate	of	muscle	protein	synthesis	is	what	causes	increased	protein	content	inside
the	worked	muscle	fibers.

After	the	workout,	the	rate	of	muscle	protein	synthesis	increases	over	several
hours,	reaches	a	peak,	and	declines.	We	can	draw	a	curve	of	this	change	over
time,	and	the	area	under	this	curve	is	the	overall	effect	of	the	workout	on	the	size
of	the	muscle	fiber.	When	the	rate	of	muscle	protein	synthesis	is	increased	to	a
greater	height,	or	for	a	longer	time,	the	muscle	fiber	experiences	a	greater
increase	in	size.

Logically,	it	makes	sense	to	wait	until	the	rate	of	muscle	protein	synthesis
returns	to	approximately	pre-workout	levels	after	a	workout	before	doing	the
next	workout,	otherwise	the	stimulus	provided	by	the	second	workout	could	be
partly	wasted.	Therefore,	the	duration	of	time	for	which	the	rate	of	muscle
protein	synthesis	is	elevated	after	a	workout	is	quite	important.

However,	the	shape	of	the	curve	differs	between	trained	and	untrained
individuals.	In	untrained	people,	the	rate	of	muscle	protein	synthesis	takes	longer
to	reach	a	peak,	takes	longer	to	decay,	and	has	a	larger	total	area	under	the	curve.
Also,	the	shape	of	the	curve	differs	depending	on	which	proteins	are	measured.
When	we	assess	all	of	the	proteins	in	a	fiber	(by	a	measurement	called	mixed
muscle	protein	synthesis),	the	curve	displays	a	different	profile	from	when	we
assess	only	the	contractile	proteins	(by	a	measurement	called	myofibrillar
muscle	protein	synthesis).

We	should	note	that	both	myofibrillar	and	mixed	muscle	protein	synthesis	rates
can	be	elevated	for	the	purpose	of	increasing	muscle	fiber	size,	and	also	for	the
purpose	of	repairing	damage	to	the	fiber,	since	this	damage	can	occur	to	non-
contractile	and	contractile	proteins.	Therefore,	even	though	the	rate	of
(myofibrillar	or	mixed	muscle)	protein	synthesis	is	increased,	this	does	not	mean
that	the	muscle	fiber	is	adding	new	proteins	to	increase	in	size.	It	could	simply
be	repairing	damage	that	has	been	done.

When	we	consider	all	proteins	in	untrained	individuals,	the	rate	of	mixed	muscle
protein	synthesis	reaches	a	peak	after	16	hours,	and	still	has	not	reached	pre-
workout	levels	at	48	hours.	Looking	at	the	shape	of	the	curve	suggests	that	it



might	reach	pre-workout	levels	at	approximately	72	hours,	which	would	imply
an	ideal	training	frequency	of	once	every	3	days,	or	twice	a	week.	Since	the
curve	peaks	earlier	and	declines	faster	in	trained	individuals,	the	same	data	for
all	proteins	in	that	population	implies	that	training	a	muscle	more	frequently
would	be	ideal.	Even	so,	this	analysis	is	limited	because	all	muscle	fiber	proteins
are	being	taken	into	account.

Ideally,	we	would	perform	a	similar	analysis	regarding	only	the	contractile
proteins,	but	such	data	have	not	been	published.	Yet	research	has	shown	that	the
elevation	in	the	rate	of	myofibrillar	protein	synthesis	over	a	48-hour	period	is
strongly	associated	with	the	hypertrophy	resulting	from	a	strength	training
program	(when	individuals	are	trained,	but	not	when	they	are	still	untrained).
This	indicates	that	the	majority	of	the	elevation	in	myofibrillar	protein	synthesis
rates	has	occurred	within	48	hours	in	trained	people,	which	would	imply	an	ideal
training	frequency	of	at	least	once	every	2	days,	or	three	times	per	week.

#2.	Recovery	of	the	lifter

Immediately	after	a	strength	training	workout,	we	experience	a	reduced	ability	to
exert	force.	There	are	three	factors	that	produce	this	effect:	(1)	peripheral	(local
muscular)	fatigue,	(2)	muscle	damage,	and	(3)	central	nervous	system	fatigue.

Importantly,	the	impact	of	each	of	these	factors	changes	over	time.

Peripheral	(local	muscular)	fatigue	can	occur	due	to	reductions	in	the	activation
of	individual	muscle	fibers	(either	because	of	a	decrease	in	the	sensitivity	of
actin-myosin	myofilaments	to	calcium	ions,	or	because	of	a	reduction	in	the
release	of	calcium	ions	from	the	sarcoplasmic	reticulum),	or	through	factors
affecting	the	ability	of	individual	muscle	fibers	to	produce	force,	which	involves
impairments	in	the	function	of	actin-myosin	crossbridges.	However	it	occurs,	the
effects	of	peripheral	fatigue	are	very	transitory.



We	recover	from	peripheral	fatigue	within	a	few	hours.

Muscle	damage	can	involve	a	range	of	things.	It	can	involve	very	small	amounts
of	damage	to	internal	structures	within	the	muscle	fiber,	such	as	the	cytoskeleton
or	the	contractile	proteins.	Indeed,	one	of	the	most	common	signs	of	mild	muscle
damage	is	a	derangement	of	the	Z	disks,	which	are	lines	that	separate	one
sarcomere	from	the	next.	Muscle	damage	can	also	involve	tearing	of	the	cell
membrane,	and	severe	damage	can	involve	complete	tears	of	the	muscle	fibers
themselves.	All	of	these	types	of	damage	are	repaired	by	carrying	out	additions
to	the	structures	of	the	existing	muscle	fiber.	Very	severe	damage	cannot	be
repaired,	leading	to	fiber	necrosis.	When	this	happens,	the	remains	of	the	old
muscle	fiber	are	completely	degraded	by	proteases	and	a	new	muscle	fiber	is
grown	inside	the	cell	membrane	of	the	old	fiber,	through	a	process	called
regeneration.

Some	types	of	strength	training	involve	little	or	no	muscle	damage,	while	others
involve	a	great	deal	of	muscle	damage.	Also,	muscle	damage	can	differ	between
muscle	groups,	muscle	fiber	types,	and	individuals.	Depending	on	the	degree	of
muscle	damage,	the	repair	or	regeneration	process	can	last	for	anything	from	no
time	at	all	to	several	weeks.

Central	nervous	system	fatigue	can	occur	either	because	of	a	reduction	in	the
size	of	the	signal	sent	from	the	brain	or	the	spinal	cord,	or	because	of	an	increase
in	afferent	feedback	that	reduces	motor	neuron	excitability.	Central	nervous
system	fatigue	is	not	the	same	thing	as	how	we	feel	about	doing	the	next
workout,	which	seems	to	be	more	closely	related	to	the	amount	of	muscle
damage	that	we	have	experienced.	Rather,	it	is	simply	the	extent	to	which	we	can
voluntarily	activate	the	trained	muscle.

Central	nervous	system	fatigue	is	a	lot	smaller	and	more	short-lived	after
strength	training	than	most	people	believe,	which	is	probably	because	of	a
confusion	about	the	meaning	of	the	term.	We	assume	that	because	we	do	not	feel
ready	for	the	next	workout	we	must	be	experiencing	central	nervous	system
fatigue,	which	is	not	necessarily	the	case.	In	fact,	central	nervous	system	fatigue
tends	to	increase	with	increasing	exercise	duration	rather	than	intensity,	making
it	more	pronounced	after	endurance	training.



However,	when	the	muscle	damage	is	severe,	such	as	after	unaccustomed
eccentric-only	training	or	high	volumes	of	conventional	strength	training,	this
can	trigger	extended	periods	of	central	nervous	system	fatigue	that	can	last	up	to
2–3	days	after	the	workout.

These	three	types	of	fatigue	have	different	effects	on	the	impact	of	subsequent
workouts.

When	we	are	still	experiencing	peripheral	fatigue	at	the	point	of	doing	a
subsequent	workout	(which	would	be	very	unusual,	since	that	would	require	us
to	perform	another	workout	within	hours	of	the	previous	one),	this	does	not
influence	the	hypertrophic	stimulus.	The	high	level	of	peripheral	fatigue	leads	to
an	increase	in	motor	unit	recruitment	and	a	reduced	fiber	shortening	velocity,
which	means	that	our	high-threshold	motor	units	are	recruited	sooner	so	that	we
perform	fewer	reps	but	still	achieve	the	same	mechanical	loading	on	the	target
muscle	fibers.

When	we	are	still	experiencing	central	nervous	system	fatigue	at	the	point	of
doing	a	subsequent	workout,	this	affects	the	hypertrophic	stimulus.	If	we	cannot
fully	activate	a	muscle	during	training,	we	will	not	stimulate	its	high-threshold
motor	units.	Therefore,	we	will	fail	to	produce	any	mechanical	loading	on	the
muscle	fibers	controlled	by	those	motor	units,	reducing	the	amount	of
hypertrophy	that	results.	In	practice,	central	nervous	system	fatigue	is	caused
either	by	aerobic	exercise	or	muscle-damaging	strength	training	performed	in
close	proximity	to	the	workout.

When	we	are	still	suffering	from	muscle	damage	at	the	point	of	doing	a
subsequent	workout,	this	affects	the	hypertrophic	stimulus	for	two	reasons.
Firstly,	it	can	affect	the	hypertrophic	stimulus	to	the	extent	that	it	triggers	any
central	nervous	system	fatigue.	Secondly,	it	can	lead	to	oxidative	stress	that
interferes	with	the	elevation	in	muscle	protein	synthesis	rates	that	occurs	as	a
result	of	the	anabolic	signaling	triggered	by	mechanical	loading.	Therefore,	even
when	we	are	capable	of	fully	activating	a	muscle,	muscle	damage	can	impede
hypertrophy	by	interfering	with	the	signaling	processes.



What	determines	training	frequency?

Training	frequency	is	determined	by:	(1)	the	duration	of	time	for	which
myofibrillar	protein	synthesis	rates	are	elevated	post-workout,	and	(2)	the
duration	of	time	for	which	muscle	damage	interferes	with	the	hypertrophic
stimulus	of	a	second	workout,	either	by	causing	central	nervous	system	fatigue
and	thereby	preventing	the	recruitment	of	high-threshold	motor	units,	or	by
elevating	oxidative	stress.

Currently,	it	is	unclear	how	long	myofibrillar	protein	synthesis	rates	are	elevated
for	post-workout,	but	it	is	likely	to	be	less	than	48	hours.	How	much	less	than	48
hours	is	currently	unknown.	If	we	ignore	muscle	damage	as	a	factor,	optimal
training	frequency	would	therefore	be	at	least	once	every	2	days,	or	three	times
per	week.	If	myofibrillar	protein	synthesis	rates	are	only	elevated	to	a
meaningful	extent	for	24	hours	post-workout	(which	is	feasible),	then	optimal
training	frequency	could	be	daily,	but	only	when	muscle	damage	is	not
considered	as	a	factor.

The	duration	of	time	for	which	muscle	damage	might	interfere	with	the
hypertrophic	stimulus	of	a	second	workout	is	also	unclear.	When	performing
conventional	strength	training	workouts,	central	nervous	system	fatigue	is	small
and	short-lived.	Yet	high	volume	training	and	unaccustomed	eccentric-only
training	can	cause	impaired	voluntary	activation	for	up	to	2	and	3	days,
respectively,	because	of	the	greater	muscle	damage	they	produce.	The	duration
of	the	effects	of	oxidative	stress	caused	by	muscle	damage	on	the	hypertrophic
stimulus	last	8–24	hours	in	rodents,	but	might	be	expected	to	last	longer	in
humans,	although	this	has	not	yet	been	assessed.

Therefore,	it	seems	likely	that	workout	volume	plays	a	key	role	in	determining
the	optimal	training	frequency.	High	volume	workouts	require	longer	recovery
times	that	lead	to	an	optimal	training	frequency	of	once	every	2 — 3	days
(depending	on	whether	the	lifter	is	accustomed	to	the	exercise,	and	accepting
that	the	duration	of	the	effects	of	elevated	oxidative	stress	are	unknown).
Moderate	volume	workouts	may	be	limited	only	by	the	duration	of	time	for
which	myofibrillar	protein	synthesis	rates	are	elevated	(again,	accepting	that	the
duration	of	the	effects	of	elevated	oxidative	stress	are	unknown).



How	important	is	muscle	damage?

When	it	comes	to	bodybuilding,	the	subject	of	training	volume	is	far	less
contentious	than	the	subject	of	training	frequency.

Most	experts	agree	with	the	conclusions	reported	in	the	research	literature,
which	report	a	dose-response	of	training	volume	on	hypertrophy	from	<5	sets	to
5–9	sets	to	>10	sets	per	week,	in	both	trained	and	untrained	individuals.

Interestingly,	although	these	studies	compare	training	volumes	by	altering	the
number	of	sets	performed	in	each	workout	(and	keep	the	number	of	workouts	the
same),	the	dose-response	effects	are	reported	for	weekly	training	volume.
Indeed,	many	experts	refer	solely	to	measures	of	weekly	training	volume,	rather
than	workout	volume.

Even	so,	increasing	weekly	training	volume	by	increasing	the	number	of
workouts	that	are	performed	does	not	seem	to	have	the	same	dose-response
effects	as	increasing	weekly	training	volume	by	increasing	the	number	of	sets
performed	in	each	workout,	at	least	in	untrained	individuals.	In	one	study,	the
researchers	found	that	doing	the	same	workout	2,	3,	or	5	times	a	week	caused
similar	muscle	growth.	Each	workout	involved	3	sets	of	knee	extensions	to
failure,	and	therefore	the	3	groups	did	either	6,	9,	or	15	sets	per	week.	This
difference	in	weekly	training	volume	was	expected	to	cause	a	dose-response
effect	on	hypertrophy,	but	it	did	not.	The	lack	of	difference	between	the	groups
suggests	that	muscle	damage	produced	in	some	of	the	workouts	may	have
impaired	the	hypertrophic	stimulus	of	subsequent	workouts	each	week,	either	by
causing	reduced	voluntary	activation,	or	by	elevating	oxidative	stress.

Clearly,	this	effect	would	be	smaller	in	trained	individuals,	compared	to	in
untrained	individuals,	but	despite	the	presence	of	the	repeated	bout	effect,
muscle	damage	does	still	occur	in	trained	lifters,	especially	in	the	upper	body
musculature.

Overall,	this	reveals	that	(once	again)	training	volume	only	counts	when	it	is
stimulating.	When	training	too	often,	volume	can	fail	to	be	stimulating	if	motor
unit	recruitment	is	impaired	by	central	nervous	system	fatigue	secondary	to



muscle	damage,	or	if	muscle	protein	synthesis	is	prevented	from	increasing,
despite	elevated	anabolic	signaling,	by	oxidative	stress	secondary	to	muscle
damage.

Why	not	train	less	frequently?

If	training	too	frequently	can	run	the	risk	of	us	doing	workouts	that	do	not
stimulate	hypertrophy,	why	not	train	less	frequently,	and	work	muscles	just	once
per	week	as	many	bodybuilders	do?

There	are	two	reasons	why	we	might	want	to	train	a	muscle	more	than	once	per
week.

Firstly,	some	people	find	that	performing	all	of	their	target	weekly	training
volume	for	a	single	muscle	group	in	a	single	workout	is	very	challenging,
because	of	the	high	levels	of	peripheral	fatigue	that	result	during	the	workout,
and	the	high	levels	of	muscle	damage	and	soreness	that	occur	afterwards.	This	is
a	matter	of	personal	preference,	but	it	is	easy	to	understand.

Secondly,	there	is	likely	a	non-linear	dose-response	of	training	volume	for	a
given	workout.	Studies	have	shown	that	performing	10	sets	of	10	reps	per
exercise	is	just	as	effective	as	doing	half	the	number	of	sets.	Moreover,	the	dose-
response	of	training	volume	on	increases	in	post-workout	muscle	protein
synthesis	rates	also	plateau	after	a	certain	number	of	sets.	Once	we	go	above	a
certain	threshold	of	workout	volume,	splitting	that	workout	volume	into	two
halves	and	doing	each	half	twice	per	week	should	produce	greater	muscle
growth	than	performing	it	all	in	a	single	workout.

Optimal	training	frequency	is	therefore	dependent	upon	the	volume	performed	in
the	workout.	Each	workout	produces	a	certain	level	of	muscle	damage,	which
will	determine	how	often	it	can	be	done.	However,	each	workout	will	only
produce	increasing	dose-response	effects	of	volume	on	hypertrophy	up	to	a
certain	point.	Therefore,	some	training	frequencies	(and	their	associated	optimal
workout	volumes)	will	necessarily	produce	better	results	than	others.



What	about	psychological	stress?

Some	research	has	shown	that	when	individuals	are	exposed	to	high	levels	of
psychological	stress,	they	take	longer	to	recover	from	a	workout.	Although	this
might	seem	to	imply	a	mechanism	involving	the	central	nervous	system,	it	is
more	likely	that	the	effect	is	mediated	by	a	reduced	healing	of	muscle	damage.
Indeed,	several	studies	have	shown	that	wound	healing	in	various	contexts	is
slower	when	individuals	are	exposed	to	high	levels	of	long-term	psychological
stress.	It	does	not	take	a	huge	leap	of	imagination	to	see	how	muscle	damage
repair	might	be	similarly	impaired	under	conditions	of	psychological	stress.

What	does	this	mean	in	practice?

There	are	several	practical	implications	of	this	framework.

Firstly,	it	is	evident	that	it	is	possible	to	train	too	frequently,	most	likely	because
of	the	effects	of	muscle	damage	experienced	in	one	workout	on	the	hypertrophic
stimulus	produced	by	subsequent	workouts.

Secondly,	the	amount	of	muscle	damage	differs	between	individuals	(especially
because	of	training	status,	but	also	because	of	stress	levels),	between	muscle
groups,	and	between	workouts	(especially	because	of	volume).	Therefore,	the
optimal	training	frequency	will	necessarily	differ	between	individuals,	between
muscle	groups,	and	between	workouts.	Trying	to	find	the	perfect	training
frequency	that	will	work	for	everyone,	all	of	the	time,	is	a	fundamentally	flawed
enterprise.

Thirdly,	we	cannot	calculate	our	weekly	training	volume	by	simply	adding	up	all
of	the	sets	performed	to	failure	(or	to	a	given	number	of	reps	from	failure)	for
the	week,	regardless	of	when	they	were	performed.	If	workouts	are	done	too
soon	after	each	other,	this	will	lead	to	the	stimulating	effects	of	the	subsequent
workout	being	impaired.	How	soon	is	too	soon	will	depend	on	the	individual,	the
muscle,	and	the	workout.



Practically,	this	means	that	we	need	to	start	new	training	programs	with	a
conservative	training	frequency	and	increase	that	frequency	until	we	stop
making	progress	from	one	workout	to	the	next.	In	most	cases,	that	will	probably
involve	starting	by	training	a	muscle	group	1	or	2	times	per	week,	depending	on
the	planned	workout	volume.

What	is	the	takeaway?

Training	frequency	is	determined	by:	(1)	the	duration	of	time	for	which
myofibrillar	protein	synthesis	rates	are	elevated	post-workout,	and	(2)	the
duration	of	time	for	which	muscle	damage	interferes	with	the	hypertrophic
stimulus	of	a	second	workout,	either	by	causing	central	nervous	system	fatigue,
thereby	preventing	the	recruitment	of	high-threshold	motor	units,	or	by	elevating
oxidative	stress.

The	amount	of	muscle	damage	caused	can	vary	between	individuals	and
between	muscle	groups,	and	also	according	to	the	type	of	workout.	Higher
volume	workouts	produce	more	muscle	damage	and	therefore	require	more
recovery	time.	Therefore,	the	optimal	training	frequency	necessarily	differs
between	individuals,	between	muscles,	and	between	workout	types.



HOW	DO	ADVANCED	TECHNIQUES
AFFECT	HYPERTROPHY?



Bodybuilders	often	make	use	of	a	range	of	advanced	techniques,	including	back
off	sets,	drop	sets,	rest	pause	training,	forced	repetitions,	pre-exhaustion	training,
antagonist	supersets,	and	stretching	between	sets.	The	research	investigating
these	techniques	is	minimal,	but	we	can	make	predictions	about	their
effectiveness	(and	their	limitations)	based	on	our	understanding	of	how
hypertrophy	works.

Back	off	sets

Back	off	sets	involve	performing	additional	sets	with	a	lighter	weight
immediately	(or	shortly)	after	a	main	sequence	of	heavier	sets.	Since	heavy	loads
are	used	in	the	main	part	of	the	workout,	this	technique	is	more	often	used	by
strength	athletes,	than	by	bodybuilders.

Even	so,	the	long-term	research	that	has	been	performed	into	back	off	sets
suggests	that	they	are	effective	for	increasing	hypertrophy,	most	likely	because
they	increase	the	total	number	of	stimulating	reps	in	the	workout.

Such	beneficial	effects	are	likely	only	going	to	be	apparent	when	the	main	sets
are	performed	with	heavy	loads	(and	therefore	involve	little	aerobic	demand,
minimal	afferent	feedback	associated	with	metabolite	accumulation,	and	few
stimulating	reps	per	set),	such	that	the	addition	of	a	set	with	a	light	or	moderate
load	to	failure	causes	a	large	increase	in	the	number	of	stimulating	reps	for	the
workout.	Adding	a	back	off	set	with	a	light	load	on	the	end	of	a	workout
involving	multiple	sets	to	failure	with	a	moderate	load	may	not	have	the	same
incrementally	beneficial	effect.

Drop	sets

Drop	sets	are	probably	the	most	well-researched	advanced	technique.	The
method	involves	doing	multiple	sets	to	failure	immediately	after	one	another,



without	taking	any	rest	between	sets.	This	is	accomplished	by	reducing	the
weight	on	the	bar	for	each	set.

Research	investigating	the	long-term	effects	of	training	with	drop	sets	has	been
done,	but	is	conflicting.	Some	studies	indicate	that	the	additional	drop	sets
provide	no	additional	benefits	beyond	the	first	set.	However,	other	studies
indicate	that	drop	sets	involving	a	total	of	three	sets	produce	just	as	much
hypertrophy	as	three	conventional	sets	to	failure.

On	balance,	it	seems	that	a	drop	set	workout	comprising	a	total	of	three	sets	to
failure	(with	two	drops	in	weight	from	the	first	set)	produces	essentially	the
same	amount	of	hypertrophy	as	three	sets	to	failure	with	the	same	weight,	with
moderate	(90-second	to	3-minute)	rests	between	sets.	It	should	be	noted	that	the
studies	in	the	literature	have	taken	a	varied	approach	to	the	rest	period	duration
used	by	the	comparison	group,	which	is	a	bit	problematic	given	that	rest	period
duration	does	affect	muscle	growth.

Since	drop	sets	are	normally	performed	with	moderate	loads,	each	set	should
involve	a	similar	number	of	stimulating	reps,	regardless	of	the	weight	on	the	bar.
Therefore,	we	should	perhaps	not	be	too	surprised	that	a	drop	set	with	three	total
sets	produces	similar	muscle	growth	to	three	conventional	sets	to	failure.
However,	drop	sets	involve	performing	multiple	sets	immediately	after	one
another,	with	little	rest,	and	we	know	that	longer	rests	are	superior	for
hypertrophy	from	both	long-term	training	studies	and	also	assessments	of	muscle
protein	synthesis	rates.

Short	rest	periods	probably	reduce	hypertrophy	by	either	(1)	allowing	lifters	to
do	subsequent	sets	before	central	nervous	system	fatigue	has	dissipated,	or	by
(2)	triggering	greater	central	nervous	system	fatigue	through	either	greater
aerobic	demand	or	afferent	feedback.	Since	all	of	these	factors	are	likely	also
produced	by	drop	sets,	it	remains	mysterious	why	they	are	not	less	effective	than
the	same	number	of	conventional	sets	to	failure.

Ultimately,	it	seems	that	drop	sets	allow	the	same	number	of	stimulating	reps	to
be	accomplished	in	a	shorter	amount	of	time.	This	may	be	advantageous	for
advanced	bodybuilders	who	struggle	to	fit	their	target	training	volume	into	a
workout.



Forced	repetitions

Forced	repetitions	involve	a	spotter	providing	assistance	to	the	lifter	to	perform
additional	reps	after	reaching	muscular	failure.

Although	they	look	very	different,	forced	repetitions	are	essentially	identical	to
drop	sets,	except	it	is	the	spotter	that	reduces	the	effective	external	resistance	of
the	barbell	weight	by	providing	an	upward	force,	instead	of	the	external
resistance	being	reduced	by	taking	weight	from	the	bar.

Currently,	there	is	very	limited	research	into	the	effects	of	forced	repetitions,	and
such	research	has	only	assessed	changes	in	maximum	strength	and	not	muscle
size.	Even	so,	based	on	the	essentially	identical	nature	of	forced	repetitions	and
drop	sets,	it	seems	likely	that	they	will	have	similar	effects,	with	the	main
downside	being	the	inability	to	quantify	the	magnitude	of	the	force	being	exerted
during	the	forced	repetitions,	which	makes	tracking	progressive	overload
practically	impossible.

Rest	pause	training

Rest	pause	training	involves	performing	one	main	set,	followed	by	additional
sets	with	very	short	(20-second)	rests.	Since	the	weight	on	the	bar	is	not	altered,
these	additional	sets	tend	to	involve	only	a	small	number	of	reps	compared	to	the
first	set.	Moreover,	rest	pause	training	often	targets	a	total	number	of	reps	for	the
workout,	with	the	number	of	additional	sets	being	varied	to	reach	this	target.

Rest	pause	training	has	shown	promising	results	in	the	research	that	has	been
performed	to	date.	Even	so,	this	research	is	limited	insofar	as	the	comparison
group	probably	did	not	do	each	of	their	multiple	sets	to	failure.	Even	so,	it	is
likely	that	rest	pause	training	simply	allows	lifters	to	perform	additional
stimulating	reps,	with	the	added	benefit	that	each	rep	in	the	later	sets	is	a
stimulating	rep,	which	makes	the	approach	quite	efficient.



While	rest	pause	training	has	attracted	adherents	because	of	its	efficiency,	it	does
have	a	downside	compared	to	conventional	sets	to	failure	or	drop	sets.	Unless
carefully	calibrated,	each	additional	set	after	the	first	main	set	will	involve	fewer
than	five	reps,	which	means	that	quite	a	few	additional	sets	are	required	to	reach
a	meaningful	number	of	stimulating	reps	for	the	workout.	This	requires	training
to	failure	many	times,	which	may	delay	recovery.

Ultimately,	rest	pause	training	likely	allows	the	same	number	of	stimulating	reps
to	be	achieved	in	a	shorter	amount	of	time,	due	to	the	very	short	rest	periods
between	additional	sets	that	can	be	used	without	negative	effects.	This	may	be
advantageous	for	advanced	bodybuilders	who	struggle	to	fit	their	target	training
volume	into	a	workout.

Antagonist	supersets

Antagonist	supersets	involve	performing	alternating	sets	of	two	exercises	for
opposing	muscle	groups.	For	example,	the	bench	press	is	often	superset	with	a
row	variation.

By	targeting	completely	different	muscle	groups,	each	exercise	can	be	trained
with	a	fairly	long	rest	period,	while	alternating	exercises	are	performed	with
much	shorter	rest	periods.	Sometimes,	the	exercises	are	done	immediately	after
one	another,	followed	by	a	moderately	long	rest.	At	other	times,	the	exercises	are
equally	spaced	with	short	rest	periods	between	them.	Either	approach	allows
workouts	of	a	given	volume	to	be	accomplished	much	more	quickly,	or	larger
volume	workouts	to	be	done	in	the	same	period	of	time.

To	date,	no	long-term	studies	have	compared	the	effects	of	training	with	a
normal	sequence	of	exercises	and	with	antagonist	supersets.

However,	research	has	shown	that	supersetting	the	chest	press	and	seated	row
exercises	allows	a	greater	number	of	reps	to	be	performed	in	each	exercise	in	the
later	sets.	These	extra	reps	are	likely	the	result	of	the	fatigued	antagonist	muscle
producing	less	force	during	the	subsequent	agonist	exercise,	and	this	is	unlikely
to	be	particularly	helpful	for	hypertrophy.	Yet	it	does	suggest	that	there	is	no
negative	effect	of	supersets	on	training	volume,	which	might	be	expected	if	there



were	increased	central	nervous	system	fatigue	secondary	to	either	a	greater
aerobic	demand	or	afferent	feedback,	as	with	using	short	rest	periods	between
sets	of	the	same	exercise.

Therefore,	it	seems	likely	that	antagonist	supersets	allow	the	same	number	of
stimulating	reps	to	be	accomplished	in	a	shorter	amount	of	time.	This	may	well
be	advantageous	for	advanced	bodybuilders	who	struggle	to	fit	their	target
training	volume	into	a	workout.

Pre-exhaustion	training

Pre-exhaustion	involves	performing	a	single-joint	exercise	before	a	multi-joint
exercise	that	involves	the	same	muscle	group	as	a	prime	mover.	For	example,	the
knee	extension	might	be	used	before	the	leg	press,	or	the	triceps	extension	or
dumbbell	fly	might	be	used	before	the	bench	press.

Currently,	no	long-term	training	studies	have	explored	the	effects	of	the	pre-
exhaustion	method,	and	literature	has	largely	been	limited	to	assessments	of
muscle	activation	during	exercises.

By	performing	a	single-joint	exercise	prior	to	a	multi-joint	exercise	that	involves
the	same	muscle	group	as	a	prime	mover,	the	effects	of	the	multi-joint	exercise
on	all	of	the	prime	movers	is	altered,	although	the	extent	of	the	effects	differ
depending	on	which	muscle	group	is	pre-exhausted	and	which	muscles	are
loaded	by	the	single-	and	multi-joint	exercises.

This	is	most	easily	appreciated	by	considering	worked	examples.

#1.	Knee	extension/leg	press

When	the	quadriceps	are	trained	first	with	a	single-joint	knee	extension	exercise
prior	to	the	multi-joint	squat	or	leg	press	exercises,	both	the	two-joint	rectus
femoris	and	the	single-joint	vastus	lateralis,	medialis,	and	intermedius	muscles



are	worked,	although	the	rectus	femoris	is	developed	to	a	greater	extent,	as
shown	by	long-term	training	studies.

Consequently,	it	is	possible	that	only	the	rectus	femoris	achieves	full	motor	unit
recruitment	in	the	knee	extension,	although	all	of	the	quadriceps	will	be	fatigued
(both	peripherally	and	centrally).

When	doing	the	leg	press	after	the	knee	extension,	the	quadriceps	are	already
fatigued	(both	peripherally	and	centrally).	Since	the	leg	press	is	limited	by	our
ability	to	produce	force	with	the	single-joint	vastus	lateralis,	medialis,	and
intermedius	muscles	(and	less	by	the	ability	to	produce	force	with	the	hip
extensors),	while	the	rectus	femoris	is	minimally	involved,	this	has	two	effects.
Firstly,	it	reduces	the	load	we	can	lift	for	a	given	number	of	reps	(which	reduces
the	training	effect	on	the	unfatigued	hip	extensors).	Secondly,	single-joint	vastus
lateralis,	medialis,	and	intermedius	muscles	may	not	reach	full	motor	unit
recruitment,	due	to	the	presence	of	central	fatigue.

Therefore,	the	use	of	pre-exhaustion	with	the	knee	extension	and	leg	press	(or
squat)	is	unlikely	to	be	as	effective	as	the	reverse	order,	in	which	the	single-joint
vastus	lateralis,	medialis,	and	intermedius	muscles	are	trained	very	effectively	by
the	squat,	with	a	higher	loading	on	the	hip	extensors	as	well,	while	the	rectus
femoris	is	left	largely	untouched.	Subsequently,	in	the	knee	extension	exercise
the	single-joint	vastus	lateralis,	medialis,	and	intermedius	muscles	are	already
fatigued,	but	the	rectus	femoris	is	the	limiting	factor	and	it	receives	the	largest
stimulus	from	the	exercise.

#2.	Triceps	extension/bench	press

When	the	triceps	brachii	are	trained	first	with	a	single-joint	elbow	extension
exercise	prior	to	the	multi-joint	bench	press	exercise,	which	head	of	the	triceps
brachii	is	worked	most	will	depend	on	the	exact	exercise.	Even	so,	elbow
extension	exercises	are	very	effective	for	loading	all	heads	of	this	muscle,	so
they	likely	achieve	full	motor	unit	recruitment,	although	they	are	fatigued
afterwards.



When	doing	the	bench	press	after	the	elbow	extension,	the	triceps	brachii	are
already	fatigued	(both	peripherally	and	centrally).	Since	the	bench	press	is
limited	by	our	ability	to	produce	force	with	the	pectoralis	major	(clavicular	and
sternocostal	heads),	anterior	deltoid,	and	triceps	brachii	working	together,	there
is	a	degree	of	load	sharing	between	these	muscle	groups.	Consequently,	when
the	triceps	brachii	are	already	fatigued,	a	greater	load	is	likely	placed	upon	the
other	prime	movers.	We	might	expect	a	pre-exhaustion	approach	to	training	the
triceps	brachii	before	the	bench	press	to	produce	greater	gains	in	triceps	muscle
size	as	well	as	(probably)	pectoralis	major	(sternocostal	head)	size.

Stretching	between	sets

Mechanical	loading	can	be	applied	to	muscle	fibers	using	either	active	force
generation	by	the	fibers	themselves	or	passive	stretch.

Either	form	of	mechanical	loading	causes	hypertrophy,	and	this	phenomenon	has
been	observed	in	training	studies	involving	both	animals	and	humans.	Also,
when	fibers	are	subjected	to	both	active	and	passive	force	production	at	the	same
time,	this	leads	to	enhanced	anabolic	signaling,	which	suggests	that	the	two
types	of	mechanical	loading	are	additive,	although	the	effects	of	passive	loading
alone	are	much	smaller	than	the	effects	of	active	force	production	alone,	which
indicates	that	strength	training	should	always	be	prioritized	over	stretching	for
muscle	growth.

Indeed,	stretching	the	prime	mover	(agonist)	muscle	between	sets	of	an	exercise
reduces	the	number	of	reps	that	can	be	performed,	decreasing	hypertrophy	over
the	long-term.	This	most	likely	happens	because	the	stretching	is	fatiguing	the
muscle	without	producing	quite	as	much	stimulus	for	hypertrophy.	Conversely,
stretching	the	antagonist	muscle	between	sets	seems	to	increase	the	number	of
reps,	most	likely	because	the	opposing	force	is	reduced	during	the	subsequent	set
with	the	prime	mover,	although	this	probably	does	not	enhance	hypertrophy.

Moreover,	strength	training	using	an	exercise	where	the	forces	are	greatest	while
the	muscle	is	in	a	stretched	position	(such	as	the	quadriceps	in	the	squat)	is	likely
a	better	method	for	applying	stretch	loading	to	a	muscle	than	passively



stretching,	since	the	external	load	is	an	easy	way	to	provide	a	large	force	to
stretch	the	muscle,	and	the	muscle	is	simultaneously	contracting,	which	produces
the	additive	effects	at	the	same	time	as	strength	training,	rather	than	afterwards.

Additionally,	it	is	worth	noting	that	not	all	muscle	groups	are	likely	to	be
affected	in	the	same	way	by	using	an	exercise	where	the	forces	are	greatest	while
the	muscle	is	in	a	stretched	position.	Those	muscles	whose	muscle	fibers	operate
on	the	descending	limb	of	the	length-tension	relationship	(such	as	the
quadriceps,	and	particularly	the	vastus	medialis)	will	likely	be	substantially
affected	by	using	such	exercises,	but	those	that	do	not	(such	as	the	triceps
brachii)	will	not.

What	does	this	mean	in	practice?

In	practice,	drop	sets,	forced	reps,	rest	pause	training,	and	antagonist	supersets
are	ways	in	which	the	number	of	stimulating	reps	in	a	workout	can	be	increased
without	similarly	increasing	the	length	of	time	spent	in	the	gym.	Each	approach
has	slightly	different	advantages,	disadvantages,	and	limitations,	but	ultimately
they	are	a	way	to	increase	training	volume	without	simultaneously	triggering	the
problems	that	reduce	rest	period	duration	causes.	Back	off	sets	involve
fractionally	greater	time	commitments,	but	are	probably	only	really	useful	when
training	with	heavier	loads.

Each	of	these	methods	introduces	a	greater	degree	of	complexity	into	the
workout	(some	more	than	others),	and	this	presents	a	challenge	for	monitoring
progressive	overload,	which	is	essential	to	long-term	muscle	growth.	Forced	reps
are	essentially	impossible	to	monitor	in	the	gym,	and	lifters	using	this	method
could	easily	spin	their	wheels	for	months	without	realizing	that	they	were	not
moving	forwards	with	an	exercise.	Drop	sets,	rest	pause	methods,	and	supersets
are	more	straightforward	to	track,	so	long	as	the	short	rest	periods	between
drops,	additional	sets,	or	supersets	are	maintained	at	the	same	length.	Even	so,
without	following	the	clock	very	closely	it	is	easy	to	allow	these	short	rest
periods	to	increase	by	a	couple	of	seconds,	which	can	improve	strength	recovery,
making	it	appear	like	progressive	overload	has	been	achieved	when	it	has	not.



Pre-exhaustion	is	a	completely	different	method,	which	requires	an
understanding	of	how	the	fatigue	produced	by	the	single-joint	exercise	is
affecting	the	stimulating	effects	of	the	multi-joint	exercise.

Stretching	muscles	between	sets	is	unlikely	to	have	as	beneficial	an	effect	as
conventional	strength	training,	so	time	spent	stretching	is	probably	best	spent
resting	or	performing	an	exercise	instead.

What	is	the	takeaway?

Most	advanced	techniques	used	by	bodybuilders	are	methods	that	seem	to	allow
a	larger	number	of	stimulating	reps	to	be	performed	in	a	shorter	period	of	time
but	without	the	reduced	stimulus	that	is	associated	with	using	shorter	rest	period
durations.	The	main	drawback	with	such	approaches	is	that	it	can	be	more
challenging	to	track	progressive	overload	over	time,	yet	this	is	essential	to
ensure	that	progress	is	being	made.



DO	SHORT	REST	PERIODS	HELP	OR
HINDER	MUSCLE	GROWTH?



Bodybuilders	have	traditionally	used	short	rest	periods	during	strength	training,
often	to	help	them	achieve	a	greater	muscle	pump,	or	to	increase	the	burning
sensations	that	were	once	attributed	to	lactic	acid.	Such	sensations	are	commonly
perceived	to	be	indicative	of	an	effective	workout.	But	whether	this	is	true	or
not,	do	short	rest	periods	help	or	hinder	muscle	growth?

How	does	rest	period	duration	affect	muscle	growth?

Although	short	(1–2-minute)	rest	periods	are	popular	among	bodybuilders,	they
do	not	enhance	muscle	growth	when	the	total	volume	(as	defined	by	the	number
of	sets	to	failure)	done	in	each	workout	is	the	same.	In	fact,	longer	(3-minute)
rest	periods	produce	more	hypertrophy	than	short	(1-minute)	rest	periods	in
strength-trained	males.

How	might	this	happen?

Can	lower	volumes	explain	why	rest	period	duration	affects
muscle	growth?	(part	I)

Some	researchers	have	suggested	that	short	rest	periods	might	cause	less
hypertrophy,	because	they	lead	to	lower	training	volumes.	While	this	initially
sounds	like	a	plausible	explanation,	we	can	quickly	see	that	it	is	highly	unlikely
and	also	fails	to	understand	exactly	*how*	training	volume	has	been	linked	to
muscle	growth.

It	is	true	that	short	rest	periods	reduce	the	number	of	reps	that	can	be	achieved
on	each	set,	reducing	the	total	volume	(sets	x	reps)	and	volume	load	(sets	x	reps
x	weight)	that	is	accomplished	over	a	long-term	training	program.

However,	volume	(number	of	sets	to	failure)	is	not	the	same	thing	as	volume
(sets	x	reps)	or	volume	load	(sets	x	reps	x	weight).	And,	importantly,	volume



(number	of	sets	to	failure)	is	the	only	measurement	of	volume	that	has	been
linked	to	muscle	growth.

Indeed,	the	literature	shows	that	greater	volumes	(number	of	sets	to	failure)
produce	more	hypertrophy,	and	this	result	is	dose-responsive	up	to	quite	high
volumes.	Even	so,	the	result	is	not	affected	by	the	number	of	reps	that	are	done
in	each	set,	when	using	moderate	or	moderately	light	loads.	When	the	weight	is
between	5RM	and	30RM,	the	amount	of	hypertrophy	that	is	achieved	is	the
same,	although	training	with	lighter	loads	involves	several	times	more	volume
(sets	x	reps)	and	volume	load	(sets	x	reps	x	weight)	than	training	with	moderate
loads,	and	also	involves	greater	increases	in	both	volume	(sets	x	reps)	and
volume	load	(sets	x	reps	x	weight)	over	a	training	program.

In	other	words,	volume	(sets	x	reps)	and	volume	load	(sets	x	reps	x	weight)	are
completely	disassociated	from	the	amount	of	hypertrophy,	but	volume	(number
of	sets	to	failure)	is	strongly	linked	to	the	amount	of	hypertrophy	that	happens
after	a	long-term	strength	training	program.

(This	is	because	the	only	reps	that	produce	hypertrophy	during	conventional
strength	training	are	those	that	involve	a	high	level	of	motor	unit	recruitment	at
the	same	time	as	a	slow	muscle	fiber	shortening	velocity,	and	these	are	probably
the	final	five	reps	of	any	set	performed	to	failure	when	lifting	any	moderate	or
light	weight.)

Suggesting	that	short	rest	periods	might	cause	less	hypertrophy	because	they
involve	a	smaller	volume	(sets	x	reps)	or	volume	load	(sets	x	reps	x	weight)	is
not	even	remotely	a	valid	explanation,	because	these	measures	of	volume	are
clearly	not	related	to	muscle	growth.

So	why	do	short	rest	periods	cause	less	muscle	growth?

Can	lower	volumes	explain	why	rest	period	duration	affects
muscle	growth?	(part	II)

Some	researchers	have	suggested	that	reduced	volume	(sets	x	reps)	and	volume
load	(sets	x	reps	x	weight)	might	not	be	the	reason	why	short	rest	periods	might



lead	to	reduced	hypertrophy.

In	one	important	study,	researchers	tested	a	moderately	high	volume	workout	for
the	quadriceps,	comprising	4	sets	of	leg	presses	and	4	sets	of	knee	extensions
with	75%	of	1RM,	with	each	set	performed	to	failure.	One	group	used	1-minute
rest	periods,	and	the	other	group	used	5-minute	rest	periods.	The	group	who	used
5-minute	rest	periods	achieved	14–15%	more	volume	(total	reps)	and	13–17%
more	volume	load	(sets	x	reps	x	weight).

However,	the	group	who	used	5-minute	rest	periods	increased	muscle	protein
synthesis	rate	(of	the	myofibrillar	fraction)	by	139%,	while	the	group	who	used
1-minute	rest	periods	increased	muscle	protein	synthesis	rate	by	only	68%,	when
measured	over	the	4	hours	post-workout.

The	researchers	pointed	out	that	it	would	be	extremely	unlikely	for	the	small
difference	in	volume	(total	reps)	or	volume	load	(sets	x	reps	x	weight)	to	be	able
to	explain	this	very	large	difference	in	post-workout	muscle	protein	synthesis
response.	(Unfortunately,	they	failed	to	observe	that	neither	volume	(total	reps)
nor	volume	load	(sets	x	reps	x	weight)	can	explain	the	amount	of	hypertrophy
that	results	from	a	workout	anyway.)

Since	they	felt	that	such	small	differences	in	volume	were	unlikely	to	be	able	to
explain	the	very	large	differences	in	muscle	protein	synthesis	rates,	the
researchers	proposed	an	alternative	hypothesis,	which	is	that	short	rest	periods
increase	central	nervous	system	fatigue,	as	a	result	of	the	greater	accumulation
of	lactate.

To	appreciate	how	this	hypothesis	works,	we	need	to	understand	the	various
aspects	of	fatigue	during	strength	training.

How	does	rest	period	duration	affect	fatigue?

Fatigue	is	a	temporary	reduction	in	the	ability	to	produce	force.

Our	ability	to	exert	force	can	be	reduced	by	either	(1)	reducing	the	ability	of	the
muscle	itself	to	exert	force	(which	is	called	“peripheral	fatigue”	and	which	is



measured	as	involuntary,	electrically-stimulated	force),	or	(2)	reducing	the
ability	of	the	central	nervous	system	to	activate	the	muscle	so	that	it	produces
force	(which	is	called	“central	nervous	system	fatigue”	and	which	is	measured	as
the	difference	between	involuntary	and	voluntary	force).	The	activation	of	the
muscle	by	the	central	nervous	system	is	accomplished	by	the	recruitment	of
motor	units,	in	size	order,	from	low-threshold	to	high-threshold.

Importantly,	when	we	experience	central	nervous	system	fatigue,	this	reduces	the
level	of	motor	unit	recruitment,	regardless	of	the	degree	of	peripheral	fatigue,
since	it	takes	precedence	by	virtue	of	being	the	ultimate	controller	of	muscle
function.

Let’s	take	a	look	at	central	fatigue	first.

#1.	Central	fatigue

Central	fatigue	can	occur	either	because	of	a	reduction	in	the	size	of	the	signal
sent	from	the	brain	or	the	spinal	cord,	or	because	of	an	increase	in	afferent
feedback	that	subsequently	reduces	motor	neuron	excitability.

When	central	nervous	system	fatigue	is	high,	this	reduces	the	number	of	motor
units	that	are	recruited.	Since	motor	units	are	always	recruited	in	size	order,	this
mainly	stops	high-threshold	motor	units	from	being	recruited.	These	are	the
motor	units	that	control	the	large	numbers	of	highly	responsive	muscle	fibers
that	grow	after	long-term	strength	training.	By	preventing	these	muscle	fibers
from	being	activated,	central	nervous	system	fatigue	can	inhibit	the	hypertrophic
stimulus	achieved	by	any	given	set.

There	are	at	least	three	reasons	why	short	rest	periods	might	lead	to	greater
central	nervous	system	fatigue	than	longer	rest	periods.

Firstly,	while	most	research	has	shown	that	central	nervous	system	fatigue	after
strength	training	is	fairly	short-lived,	it	is	certainly	present	in	the	30	minutes
after	a	workout.	Moreover,	it	is	also	present	within	a	workout,	at	least	once	a
certain	amount	of	volume	has	been	accomplished,	although	it	probably	decays



exponentially	after	each	set.	Therefore,	using	shorter	rest	periods	makes	it	more
likely	that	we	will	commence	a	subsequent	set	while	central	nervous	system
fatigue	is	still	present.	This	will	prevent	us	reaching	full	motor	unit	recruitment
in	that	next	set.

Secondly,	exercise	that	involves	a	greater	aerobic	demand	may	lead	to	greater
central	nervous	system	fatigue,	since	aerobic	exercise	seems	to	produce	central
nervous	system	fatigue	more	readily	than	strength	training.	Short	rest	periods
might	therefore	lead	to	greater	central	nervous	system	fatigue	during	a	workout,
because	they	increase	this	aerobic	demand.

Thirdly,	researchers	have	suggested	that	blood	lactate	accumulation	might	be
implicated	in	the	development	of	central	nervous	system	fatigue,	perhaps
because	metabolite	accumulation	often	occurs	in	tandem	with	increasing
discomforting	sensations,	which	lead	to	greater	afferent	feedback.	We	already
know	that	training	to	muscular	failure	with	light	loads	probably	does	not	lead	to
quite	the	same	level	of	motor	unit	recruitment	as	training	to	failure	with	heavy
loads,	and	this	is	most	likely	due	to	the	greater	afferent	feedback	associated	with
metabolite	accumulation.	In	the	case	of	light	loads,	this	reduced	level	of	motor
unit	recruitment	seems	too	small	to	cause	a	smaller	gain	in	muscle	size	after
training	(compared	to	heavy	loads),	but	the	effect	might	be	large	enough	to
produce	a	deficit	in	hypertrophy	when	using	short	rests	(compared	to	longer
rests).

Now,	let’s	look	at	peripheral	fatigue.

#2.	Peripheral	fatigue

When	the	muscle	experiences	peripheral	fatigue,	this	reduces	the	amount	of
force	that	each	muscle	fiber	can	produce,	and	so	the	central	nervous	system
increases	the	level	of	motor	unit	recruitment	to	compensate.	This	increase	in
motor	unit	recruitment	increases	the	number	of	active	muscle	fibers.

When	peripheral	fatigue	is	very	high	(as	happens	when	strength	training	to
failure	with	light	loads),	the	central	nervous	system	recruits	all	available	motor



units,	which	activates	the	majority	of	the	muscle	fibers	inside	the	muscle.
Therefore,	by	activating	all	of	the	muscle	fibers	(while	they	are	shortening	at
slow	speeds,	due	to	fatigue),	peripheral	fatigue	can	contribute	to	the
hypertrophic	stimulus.

It	is	important	to	note	that	peripheral	fatigue	can	lead	to	increased	motor	unit
recruitment	without	the	accumulation	of	lactate	(and	therefore	without	any
metabolic	stress).	This	occurs	because	the	processes	that	lead	to	fatigue	can	vary,
and	probably	do	not	involve	the	accumulation	of	metabolites	anyway.	Therefore,
we	cannot	determine	how	much	peripheral	fatigue	is	present	with	different	rest
period	durations	based	on	blood	lactate	levels,	although	these	are	a	good	guide	to
the	level	of	metabolite	accumulation.

The	amount	of	metabolic	stress	experienced	during	strength	training	is	not
always	affected	by	the	duration	of	the	rest	period.	Some	research	shows	that	for
rest	periods	between	30	seconds	and	2	minutes	in	duration,	the	amount	of	blood
lactate	that	accumulates	is	the	same.	Other	research	shows	that	when	comparing
rest	periods	of	1	minute	and	5	minutes,	the	amount	of	blood	lactate	that
accumulates	is	greater	when	using	the	shorter	rest	period	duration.	This	suggests
that	there	may	be	a	key	rest	period	duration	between	2–3	minutes	at	which	blood
lactate	accumulation	begins	to	reduce,	but	levels	are	maintained	similarly	high
with	shorter	rest	periods.

In	any	event,	metabolite	accumulation	was	greater	when	using	the	shorter	(1-
minute)	rest	period	than	when	using	the	longer	(5-minute)	rest	period,	even
though	myofibrillar	protein	synthesis	rates	were	elevated	more	with	the	longer
rest	periods,	which	is	yet	another	piece	of	evidence	that	casts	doubt	on	the	role
of	metabolites	in	hypertrophy.

What	does	this	mean	in	practice?

Each	set	that	is	performed	to	failure	involves	a	certain	number	of	stimulating
reps	(probably	five).	These	are	those	reps	at	the	end	of	a	set	that	involve	high
levels	of	motor	unit	recruitment	at	the	same	time	as	a	slow	muscle	fiber
shortening	velocity.



When	we	perform	strength	training,	this	triggers	a	certain	level	of	central
nervous	system	fatigue.	This	central	nervous	system	may	be	greater	when	using
short	rest	periods,	perhaps	due	to	the	exponential	decay	of	the	central	nervous
system	fatigue	after	each	set,	or	the	aerobically-demanding	nature	of	the
exercise,	or	the	greater	afferent	feedback	related	to	an	accumulation	of
metabolites.

Starting	the	next	set	of	an	exercise	while	we	are	still	experiencing	high	levels	of
central	nervous	system	fatigue	will	necessarily	prevent	us	from	reaching	full
motor	unit	recruitment,	which	will	stop	us	from	stimulating	the	large	numbers	of
highly	responsive	muscle	fibers	that	are	governed	by	the	high-threshold	motor
units.	Essentially,	the	set	will	be	terminated	by	the	central	nervous	system	before
we	accomplish	all	(five)	of	the	stimulating	reps.	This	will	reduce	the	post-
workout	increase	in	muscle	protein	synthesis,	and	the	long-term	gains	in	muscle
size.

Practically,	we	could	compensate	for	the	reduced	number	of	stimulating	reps	that
occurs	when	central	nervous	system	fatigue	is	present	by	doing	extra	sets.	Either
way,	the	workout	may	well	take	approximately	the	same	length	of	time.

What	is	the	takeaway?

Short	rest	periods	of	1–2	minutes	between	sets	produce	less	muscle	growth
compared	to	longer	rest	periods	of	3–5	minutes.	This	is	probably	caused	by	the
higher	levels	of	central	nervous	system	fatigue	that	are	present	at	the	point	of
starting	the	next	set	when	using	a	shorter	rest	period	duration,	which	reduces	the
level	of	motor	unit	recruitment	we	can	achieve,	therefore	decreasing	the	number
of	stimulating	reps	in	each	set	to	failure.	Practically,	we	can	compensate	for	the
reduced	number	of	stimulating	reps	by	doing	additional	sets,	although	resting
longer	might	be	preferable	for	most	people,	given	that	the	end	result	is	the	same.



HOW	DOES	EXERCISE	ORDER	IN	A
WORKOUT	AFFECT	HYPERTROPHY?



Except	in	certain	rare	cases,	each	workout	in	a	training	program	includes	a
number	of	exercises.	When	writing	the	training	program,	we	must	therefore
decide	the	order	in	which	to	perform	the	exercises	in	each	workout.

Instinctively,	we	tend	to	prioritize	exercises,	placing	the	ones	we	consider	to	be
most	important	at	the	start	of	the	workout,	and	the	others	later	on.	Currently,
some	researchers	agree	with	that	approach,	while	others	recommend	always
performing	multi-joint	exercises	first.

So	who	is	right?

What	do	experts	currently	recommend?

There	are	two	common	recommendations	regarding	exercise	order.

The	traditional	recommendation	is	to	perform	multi-joint	exercises	first,	and
single-joint	exercises	that	train	the	same	muscle	group	afterward.	How	to	order
several	multi-joint	or	single-joint	exercises	(or	exercises	that	work	different
muscle	groups)	is	not	specified	in	this	framework.

More	recently,	it	has	become	popular	to	recommend	performing	exercises	that
work	the	muscle	groups	that	are	the	main	priority	first,	regardless	of	whether
training	those	muscle	groups	involves	multi-joint	or	single-joint	exercises.

So	what	is	the	logic	behind	these	recommendations?

#1.	Multi-joint	exercises	first

Multi-joint	exercises	involve	prime	mover	muscles	working	at	two	or	more
joints.	For	example,	the	bench	press	involves	prime	mover	muscles	working	at
the	shoulder	and	the	elbow,	while	the	squat	involves	prime	mover	muscles
working	at	the	hip,	knee,	and	ankle.



When	we	perform	a	single-joint	exercise	first	in	a	workout,	this	can	limit	the
number	of	reps	that	are	achieved	in	a	multi-joint	exercise	that	is	performed
afterward,	by	fatiguing	one	of	the	prime	mover	muscle	groups	that	is	used.

Some	researchers	have	suggested	that	this	reduction	in	exercise	performance
causes	the	other	(not	fatigued)	prime	mover	muscle	groups	to	experience	lower
levels	of	motor	unit	recruitment	in	the	multi-joint	exercise,	than	they	would	if
the	single-joint	exercise	had	not	been	performed	beforehand.	In	this	model,	the
ability	of	the	fatigued	muscles	to	produce	force	is	assumed	to	limit	the	ability	of
the	non-fatigued	muscles	to	reach	muscular	failure,	which	stops	them	from
achieving	full	motor	unit	recruitment.

In	contrast,	this	problem	is	supposedly	not	experienced	when	the	multi-joint
exercise	is	done	first	in	a	workout.	Fatiguing	the	prime	mover	muscle	group	of	a
single-joint	exercise	by	working	it	beforehand	in	a	multi-joint	exercise	will	not
affect	the	ability	of	that	muscle	group	to	reach	muscular	failure,	since	it	alone	is
the	limiting	factor	for	the	performance	of	the	exercise.

The	key	limitation	with	this	model	is	that	it	ignores	the	fact	that	fatigue	can
occur	in	the	central	nervous	system	and	also	inside	the	muscle,	and	the	origin	of
the	fatigue	affects	the	level	of	motor	unit	recruitment	that	is	reached	when
training	to	muscular	failure.

Indeed,	we	know	that	during	strength	training,	fatigue	arises	both	within	the
central	nervous	system	and	also	within	the	muscle.	When	fatigue	arises	in	the
central	nervous	system,	this	prevents	full	motor	unit	recruitment	from	being
reached.	Consequently,	exercises	that	are	performed	later	in	a	workout	are	less
likely	to	experience	full	motor	unit	recruitment	than	those	that	are	performed
earlier	(regardless	of	whether	they	are	single-joint	or	multi-joint	exercises),	since
more	central	nervous	system	fatigue	will	be	present.

#2.	Exercises	that	work	priority	muscle	groups	first

More	recently,	researchers	have	recommended	performing	exercises	that	work
those	muscle	groups	that	are	the	lifter’s	main	priority	first,	regardless	of	whether



training	those	muscle	groups	involves	using	multi-joint	or	single-joint	exercises.

This	recommendation	is	based	on	some	studies	reporting	that	performing	triceps
extensions	earlier	in	a	workout	leads	to	greater	triceps	brachii	muscle	growth,
compared	to	when	performing	the	bench	press	first.	Moreover,	other	studies
have	reported	greater	maximum	strength	and	repetition	strength	gains	in	those
exercises	that	are	performed	first	in	a	workout,	compared	to	when	they	are
performed	later.

At	face	value,	this	recommendation	overcomes	the	key	limitation	in	the
traditional	model,	which	is	that	central	nervous	system	fatigue	can	occur	in	those
exercises	that	are	performed	later	in	a	workout,	reducing	the	level	of	motor	unit
recruitment	that	is	reached	by	those	exercises	in	the	worked	muscle	groups	when
training	to	muscular	failure.

However,	the	alternative	model	does	not	recognize	the	fact	that	there	is	still	a
difference	in	the	contributions	of	each	type	of	fatigue	to	task	failure	between
multi-joint	and	single-joint	exercises.

In	any	exercise,	task	failure	is	reached	when	we	are	unable	to	produce	the
required	level	of	force	to	complete	the	next	rep	of	the	movement.	The	level	of
force	we	can	exert	is	determined	by	the	amount	of	fatigue	that	is	present.	This
fatigue	is	made	up	of	multiple	components,	including	processes	within	the
central	nervous	system	and	inside	the	muscle.

In	general,	the	less	muscle	mass	that	is	worked	by	a	movement,	the	greater	the
local	muscular	fatigue.

Indeed,	single-joint	exercises	involve	greater	local	muscular	fatigue	than	multi-
joint	exercises,	one-limb	exercises	involve	greater	local	muscular	fatigue	than
two-limb	exercises,	and	upper	body	exercises	involve	greater	local	muscular
fatigue	than	lower	body	exercises.	This	suggests	that	multi-joint	exercises	may
be	limited	more	quickly	by	central	nervous	system	fatigue,	possibly	due	to	the
greater	aerobic	demand	(aerobic	exercise	seems	to	cause	central	nervous	system
fatigue	more	readily	than	strength	training)	or	greater	degree	of	blood	lactate
accumulation.	However,	the	practical	implications	of	this	difference	between
exercise	types	are	unclear.



N.B.	Research	limitations

To	date,	few	long-term	studies	have	been	performed	that	have	measured	the
effects	of	training	with	different	exercise	orders.	Moreover,	these	studies	have
either	only	measured	those	muscle	groups	primarily	targeted	by	single-joint
exercises,	or	they	have	not	been	clear	about	which	muscle	group	is	being
measured	(multi-joint	leg	extension	exercises	such	as	squats	and	leg	presses
primarily	target	the	single-joint	quadriceps,	while	the	knee	extension	exercise
primarily	targets	the	rectus	femoris).

What	does	this	mean	in	practice?

The	key	factor	that	determines	whether	a	multi-joint	exercise	should	be	placed
first	in	a	workout	is	likely	the	ability	of	that	exercise	to	cause	full	motor	unit
recruitment	in	the	muscle	being	targeted.

For	example,	the	squat	and	leg	press	seem	to	be	more	effective	for	developing
the	quadriceps	than	the	hip	extensors,	which	likely	means	that	the	quadriceps
achieve	full	motor	unit	recruitment	during	these	exercises,	while	the	hip
extensors	may	not.	Conversely,	the	bench	press	seems	either	similarly	effective
for	the	pectoralis,	shoulder,	and	triceps	muscles,	or	superior	for	the	pectoralis
and	shoulder	muscles	than	for	the	triceps	muscles.	On	balance,	it	seems	likely
that	the	pectoralis	major	(and	anterior	deltoid)	achieve	full	motor	unit
recruitment	during	this	exercise,	while	the	triceps	does	not,	except	perhaps	when
very	heavy	loads	are	used.

When	performing	the	squat	or	leg	press	first	in	a	workout,	the	quadriceps	are
loaded	maximally.	In	contrast,	when	performing	the	bench	press	first	in	a
workout,	the	triceps	brachii	are	not	loaded	maximally,	since	they	are	not	the
limiting	factor	for	the	exercise.	In	both	cases,	the	quadriceps	and	triceps	brachii
experience	central	nervous	system	fatigue	in	the	subsequent	single-joint
exercises	(the	knee	extension	and	triceps	extension),	and	therefore	may	not	reach
full	motor	unit	recruitment	in	that	single-joint	exercise.	This	means	that	the



quadriceps	reach	full	motor	unit	recruitment	in	the	workout,	while	the	triceps	do
not.

Consequently,	performing	the	squat	or	leg	press	first	in	a	workout	(and	the	knee
extension	second)	might	develop	the	quadriceps	more	effectively	than	the
opposite	order,	while	performing	the	bench	press	first	in	a	workout	(and	a	triceps
extension	second)	might	not	develop	the	triceps	as	effectively	as	the	reverse
order,	but	it	might	lead	to	greater	pectoralis	major	development.

This	is	broadly	what	the	research	shows.

What	is	the	takeaway?

Central	nervous	system	fatigue	accumulates	over	the	course	of	a	strength
training	workout,	reducing	our	ability	to	recruit	high-threshold	motor	units	when
training	to	failure.	Consequently,	muscles	that	are	loaded	by	exercises	performed
last	in	sequence	will	likely	grow	less	than	those	that	are	loaded	by	exercises
done	first.	To	ensure	optimal	results	for	those	muscle	groups	that	are	the	main
priority,	exercises	that	target	those	muscles	should	be	performed	first	in	a
workout,	and	care	should	be	given	to	understand	the	role	of	each	muscle	in
multi-joint	exercises	when	they	are	placed	first.



HOW	MIGHT	AEROBIC	EXERCISE
REDUCE	GAINS	IN	MUSCLE	SIZE?



Many	recreational	lifters	do	aerobic	exercise	in	addition	to	strength	training,
either	for	health	reasons	or	to	help	with	fat	loss.	However,	some	research	groups
have	found	that	performing	aerobic	exercise	regularly,	while	also	doing	strength
training	workouts,	leads	to	smaller	increases	in	muscle	strength	and	size
compared	to	just	doing	strength	training	workouts.	Unfortunately,	despite	a	huge
amount	of	time	and	effort,	there	is	still	no	clear	answer	regarding	how	this	might
happen.

I	think	this	is	because	we	have	been	looking	in	the	wrong	place.

Let	me	explain.

Why	do	we	think	aerobic	exercise	could	reduce	the	hypertrophy
achieved	from	strength	training?

In	1980,	a	groundbreaking	study	was	published	showing	that	gains	in	strength
were	smaller	when	strength	training	and	aerobic	exercise	programs	were
performed	simultaneously,	compared	to	when	only	strength	training	was	done.
The	strength	training	involved	3	workouts	per	week	and	the	aerobic	exercise
involved	6	workouts	per	week.	When	the	workouts	were	done	on	the	same	day,
there	were	at	least	2	hours	of	rest	in	between.

Many	later	studies	duplicated	this	effect	successfully	(although	it	is	worth	noting
that	some	recent	studies	have	failed	to	find	the	same	negative	effects	of	aerobic
exercise	on	strength	training	adaptations).

Some	investigations	that	successfully	duplicated	the	effect	have	also	explored
the	effects	of	simultaneous	strength	training	and	aerobic	exercise	programs	on
other	outcomes,	such	as	changes	in	the	ability	to	produce	force	at	high-velocities
(commonly	measured	as	power	outputs)	and	changes	in	muscle	size.	Overall,	it
was	found	that	there	was	a	negative	effect	of	simultaneous	strength	training	and
aerobic	exercise	programs	on	all	outcomes.

Over	time,	terminology	was	developed	to	provide	appropriate	labels.



Performing	strength	training	and	aerobic	exercise	programs	simultaneously	was
termed	"concurrent	training",	and	the	negative	effects	of	aerobic	exercise	on	the
adaptations	that	typically	result	from	strength	training	was	termed	the
"interference	effect".

But	why	might	this	interference	effect	happen?

Why	might	the	interference	effect	happen?	(part	I)

To	explain	why	the	interference	effect	might	happen,	researchers	have	looked
(pretty	much	exclusively)	at	the	negative	effects	of	concurrent	training	on
changes	in	muscle	size.

In	retrospect,	this	might	seem	like	an	odd	decision,	given	that	we	now	know	that
the	adaptations	that	underpin	increases	in	maximum	strength	are	quite	different
from	those	that	underpin	gains	in	high-velocity	strength	and	power.	Moreover,	it
seems	like	a	particularly	strange	course	of	action	to	take,	given	that	increases	in
muscle	size	support	increases	in	maximum	strength	to	a	greater	degree	than	they
support	increases	in	high-velocity	strength	and	power,	because	of	a	range	of
negative	effects	of	increased	muscle	size	on	the	ability	of	muscles	to	shorten
quickly.

Nonetheless,	some	researchers	devised	the	hypothesis	that	the	post-workout
molecular	signaling	that	is	stimulated	by	aerobic	exercise	might	suppress	the
post-workout	molecular	signaling	that	is	triggered	by	strength	training,	which	is
what	leads	to	muscle	growth.

During	any	type	of	exercise,	sensors	in	various	parts	of	the	body	detect	the
specific	stresses	and	strains	that	the	body	has	been	exposed	to.	These	sensors
then	trigger	signaling	processes	that	lead	to	physical	adaptations.	In	the	case	of
aerobic	exercise,	adaptations	include	an	increase	in	mitochondrial	content	inside
muscle	fibers	(which	improves	the	ability	to	consume	oxygen	and	produce	ATP),
and	an	increase	in	the	capillary	density	around	muscle	fibers	(which	improves
the	delivery	of	oxygen).	In	the	case	of	strength	training,	adaptations	include
increases	in	muscle	fiber	length	and	diameter,	which	together	produce	increases
in	muscle	fiber	volume.



Initially,	it	was	suggested	that	the	5'	adenosine	monophosphate	(AMP)-activated
protein	kinase	(AMPK)	that	is	activated	after	aerobic	exercise	caused	a	reduction
in	the	activity	in	the	mechanistic	target	of	rapamycin	(mTOR)	pathway.	The
mTOR	pathway	is	commonly	activated	after	strength	training	and	has	been
implicated	in	producing	signaling	effects	that	lead	to	increased	post-workout
rates	of	muscle	protein	synthesis,	which	cause	muscle	fibers	to	increase	their
protein	content,	thereby	increasing	in	either	diameter	or	length	and	therefore	in
volume.

AMPK	is	a	cellular	energy	sensor	that	is	activated	in	response	to	low	energy
stores	(glycogen	and	ATP)	inside	the	muscle,	which	occur	commonly	during
sustained	periods	of	exercise.	It	is	also	involved	in	triggering	some	of	the
adaptations	that	occur	after	endurance	training,	including	an	increase	in
mitochondrial	content,	by	regulating	PGC-1⍺	signaling.	Consequently,	it	is	to	be
expected	that	AMPK	activity	increases	to	a	greater	extent	on	days	in	which	both
aerobic	exercise	and	strength	training	were	performed,	compared	to	after	days
when	only	strength	training	was	done.

Unfortunately	for	this	hypothesis,	research	found	that	when	strength	training	and
aerobic	exercise	are	carried	out	in	close	proximity,	this	does	not	have	a	negative
effect	on	mTOR	signaling,	even	when	there	are	measurable	increases	in	AMPK
and	PGC-1⍺	signaling.

If	AMPK	signaling	cannot	explain	the	interference	effect,	what	does?

Why	might	the	interference	effect	happen?	(part	II)

Once	they	discovered	that	the	activation	of	AMPK	could	not	explain	the
interference	effect,	researchers	looked	for	other	molecular	signaling	pathways
that	might	be	triggered	by	endurance	exercise	and	might	suppress	anabolic
signaling.	However,	this	assumes	that	we	know	that	endurance-related	molecular
signaling	interferes	with	anabolic	signaling	more	generally,	and	that	we	are	now
just	trying	to	find	the	specific	details	of	the	interfering	pathways,	which	is	not
actually	the	case.	Consequently,	such	investigations	may	still	be	looking	in	the
wrong	place.



Even	so,	researchers	have	suggested	at	least	two	alternatives	that	may	provide	an
interference	effect	at	the	molecular	signaling	level.

Firstly,	it	has	been	noted	that	aerobic	exercise	activates	sirtuin	1.	Sirtuin	1	has
been	linked	to	mitochondrial	biogenesis,	can	suppress	mTOR	signaling,	and	is
often	seen	alongside	AMPK	signaling	(which	might	explain	why	researchers
previously	identified	a	role	for	AMPK).

Secondly,	it	has	been	noted	that	aerobic	exercise	can	cause	endoplasmic
reticulum	stress.	When	the	functioning	of	the	endoplasmic	reticulum	is	impaired,
this	triggers	the	unfolded	protein	response,	which	reduces	muscle	protein
synthesis,	interfering	with	hypertrophy.	Like	AMPK	signaling,	endoplasmic
reticulum	stress	can	occur	in	response	to	reductions	in	cellular	energy	supplies,
which	might	explain	why	research	groups	originally	misidentified	AMPK	as	the
primary	culprit.

While	interesting,	these	two	possible	lines	of	research	are	still	new	and	we	do
not	yet	know	whether	they	will	withstand	the	rigors	of	future	investigations.

An	alternative	(more	likely)	explanation	for	the	interference	effect

In	contrast	to	the	complex	signaling	hypotheses	that	have	been	proposed	as
explanations	for	the	interference	effect,	there	is	a	simpler	alternative	that	also	fits
the	available	data,	which	is	that	endurance	exercise	causes	central	nervous
system	fatigue.

Fatigue	is	a	reduction	in	the	ability	to	produce	force.	Our	ability	to	exert	force
can	be	reduced	either	by	reducing	the	ability	of	the	muscle	itself	to	exert	force
(which	is	called	"peripheral	fatigue"	and	is	measured	as	involuntary,	electrically-
stimulated	force),	or	by	reducing	the	ability	of	the	central	nervous	system	to
activate	the	muscle	so	that	it	produces	force	(which	is	called	"central	nervous
system	fatigue"	and	is	measured	as	the	difference	between	involuntary	and
voluntary	force).

When	the	muscle	experiences	peripheral	fatigue,	this	reduces	the	amount	of
force	that	each	muscle	fiber	can	produce,	so	the	central	nervous	system	increases



the	level	of	motor	unit	recruitment	to	compensate.	This	increase	in	motor	unit
recruitment	increases	the	number	of	active	muscle	fibers.	When	peripheral
fatigue	is	very	high	(as	when	strength	training	to	failure	with	light	loads),	the
central	nervous	system	recruits	all	available	motor	units,	which	activates	the
majority	of	the	muscle	fibers	inside	the	muscle.	By	activating	all	of	the	muscle
fibers	(while	they	are	shortening	at	slow	speeds,	due	to	fatigue),	peripheral
fatigue	effectively	contributes	to	the	hypertrophic	stimulus.

When	a	muscle	experiences	central	nervous	system	fatigue,	this	reduces	the	level
of	motor	unit	recruitment	that	can	be	achieved	for	the	muscle.	This	means	that
not	all	of	the	muscle	fibers	inside	the	muscle	can	be	activated.

If	we	exercise	to	the	point	where	we	experience	central	nervous	system	fatigue
for	a	muscle	group,	this	will	mean	that	we	are	unable	to	recruit	all	of	the	motor
units	for	that	muscle	group	until	we	have	recovered.	During	the	period	of	time	in
which	we	are	recovering,	if	we	perform	a	strength	training	workout	we	will	not
be	able	to	reach	full	motor	unit	recruitment	at	the	point	when	we	reach	muscular
failure.	This	means	that	we	will	not	be	able	to	recruit	the	high-threshold	motor
units,	which	are	the	ones	that	control	the	large	numbers	of	highly	responsive
muscle	fibers	that	grow	after	strength	training.

Most	research	has	shown	that	central	nervous	system	fatigue	after	strength
training	is	fairly	short-lived,	but	can	last	up	to	3	days	if	the	strength	training
workout	is	high	volume	or	if	muscle	damage	occurs	during	the	workout.	This
explains	why	high	frequency	strength	training	is	not	as	effective	as	we	might
expect	if	we	just	look	at	the	time	course	of	typical	post-workout	muscle	protein
synthesis	rate	increases.	Endurance	exercise	produces	larger	and	more	long-
lasting	central	nervous	system	fatigue	than	strength	training.	Therefore,	it	seems
reasonable	to	assume	that	the	central	nervous	system	fatigue	caused	by	aerobic
exercise	workouts	done	immediately	before	(and	perhaps	even	the	day	before)	a
strength	training	workout	will	still	be	present	in	that	strength	training	workout.

This	means	that	aerobic	exercise	done	soon	before	strength	training	workout
reduces	our	ability	to	recruit	motor	units	in	the	trained	muscle	groups.	This
decreases	the	number	of	muscle	fibers	that	are	stimulated	by	the	strength	training
workout	so	that	it	will	not	stimulate	the	muscle	fibers	that	are	most	responsive	to
strength	training.



Testing	the	alternative	(more	likely)	explanation	for	the
interference	effect

Assuming	that	this	alternative	explanation	is	correct,	then	based	on	our	current
understanding	of	central	nervous	system	fatigue,	we	might	predict	that	the
proximity	of	aerobic	exercise	to	strength	training	(and	the	order	of	aerobic
exercise	and	strength	training	workouts)	should	have	a	major	impact	on	the
interference	effect.

We	should	find	that	aerobic	exercise	done	after	a	strength	training	workout
should	not	reduce	muscular	adaptations	(unless	it	causes	central	nervous	system
fatigue	that	persists	until	the	next	strength	training	workout).	We	should	also	find
that	the	interference	effect	is	greater	when	the	aerobic	exercise	is	done
immediately	before	a	strength	training	workout	and	smaller	when	done	either
immediately	afterwards	or	on	a	separate	day.

Indeed,	we	know	that	when	strength	training	is	performed	before	aerobic
exercise,	the	interference	effect	is	small,	even	in	highly-trained	individuals.	And
the	literature	shows	that	the	interference	effect	is	greater	when	the	aerobic
exercise	is	done	immediately	before	a	strength	training	workout,	compared	to
when	it	is	done	immediately	afterwards	or	on	a	separate	day.

Also,	we	should	find	that	the	interference	effect	on	performance	measures,	such
as	maximum	strength	and	power,	is	greater	than	the	interference	effect	on
muscle	size	(and	indeed,	this	is	what	the	literature	shows).	This	happens	because
the	ability	to	recruit	motor	units	is	also	an	adaptation	that	happens	with	long-
term	strength	training,	and	this	adaptation	benefits	both	maximum	strength	and
power.	An	inability	to	recruit	all	motor	units	during	training	will	mean	that	we
do	not	develop	the	ability	to	recruit	more	motor	units	after	training,	which	will
impede	strength	gains.

What	does	this	mean	in	practice?



In	practice,	we	still	only	know	a	little	about	the	time	course	of	central	nervous
system	fatigue	after	various	types	of	exercise,	although	the	amount	of	central
nervous	system	fatigue	seems	to	be	greater	when	exercise	duration	is	longer.

We	also	know	little	about	what	types	of	exercise	produce	greater	central	nervous
system	fatigue	than	others,	although	muscle	damage	is	known	to	be	a	trigger	for
central	nervous	system	fatigue,	even	when	exercise	duration	is	fairly	short.

In	practice,	this	means	that	when	we	want	to	include	aerobic	exercise	in	a
strength	training	program,	we	probably	want	to	avoid	performing	that	aerobic
exercise	too	soon	before	a	strength	training	workout,	we	want	to	avoid	doing
long	durations	of	exercise,	and	we	want	to	avoid	doing	types	of	exercise	that
involve	a	high	degree	of	muscle	damage,	such	as	running.

What	is	the	takeaway?

Performing	aerobic	exercise	programs	at	the	same	time	as	strength	training
programs	may	reduce	our	ability	to	gain	muscle	size.	Although	the	popular
explanation	for	this	interference	effect	is	the	potential	suppression	of	post-
workout	anabolic	signaling	by	post-workout	endurance-related	signaling,	it	is
more	likely	caused	by	central	nervous	system	fatigue	resulting	from	aerobic
exercise,	which	reduces	our	capacity	for	motor	unit	recruitment	during
subsequent	strength	training	workouts.



HOW	DOES	TAKING	A	BREAK	FROM
STRENGTH	TRAINING	AFFECT
HYPERTROPHY?



Many	lifters	are	concerned	that	if	they	stop	training	for	a	vacation	or	take	too
much	time	away	from	the	gym	for	any	reason,	they	could	lose	a	large	amount	of
muscle	mass.	But	is	this	a	valid	concern?

What	happens	when	we	stop	lifting	weights?

When	we	stop	lifting	weights	(which	researchers	call	detraining),	we	do
experience	losses	in	both	maximum	strength	and	muscle	size.

However,	the	speed	at	which	we	lose	maximum	strength	changes	over	time.

In	the	first	few	days	after	our	final	strength	training	workout,	we	can	often
experience	a	small	increase	in	maximum	strength,	because	muscle	damage	is
repaired	and	any	associated	central	nervous	system	fatigue	dissipates.	This	is	the
main	reason	why	tapers	are	effective	for	strength	athletes.	In	the	few	days	after
this,	there	can	be	a	small	drop	in	maximum	strength,	which	may	be	due	to
reductions	in	coordination,	and	perhaps	also	motor	unit	recruitment.	Over	the
next	four	weeks,	progressive	reductions	in	maximum	strength	occur	mainly	due
to	losses	in	muscle	fiber	size	(both	in	length	and	diameter),	although	reductions
in	motor	unit	recruitment	do	also	occur.	Thereafter,	muscle	mass	stabilizes	and
reductions	in	maximum	strength	are	likely	attributable	to	further,	steady
decreases	in	motor	unit	recruitment.

In	contrast	to	maximum	strength,	muscle	size	seems	to	reduce	most	in	the	first
month	after	stopping	training	and	quite	little	thereafter.	Indeed,	there	are	very
noticeable	losses	in	muscle	fiber	size	in	the	first	4	weeks	after	stopping	training,
but	reductions	slow	markedly	after	this	point.

Why	does	this	happen?

Why	does	muscle	size	reduce	after	we	stop	lifting	weights?



Muscles	contain	many	tens	of	thousands	of	muscle	fibers,	grouped	into	a	few
hundred	motor	units.	Motor	units	are	recruited	by	the	central	nervous	system	to
perform	tasks	in	strict	order	of	recruitment	threshold,	with	low-threshold	motor
units	always	being	recruited	before	high-threshold	motor	units.	Moreover,	low-
threshold	motor	units	remain	recruited	when	high-threshold	motor	units	are
recruited.

Importantly,	the	number	of	muscle	fibers	controlled	by	each	muscle	fiber
increases	exponentially	with	increasing	motor	unit	number.	Low-threshold	motor
units	each	control	a	few	dozen	muscle	fibers,	while	each	high-threshold	motor
unit	controls	tens	of	thousands.

Motor	units	are	recruited	in	response	to	the	amount	of	effort	we	put	into	a
movement.	When	we	exert	maximum	effort,	whether	to	lift	an	extremely	heavy
weight,	or	to	throw	an	object	as	quickly	as	possible,	or	to	perform	the	final	few
reps	of	a	very	fatiguing	set	of	an	exercise,	we	recruit	our	high-threshold	motor
units.	If	a	movement	also	involves	a	slow	muscle	fiber	contraction	velocity,	then
the	muscle	fibers	that	are	controlled	by	high-threshold	motor	units	will
experience	high	levels	of	mechanical	loading	due	to	the	force-velocity
relationship.	This	mechanical	loading	stimulus	triggers	an	increase	in	the	rate	of
muscle	protein	synthesis	for	a	period	of	approximately	48	hours.

Consequently,	when	we	lift	weights	regularly	(either	using	heavy	loads	or
training	to	failure	with	light	or	moderate	loads),	we	provide	a	mechanical
loading	stimulus	to	the	muscle	fibers	of	the	high-threshold	motor	units	every
week.	When	we	stop	lifting	weights,	these	muscle	fibers	stop	receiving	the
regular	stimulus	that	they	need	and	they	begin	to	atrophy.

All	muscle	fibers	atrophy	when	they	stop	being	regularly	exposed	to	a
sufficiently	high	level	of	mechanical	loading.	However,	the	muscle	fibers	of
low-threshold	motor	units	experience	sufficient	mechanical	loading	when	they
move	at	slow	speeds	in	response	to	submaximal	efforts	during	activities	of	daily
life	and	also	simply	keeping	us	upright	in	response	to	the	force	due	to	gravity.
Going	about	daily	life	on	Earth	is	actually	enough	for	the	muscle	fibers	of	low-
threshold	motor	units	to	remain	a	constant	size,	but	it	is	not	enough	for	the
muscle	fibers	of	high-threshold	motor	units.



The	need	of	muscle	fibers	to	have	constant	mechanical	loading	is	why	muscular
atrophy	is	such	a	big	problem	for	those	astronauts	who	visit	the	International
Space	Station.	Since	this	large	satellite	is	accelerating	constantly	towards	the
Earth	in	a	rotational	orbit	in	response	to	the	force	of	gravity,	the	astronauts	inside
do	not	need	to	produce	a	force	with	their	muscles	against	any	of	the	surfaces
inside	it.	Rather,	they	float	around	and	the	muscle	fibers	of	their	motor	units
(both	low-threshold	and	high-threshold)	do	not	experience	any	mechanical
loading	unless	they	deliberately	exert	force	to	accelerate	the	mass	of	another
object,	or	to	push	themselves	off	of	the	outer	walls	to	travel	from	one	part	of	the
satellite	to	another.	Consequently,	this	absence	of	mechanical	loading	causes
rapid	and	severe	muscular	atrophy,	unless	it	is	counteracted	by	regular	strength
training.

Ultimately,	this	explains	why	muscle	size	decreases	rapidly	in	the	first	few
weeks	after	ceasing	a	strength	training	program,	but	stabilizes	afterwards.	The
large	and	numerous	muscle	fibers	that	are	controlled	by	high-threshold	motor
units	lose	their	regular	stimulus	and	atrophy	rapidly,	whereas	muscle	fibers	that
are	still	stimulated	by	the	activities	of	daily	life	are	unaffected.	The	number	of
muscle	fibers	that	are	unaffected	will	depend	on	the	type	of	recreational
activities	that	the	individual	carries	out,	in	addition	to	the	strength	training
program.	A	person	with	an	active	occupation	will	experience	less	overall	muscle
atrophy	than	someone	with	a	sedentary	occupation,	and	even	less	than	someone
who	undergoes	bed	rest	or	limb	immobilization	after	hospitalization.

What	happens	when	we	take	breaks	from	strength	training,	then
start	lifting	again?

When	we	stop	lifting	weights	for	short	periods	of	time	(which	researchers	call
detraining	and	strength	coaches	call	deloading),	we	lose	muscle	size	due	to	the
removal	of	the	regular	stimulus	that	the	muscle	fibers	of	high-threshold	motor
units	need	to	remain	a	given	size.

Most	of	the	losses	occur	in	the	first	four	weeks,	and	overall	muscle	size	then
stabilizes	thereafter.	Taking	a	break	from	strength	training	for	more	than	one
week	therefore	involves	allowing	the	muscle	fibers	of	high-threshold	motor	units



to	atrophy,	which	reduces	overall	muscle	size.	However,	when	we	start	lifting
again,	hypertrophy	occurs	more	quickly	than	it	did	the	first	time	we	trained	the
muscle.

This	probably	happens	for	two	reasons.

Firstly,	muscle	fibers	appear	to	have	an	epigenetic	memory,	which	includes
information	about	their	previous	maximum	size.	This	memory	may	be	related	to
an	elevated	number	of	myonuclei,	which	are	donated	by	satellite	cells	in	order	to
permit	an	increased	resting	rate	of	muscle	protein	synthesis,	since	these
myonuclei	are	not	lost	in	the	detraining	period	despite	losses	in	muscle	size.
Consequently,	it	is	much	easier	for	muscles	to	return	to	a	size	that	they	have
previously	attained	than	for	them	to	attain	a	new,	larger	size.

Secondly,	motor	unit	recruitment	decreases	more	slowly	than	muscle	fiber	size.
Therefore,	when	we	return	to	our	strength	training	program	after	several	weeks
of	detraining,	we	are	able	to	recruit	more	motor	units	than	we	could	the	first	time
we	did	the	program.	This	means	that	we	are	able	to	load	more	muscle	fibers,	and
can	increase	the	size	of	the	muscle	more	quickly	the	second	time	around.

Can	we	enhance	hypertrophy	by	deliberately	taking	short	breaks
from	strength	training?

Some	commentators	have	proposed	that	it	might	be	possible	to	accelerate	muscle
growth	by	deliberately	taking	short	breaks	from	strength	training	programs.

This	is	unlikely,	even	though	muscle	growth	occurs	more	quickly	during	a
period	of	training	after	a	period	of	detraining,	compared	to	after	an	initial	period
of	training,	due	to	adaptations	that	are	related	to	the	initial	period	of	training,
including	increased	(1)	myonuclear	number,	and	(2)	motor	unit	recruitment.
While	the	rate	of	muscle	growth	will	initially	be	faster	in	the	period	of	training
after	a	period	of	detraining	up	to	the	point	where	the	lost	muscle	is	regained,	the
rate	of	growth	will	then	slow	to	the	same	rate	once	this	point	is	reached.

Just	to	be	clear,	this	means	we	cannot	artificially	bring	about	a	greater	increase
in	myonuclear	number	(and	thereby	increase	hypertrophy)	by	deliberately	taking



short	periods	of	time	off	training.

While	it	is	true	that	taking	time	off	training	can	lead	to	more	muscle	damage	in
the	first	workout	back	after	training	(and	this	unaccustomed,	muscle-damaging
workout	does	stimulate	greater	satellite	cell	activity),	it	does	not	then	lead	to
increased	myonuclear	number.	In	fact,	satellite	cell	activity	often	seems	to	be
used	solely	to	repair	the	muscle	damage	that	unaccustomed	workouts	have
caused.	This	is	in	line	with	research	showing	that	increases	in	muscle	size	are
not	very	closely	linked	to	increases	in	satellite	cell	activity,	and	that	satellite	cell
activity	is	a	general	response	to	all	types	of	exercise.

Consequently,	while	producing	muscle	damage	by	taking	time	off	training	(or	by
doing	very	hard	workouts)	will	probably	trigger	a	large	satellite	cell	response,
this	does	not	indicate	that	myonuclear	addition	is	occurring,	rather	that	the
satellite	cells	are	working	to	help	repair	the	damage,	along	with	a	large
proportion	of	increase	in	muscle	protein	synthesis	rates	as	well.

Are	there	any	downsides	with	taking	time	off	strength	training?

Sometimes	it	may	be	necessary	to	take	time	off	strength	training	in	order	to
allow	central	nervous	system	fatigue	to	dissipate	(although	a	very	reduced
volume	training	program	is	better,	as	it	allows	central	nervous	system	fatigue	to
dissipate	without	losses	in	muscle	mass	occurring).

Until	recently,	it	was	assumed	that	there	were	no	downsides	of	taking	time	off
strength	training,	especially	since	it	seems	fairly	easy	to	catch	up	to	where	we
left	off	training.	However,	recent	research	suggests	that	repeated	periods	of
loading	and	unloading	may	lead	to	an	accumulation	of	collagen	inside	the
muscles,	which	may	make	them	stiffer	and	more	prone	to	injury.

Consequently,	where	the	choices	available	are	to	engage	in	complete	detraining
or	to	take	part	in	a	much	reduced	volume	strength	training	program,	it	seems	that
the	reduced	volume	strength	training	program	is	likely	to	be	a	much	better	long-
term	option.



What	does	this	mean	in	practice?

In	practice,	muscles	grow	in	the	48	hours	after	they	are	stimulated	by	a	strength
training	workout	(except	when	central	nervous	system	fatigue	impairs	the
stimulating	effect,	since	this	probably	prevents	full	motor	unit	recruitment	from
being	achieved).

Consequently,	deliberately	stopping	training	for	more	than	a	week	cannot	help
enhance	muscle	growth	(although	if	high	levels	of	central	nervous	system
fatigue	are	present	due	to	a	block	of	very	muscle-damaging	workouts,	then	it
may	be	necessary	for	progress	to	occur).

Muscle	size	reduces	rapidly	over	a	period	of	approximately	four	weeks	after
stopping	strength	training,	likely	until	it	reaches	an	equilibrium	produced	by	the
customary	levels	of	mechanical	loading	experienced	by	the	lifter	during	their
daily	life.

When	starting	strength	training	again	after	a	period	of	detraining,	muscle	size
increases	far	more	quickly	than	it	did	the	first	time,	until	it	reaches	the	size
previously	achieved,	which	makes	taking	a	vacation	or	time	off	the	gym	much
less	of	a	problem	than	it	first	appears.	We	can	get	back	to	where	we	left	off
relatively	quickly.

What	is	the	takeaway?

Muscle	mass	does	decrease	relatively	quickly	when	we	stop	strength	training,
and	most	of	the	losses	occur	in	the	first	four	weeks.	Thereafter,	the	losses	are
much	smaller,	depending	on	our	level	of	activity.	Fortunately,	when	we	start
strength	training	again	after	a	period	of	time	off,	muscle	size	increases	back	to
it’s	previous	size	far	more	quickly	than	it	did	the	first	time,	which	means	that	we
can	get	back	to	where	we	left	off	relatively	quickly.



HOW	COULD	PERIODIZATION	HELP
ENHANCE	MUSCLE	GROWTH?



Periodization	is	often	claimed	to	be	an	important	feature	of	strength	training
programs	for	producing	hypertrophy.	On	the	other	hand,	some	researchers	have
noted	that	the	evidence	in	favor	of	periodized	programs	is	quite	weak,	and	they
argue	that	the	underlying	biological	rationale	for	periodization	is	not	very
convincing.

So	is	periodization	actually	useful	when	training	for	hypertrophy,	and	if	so,	how
should	we	use	it?

What	is	periodization?

Periodization	is	difficult	to	define,	and	has	become	controversial	in	recent	years.
Many	researchers	and	coaches	have	proposed	definitions,	but	since	no	single
definition	has	attracted	widespread	adoption,	it	remains	in	use	in	different	ways
by	different	people.

Ultimately,	however,	periodization	is	just	a	tool	for	providing	variety	within	a
strength	training	program.

Variety	is	a	key	strength	and	conditioning	principle	(like	progressive	overload,
specificity,	and	individuality),	and	periodization	allows	us	to	apply	variety	to	a
program	in	a	structured	(and	hopefully	also	useful)	way.

Periodization	has	been	investigated	by	researchers	almost	exclusively	by
changing	the	repetition	range	(percentage	of	one	repetition-maximum)	used	from
one	workout	to	the	next.	We	can	call	this	"load	periodization"	to	differentiate	it
from	changing	other	training	variables,	such	as	volume	(number	of	sets),	rest
period	duration,	tempo,	contraction	mode,	range	of	motion,	or	exercise.	Even	so,
the	overall	term	"periodization"	refers	to	changing	any	of	these	training
variables,	often	at	the	same	time.

Periodization	of	various	training	variables	has	been	proposed	to	cause	(1)	larger
improvement	in	muscular	performance	(or	in	the	case	of	bodybuilding,	greater
muscle	growth),	and	(2)	a	reduction	in	the	risk	of	non-functional	overreaching	or
overtraining.



Let's	take	a	look	at	each	of	those	possible	benefits.

How	could	load	periodization	enhance	muscle	growth?

Load	periodization	has	been	proposed	to	enhance	hypertrophy	in	at	least	three
completely	different	ways:	(1)	fiber	type-specific	hypertrophy	when	training
with	different	loads,	(2)	muscle-specific	hypertrophy	when	training	with
different	loads	in	multi-joint	exercises,	and	(3)	improvements	in	work	capacity.

#1.	Fiber	type-specific	hypertrophy

Some	researchers	believe	that	different	repetition	ranges	(loads)	produce
hypertrophy	of	the	muscle	fibers	controlled	by	different	motor	units.

They	suggest	that	training	with	heavy	loads	preferentially	increases	the	size	of
the	(mainly	fast	twitch)	muscle	fibers	controlled	by	high-threshold	motor	units,
while	training	with	light	loads	preferentially	increases	the	size	of	the	(mainly
slow	twitch)	muscle	fibers	controlled	by	low-threshold	motor	units,	because	of
the	longer	period	of	time	for	which	these	muscle	fibers	are	exposed	to	the
strength	training	stimulus.

However,	there	is	little	evidence	to	support	this	hypothesis.	What	is	more,	the
underlying	biological	rationale	is	shaky	for	two	reasons.

Firstly,	both	heavy	and	light	loads	appear	to	recruit	high-threshold	motor	units
when	sets	are	performed	to	muscular	failure.

Secondly,	there	is	no	good	reason	to	believe	that	the	muscle	fibers	of	low-
threshold	motor	units	actually	grow	after	strength	training.	Indeed,	if	the	earlier
reps	of	a	set	with	light	loads	to	failure	did	contribute	meaningfully	to	overall
hypertrophy,	then	training	with	light	loads	while	avoiding	failure	would	cause
meaningful	muscle	growth	(it	doesn't),	aerobic	exercise	would	cause	meaningful
muscle	growth	(it	doesn't),	and	slow	tempos	would	produce	more	hypertrophy



than	fast	tempos	when	using	light	loads	(they	don't),	because	the	fast	tempo
would	prevent	mechanical	loading	of	the	muscle	fibers	of	low-threshold	motor
units	from	occurring	in	the	early	reps,	while	the	slow	tempo	would	involve	high
forces	of	the	working	muscle	fibers.

#2.	Muscle-specific	hypertrophy	in	multi-joint	exercises

When	we	perform	a	multi-joint	exercise,	we	tend	to	assume	that	the	contribution
of	each	prime	mover	muscle	is	the	same,	regardless	of	the	load	on	the	bar.
However,	this	is	not	the	case.

In	fact,	during	many	multi-joint	exercises,	the	load	on	the	bar	affects	which
muscle	group	or	groups	are	working	hardest.	For	example,	as	load	increases	in
the	bench	press,	the	triceps	brachii	(and	possibly	also	the	sternocostal	head	of	the
pectoralis	major)	increase	their	proportional	contributions.	Similar	effects	also
occur	during	many	lower	body	movements,	including	the	squat,	deadlift,	and
forward	and	lateral	lunges.

Consequently,	using	a	range	of	loads	during	multi-joint	exercises	could	be	an
effective	strategy	for	producing	greater	hypertrophy	across	all	of	the	prime
movers	involved	in	an	exercise.

#3.	Improvements	in	work	capacity

Training	with	light	loads	allows	greater	increases	in	volume	load	to	occur	than
similar	numbers	of	sets	with	heavy	loads.	This	may	enhance	work	capacity	for
future	training	blocks.

In	turn,	this	increased	work	capacity	may	allow	lifters	to	perform	greater
volumes	of	training,	thereby	accelerating	their	rate	of	muscle	growth,	since
training	volume	seems	to	be	quite	closely	linked	to	hypertrophy.



However,	this	measure	of	volume	that	is	improved	by	training	with	light	loads
refers	to	volume	load	(sets	x	reps	x	weight)	and	is	not	the	same	measure	of
volume	that	has	been	linked	to	greater	hypertrophy	(the	number	of	sets	to
failure).	It	is	unclear	whether	increasing	the	ability	to	perform	greater	volume
loads	(sets	x	reps	x	weight)	also	increases	the	ability	to	withstand	a	greater
number	of	sets	to	failure	without	either	reaching	a	plateau	or	decreasing	the	rate
of	gains.

How	could	periodizing	other	training	variables	enhance	muscle
growth?

Periodizing	other	training	variables	may	also	be	beneficial	for	maximizing
muscle	growth,	because	of	regional	hypertrophy.	Regional	hypertrophy	probably
happens	for	two	main	reasons.	It	seems	to	occur	either	(1)	because	of	differences
in	the	amount	that	the	muscle	fibers	increase	in	length	or	diameter	after	strength
training,	or	(2)	because	of	differences	in	the	growth	of	different	functional
compartments.

Increases	in	fiber	length	or	diameter	–	Eccentric	training	and	larger	ranges	of
motion	tend	to	cause	greater	increases	in	muscle	fiber	length,	while	concentric
training	and	partial	ranges	of	motion	tend	to	cause	greater	increases	in	muscle
fiber	diameter.	Increases	in	muscle	fiber	length	tend	to	be	associated	with	greater
gains	in	the	distal	region	of	a	muscle,	while	increases	in	muscle	fiber	diameter
tend	to	be	associated	with	greater	gains	in	the	middle	region.	Consequently,
while	eccentric	training	and	concentric	training	(and	full	and	partial	ranges	of
motion)	produce	similar	overall	muscle	growth,	the	regions	where	hypertrophy
occurs	differ.

Growth	of	different	functional	compartments	–	Strength	training	of	a	single
muscle	with	different	exercises	causes	growth	in	different	functional
compartments.	For	example,	when	training	the	rectus	femoris	(a	two-joint
quadriceps	muscle	that	can	contribute	to	either	knee	extension	and	hip	flexion
turning	forces)	with	knee	extensions,	the	majority	of	the	muscle	growth	occurs
in	the	distal	region	(closest	to	the	knee	joint).	In	contrast,	when	training	the
rectus	femoris	by	hip	flexion	exercises,	proportionally	more	of	the	muscle



growth	occurs	in	the	proximal	region	(closest	to	the	hip	joint).	Many	other
muscles	display	similar	features.

Consequently,	implementing	planned	variety	into	a	training	program	by	varying
loading	types	(contraction	modes	or	ranges	of	motion)	or	exercises	may	enhance
muscle	growth.	This	variety	could	be	implemented	either	in	a	block
periodization	format,	by	using	the	same	loading	types	or	exercises	for	several
weeks	before	making	changes,	or	in	a	daily	undulating	periodization	format,	by
training	each	muscle	group	two	or	three	times	per	week	with	different	exercises
or	loading	types	in	each	workout.

Can	periodization	reduce	the	risk	of	non-functional	overreaching
and	overtraining?

In	general,	the	risk	of	non-functional	overreaching	and	overtraining	is	often
discussed	in	the	context	of	the	general	adaptation	syndrome.	However,	this
syndrome	ultimately	refers	to	the	amount	of	muscle	damage	that	is	incurred,
which	makes	variety	(and	periodization)	a	tool	for	managing	this	problem.

Non-functional	overreaching	happens	when	we	train	and	yet	do	not	achieve	any
gains	in	our	desired	outcome	at	either	the	end	of	the	training	program,	or	after	a
taper.	Overtraining	is	a	medically-diagnosed	condition	that	involves	reduced
performance	over	a	longer	period	of	time	(and	possibly	muscle	loss).	In	practice,
most	people	are	referring	to	non-functional	overreaching	when	they	say
overtraining.

Most	of	the	time,	non-functional	overreaching	is	measured	by	reference	to
performance	outcomes	such	as	maximum	strength.	It	seems	to	happen	when	a
subsequent	workout	is	performed	while	muscle	damage	is	still	present	from	a
previous	workout,	which	prevents	progressive	overload	from	being	achieved	and
may	lead	to	reduced	performance.	This	muscle	damage	may	also	prevent	neural
and	local	muscular	adaptations	from	occurring,	if	the	muscle	damage	leads	to
central	nervous	system	fatigue,	thereby	stopping	full	motor	unit	recruitment
from	being	reached	in	the	subsequent	workout.



When	training	for	hypertrophy,	non-functional	overreaching	would	strictly	refer
to	a	cessation	in	gains	in	muscle	size,	which	is	very	difficult	to	measure.	This
could	occur	with	or	without	a	similar	cessation	of	gains	in	repetition	strength	(as
measured	by	workout	performance)	or	in	maximum	strength.	Even	so,	assuming
that	repetition	strength	(workout	performance)	is	a	valid	indicator	of	muscle
growth,	periodizing	some	variables	may	help	reduce	the	risk	of	non-functional
overreaching	and	overtraining	by	managing	the	amount	of	muscle	damage	that
occurs.

When	we	alter	either	the	exercise,	contraction	mode,	or	range	of	motion,	we	alter
the	region	of	the	muscle	that	experiences	the	greatest	activation	in	its	motor
units,	and	also	the	region	that	experiences	the	greatest	mechanical	loading,
which	leads	to	muscle	damage.	Consequently,	rotating	between	these	factors
could	allow	us	to	train	a	muscle	more	frequently,	since	different	regions	of	a
muscle	would	be	damaged	by	each	exercise,	contraction	mode,	or	range	of
motion.	Similarly,	when	we	alter	the	load	in	a	multi-joint	exercise,	we	could	shift
the	amount	of	muscle	damage	that	each	of	the	prime	movers	experiences.

On	the	other	hand,	if	we	are	aiming	to	keep	training	volumes	high	(in	order	to
maximize	hypertrophy),	then	load	periodization	is	unlikely	to	have	the	benefit
that	it	has	during	strength	training	programs	for	athletes.	In	such	training
programs,	increases	in	load	occur	in	tandem	with	decreases	in	volume,	and	this
reduces	muscle	damage.	Consequently,	load	periodization	is	likely	to	have
beneficial	effects	on	the	risk	of	non-functional	overreaching	only	in	multi-joint
exercises.

Do	we	need	to	use	periodization	to	implement	the	principle	of
variety?

It	is	worth	noting	that	all	of	the	benefits	that	are	observed	from	periodization	can
be	similarly	achieved	by	other	methods	of	delivering	greater	variety,	so	long	as
the	variety	is	sufficient	to	achieve	the	same	goals.

Certain	other	ways	of	providing	variety	can	be	superior	to	periodization,	because
they	allow	adaptations	to	follow	their	natural	course,	rather	than	predicting	how



they	will	occur	in	advance.

For	example,	one	popular	method	for	varying	exercises	during	bodybuilding
programs	is	to	continue	using	an	exercise	for	a	muscle	group	until	progressive
overload	stops.	This	very	simple	method	ensures	that	progress	always	continues
and	exercises	are	only	varied	when	absolutely	necessary,	which	prevents	variety
from	being	implemented	for	the	sake	of	it,	instead	of	for	a	specific	purpose.

What	are	the	practical	implications?

There	are	very	good	reasons	to	use	a	variety	of	exercises,	contraction	modes,	and
ranges	of	motion	during	strength	training,	as	well	as	a	range	of	loads	in	multi-
joint	exercises.	Varying	these	training	variables	will	likely	reduce	the	risk	of
non-functional	overreaching	and	enhance	muscle	growth.	On	the	other	hand,	the
rationale	for	varying	loads	during	single-joint	exercises	is	much	weaker.

In	practice,	the	best	way	to	vary	exercises,	contraction	modes,	and	ranges	of
motion	(and	load	during	multi-joint	exercises)	within	a	periodization	model	for
bodybuilding	is	to	use	A	and	B	workouts	for	each	muscle	group.

Essentially,	this	is	daily	(or	weekly)	undulating	periodization	(depending	on	your
workout	frequency).	If	you	train	each	muscle	group	twice	each	week,	you	can
use	different	exercises,	contraction	modes,	or	ranges	of	motion	(or	load	in	multi-
joint	exercises)	in	each	workout.	If	you	train	each	muscle	group	once	each	week,
you	can	use	different	exercises,	contraction	modes,	or	ranges	of	motion	(or	load
in	multi-joint	exercises)	every	other	week.

When	varying	contraction	mode,	you	can	use	conventional	stretch-shortening
cycle	training	instead	of	concentric-only	training,	and	eccentric	overload	instead
of	eccentric-only	training.	This	is	slightly	less	specific	than	using	concentric-
only	and	eccentric-only	training,	but	it	will	still	produce	some	differences	in
regional	hypertrophy	and	is	much	easier	to	do	in	practice.



What	is	the	takeaway?

Periodization	is	a	tool	for	providing	variety	within	a	strength	training	program.
Periodizing	load	may	be	helpful	when	training	for	hypertrophy	using	multi-joint
exercises,	but	otherwise	the	benefits	seem	to	be	limited.	In	contrast,	periodizing
exercise,	contraction	mode,	and	range	of	motion	may	all	enhance	muscle	growth
through	regional	hypertrophy,	and	could	also	help	prevent	non-functional
overreaching	by	changing	the	region	of	the	muscle	that	experiences	muscle
damage.



HOW	DOES	BLOOD	FLOW
RESTRICTION	(BFR)	TRAINING	WORK?



Blood	flow	restriction	(BFR)	training	involves	applying	pressurized	cuffs	or
elastic	wrappings	to	proximal	locations	on	the	upper	or	lower	limbs	while	doing
exercise.	BFR	training	can	include	forms	of	exercise	that	are	traditionally
regarded	as	aerobic	(even	walking),	but	BFR	is	most	commonly	applied	in
practice	in	combination	with	light	load	strength	training.

What	is	the	point	of	using	BFR?

In	general,	BFR	training	produces	more	muscle	growth	than	comparable
(aerobic	or	strength	training)	exercise	without	the	BFR	applied.

Although	endurance	exercise	can	produce	muscle	growth,	the	amount	of
hypertrophy	is	usually	much	less	than	can	be	achieved	using	strength	training.	In
contrast,	with	BFR	applied,	aerobic	exercise	(even	walking)	can	cause
substantial	muscle	growth.

Strength	training	with	light	loads	(without	BFR)	produces	less	hypertrophy	than
strength	training	with	heavy	loads	(without	BFR),	when	neither	type	of	training
is	performed	to	failure	but	the	same	volume	loads	are	performed.	In	contrast,
strength	training	with	light	loads	in	combination	with	BFR	produces	the	same
amount	of	muscle	growth	as	strength	training	with	heavy	loads	without	BFR.

Even	so,	it	is	important	to	note	that	conventional	strength	training	with	light
loads	does	produce	the	same	amount	of	hypertrophy	as	conventional	strength
training	with	heavy	loads,	when	the	same	number	of	sets	to	failure	are
performed.

This	hints	that	the	way	in	which	BFR	works	is	to	accelerate	the	rate	at	which
peripheral	fatigue	develops	inside	the	muscle,	thereby	achieving	a	closer
proximity	to	muscular	failure	in	a	smaller	number	of	reps.

What	does	BFR	actually	do?



The	main	purpose	of	the	BFR	is	to	reduce	venous	return	from	the	muscle	being
trained,	while	maintaining	arterial	inflow	to	the	same	muscle,	during	the	bout	of
aerobic	or	strength	training	exercise.

The	reduction	in	venous	return	without	a	substantial	alteration	in	arterial	inflow
causes	an	increase	in	intramuscular	pressure	due	to	blood	building	up	inside	the
muscle,	which	can	be	observed	as	muscle	swelling.	This	increase	in
intramuscular	pressure	also	slightly	reduces	the	blood	flow	to	the	muscle,	even
though	arterial	inflow	is	not	prevented	by	the	external	cuff.

At	the	same	time,	the	muscle	experiences	a	more	rapid	increase	in	peripheral
fatigue	during	contractions,	which	leads	to	task	failure	more	quickly	(and	in	a
smaller	number	of	reps)	when	performing	light	load	strength	training	with	a
given	weight	on	the	bar.

It	has	been	suggested	that	the	reduction	in	blood	flow	might	cause	faster
peripheral	fatigue	due	to	the	increase	in	intramuscular	pressure.	The	greater
intramuscular	pressure	reduces	the	rate	of	blood	flow	into	the	muscle,	which	in
turn	causes	a	faster	decrease	in	muscle	tissue	oxygenation	(which	likely	reduces
the	capacity	for	oxidative	metabolism	and	ATP	production).	However,	a	direct
link	between	reduced	muscle	tissue	oxygenation	and	fatigue	has	been
questioned,	and	it	seems	more	likely	that	there	is	an	indirect	effect	on	the	ability
of	the	muscle	to	remove	hydrogen	ions,	which	causes	reductions	in	muscle	force
as	a	result	of	diprotonated	phosphate	formation.

Through	whatever	mechanism	it	is	caused,	an	accelerated	rate	of	peripheral
fatigue	during	exercise	with	BFR	does	occur	in	practice,	and	this	can	be
observed	as	a	quicker	rate	of	glycogen,	creatine	phosphate,	and	adenosine
triphosphate	(ATP)	depletion,	a	faster	rise	in	markers	of	fatigue	(such	as
diprotonated	phosphate),	and	an	increased	rate	of	accumulation	of	metabolites
(including	blood	lactate,	hydrogen	ions,	inorganic	phosphate,	and	adenosine
diphosphate	[ADP]),	indicating	that	anaerobic	glycolysis	is	being	adopted	more
quickly	to	maintain	total	muscle	force	at	required	levels.

How	does	BFR	increase	hypertrophy?



Mechanical	loading	is	known	to	cause	muscle	growth.	Other	mechanisms	have
also	been	proposed	(such	as	metabolic	stress	and	muscle	damage),	although
there	is	little	direct	evidence	that	they	actually	contribute	to	hypertrophy.

But	can	greater	mechanical	loading	explain	how	BFR	increases	hypertrophy?

Many	coaches	and	researchers	look	at	the	light	loads	that	are	used	during	BFR
training	and	assume	that	the	mechanical	loading	that	is	experienced	by	each
working	muscle	fiber	must	be	low,	because	the	external	forces	are	low.	This	is
actually	incorrect,	because	the	external	force	(and	the	whole	muscle	force)	is
unrelated	to	the	forces	that	are	produced	by	each	individual	muscle	fiber.

In	fact,	the	mechanical	loading	that	each	working	muscle	fiber	experiences	is
determined	by	its	contraction	velocity.	When	a	muscle	fiber	shortens	slowly,	it
exerts	high	forces	(and	experiences	high	levels	of	mechanical	loading)	due	to	the
force-velocity	relationship.	This	mechanical	loading	triggers	the	fiber	to	increase
in	size,	which	contributes	to	overall	muscle	hypertrophy.

When	we	apply	BFR	during	light	load	strength	training,	we	accelerate	the	rate	at
which	peripheral	fatigue	occurs.	This	peripheral	fatigue	has	two	effects:

Firstly,	it	causes	an	increase	in	motor	unit	recruitment,	triggered	by	the
increasing	effort	required.	This	increase	in	motor	unit	recruitment	means	that
exponentially	more	muscle	fibers	are	activated.	These	fast	twitch	muscle	fibers,
which	are	controlled	by	high-threshold	motor	units,	are	very	much	more
responsive	to	a	mechanical	loading	stimulus.	Indeed,	they	are	actually	the	only
muscle	fibers	that	grow	after	strength	training.

Secondly,	it	causes	the	overall	contraction	velocity	of	the	muscle	to	reduce.	This
means	that	as	the	muscle	fibers	of	the	high-threshold	motor	units	are	activated,
they	are	required	to	contract	at	slow	velocities,	produce	high	forces,	and
therefore	experience	high	levels	of	mechanical	loading.	This	occurs	because	the
muscle	fibers	of	the	lower	threshold	motor	units	are	fatigued	and	produce	less
force	(either	due	to	reduced	activation	or	reduced	force	per	muscle	fiber).

Although	this	peripheral	fatigue	occurs	in	tandem	with	large	amounts	of
metabolite	accumulation	and	hypoxia	when	we	do	BFR	training,	these	factors
are	actually	not	necessary	to	explain	how	hypertrophy	occurs,	as	has	been



proposed.	In	fact,	in	certain	other	situations	(such	as	eccentric	contractions	with
long	inter-set	rest	periods),	peripheral	fatigue	occurs	without	metabolite
accumulation	and	yet	still	causes	a	reduction	in	muscle	contraction	velocity	and
an	increase	in	motor	unit	recruitment,	which	are	the	two	essential	factors
necessary	for	hypertrophy	to	occur.

How	does	BFR	training	produce	high	levels	of	hypertrophy	with
*very*	light	loads?

One	very	interesting	feature	of	BFR	training	is	that	it	is	capable	of	producing
high	levels	of	hypertrophy	with	what	are	described	as	"very	light"	loads.

During	strength	training,	we	divide	loads	into	four	categories:	(1)	heavy	(1–5RM
or	approximately	>85%	of	1RM),	(2)	moderate	(6–15RM,	or	approximately	65–
85%	of	1RM),	(3)	light	(16–30RM	or	approximately	40–65%	of	1RM),	and	(4)
very	light	(>30RM	or	approximately	<40%	of	1RM).

Importantly,	research	has	shown	that	strength	training	with	light	loads	(40%	of
1RM)	leads	to	similar	muscle	growth	as	strength	training	with	moderate	loads,
when	using	the	same	number	of	sets	to	failure,	but	strength	training	with	very
light	loads	(20%	of	1RM)	does	not.	It	seems	likely	that	the	division	between
light	and	very	light	loads	lies	somewhere	between	20 - 40%	of	1RM,	but	the
exact	position	of	the	division	is	unknown.

In	contrast	to	conventional	strength	training,	using	BFR	in	combination	with
strength	training	causes	substantial	muscle	growth	even	with	very	light	loads.
Indeed,	in	a	recent	meta-analysis	comparing	the	effects	of	light	load	strength
training	with	BFR	and	heavy	loads	without	BFR,	most	of	the	included	studies
used	loads	in	the	range	20–30%	of	1RM.	Even	so,	the	same	hypertrophy	was
recorded	for	both	types	of	training.

It	is	likely	that	very	light	loads	produce	less	hypertrophy	than	light	loads	when
performing	the	same	number	of	sets	to	muscular	failure	because	they	cause
greater	central	nervous	system	(CNS)	fatigue	during	the	set,	owing	to	the
increased	aerobic	demand	of	performing	a	high	number	of	reps.	The	CNS



fatigue	prevents	full	motor	unit	recruitment	from	being	achieved	even	when	we
train	to	failure,	which	means	that	we	do	not	activate	the	tens	of	thousands	of
muscle	fibers	that	are	controlled	by	the	highest	threshold	motor	units.	Clearly,
this	interferes	with	hypertrophy.

Interestingly,	when	we	apply	BFR	during	a	set	of	very	light	load	strength
training	to	failure,	the	number	of	reps	that	we	can	perform	is	dramatically
reduced	to	the	accelerated	rate	at	which	peripheral	fatigue	occurs.	In	fact,	when
using	15%	of	maximum	isometric	force,	we	can	only	perform	30	reps	when	BFR
is	applied,	compared	to	45	reps	when	BFR	is	not	applied.

This	shows	us	that	it	is	the	repetition	range	that	is	the	primary	determining	factor
for	how	much	muscle	growth	is	attained	by	a	given	weight	on	the	bar,	and	not
the	external	force.	This	is	because	it	is	the	repetition	range	that	determines	the
amount	of	CNS	fatigue.	The	more	reps	we	have	to	do	before	failure,	the	greater
the	CNS	fatigue,	regardless	of	the	weight	on	the	bar.

Does	BFR	enhance	type	I	fiber	hypertrophy?

A	common	suggestion	among	researchers	is	that	strength	training	with	light
loads	to	failure	(or	with	light	loads	and	BFR)	could	produce	preferential
hypertrophy	of	either	(1)	the	muscle	fibers	controlled	by	low-threshold	motor
units,	or	(2)	type	I	muscle	fibers.

These	two	types	of	preferential	hypertrophy	are	often	considered	to	be	the	same
thing,	but	they	are	different.	To	understand	how	they	differ,	we	need	to
appreciate	how	high-	and	low-threshold	motor	units	control	the	type	I	and	II
fibers	inside	the	muscle.

Motor	units	are	recruited	in	order	of	their	size,	according	to	Henneman's	size
principle,	in	response	to	the	level	of	effort	required	for	the	movement.

Low-threshold	motor	units	are	recruited	first,	when	effort	is	minimal.	More
motor	units	are	recruited	as	the	level	of	effort	increases.	Effort	can	be	increased
to	lift	a	heavier	weight,	to	move	a	light	weight	faster,	or	to	work	through	fatigue.



High-threshold	motor	units	control	far	more	muscle	fibers	than	low-threshold
motor	units.	In	fact,	the	lowest-threshold	motor	units	typically	control	only	a
dozen	muscle	fibers,	while	the	highest-threshold	motor	units	can	control
thousands.	The	number	of	muscle	fibers	controlled	by	a	motor	unit	increases
exponentially	with	increasing	recruitment	threshold.

Therefore,	while	low-threshold	motor	units	only	control	type	I	muscle	fibers,
high-threshold	motor	units	can	control	both	type	I	and	II	muscle	fibers,	due	to
this	exponential	distribution,	especially	when	the	muscle	contains	a	high
proportion	of	type	I	muscle	fibers.

#1.	Motor	unit-specific	hypertrophy

Some	researchers	have	suggested	that	strength	training	with	light	loads	might
cause	proportionally	greater	gains	in	the	diameter	of	those	muscle	fibers	that	are
governed	by	low-threshold	motor	units,	while	strength	training	with	heavy	loads
might	cause	proportionally	greater	increases	in	the	size	of	fibers	governed	by
high-threshold	motor	units.

This	hypothesis	has	been	put	forward	on	the	basis	that	strength	training	with
light	loads	allows	a	longer	exposure	to	mechanical	loading	for	the	fibers
governed	by	light	loads.

Even	so,	the	duration	of	a	meaningful	level	of	mechanical	loading	on	those
muscle	fibers	governed	by	low-threshold	motor	units	during	light	load	strength
training	to	failure	need	not	be	greater	if	the	bar	speed	for	the	early	reps	is	fast,
since	the	force-velocity	relationship	ensures	that	the	mechanical	loading
experienced	by	each	fiber	is	low.	This	would	indicate	that	the	beneficial	effects
of	light	load	strength	training	on	fibers	governed	by	low-threshold	motor	units
might	only	be	achieved	when	training	with	slow	bar	speeds	in	a	set.	But	tempo
has	no	effect	on	overall	muscle	growth.

Therefore,	it	seems	likely	that	the	muscle	fibers	controlled	by	low-threshold
motor	units	do	not	grow	after	strength	training,	as	some	research	suggests.	We
might	expect	this,	given	that	very	few	muscle	fibers	are	controlled	by	low-



threshold	motor	units	and	they	are	not	very	responsive	to	the	mechanical	loading
stimulus.

Moreover,	the	hypothesis	is	less	relevant	to	light	load	strength	training	with	BFR
anyway,	because	the	use	of	BFR	reduces	the	number	of	reps	that	can	be
performed	before	reaching	failure,	at	least	in	comparison	with	the	same	load
used	without	BFR.

#2.	Fiber	type-specific	hypertrophy

In	contrast	to	low-threshold	motor	unit	hypertrophy	(which	does	not	seem	to
happen),	type	I	muscle	fiber	hypertrophy	definitely	does	occur	(although	it
seems	to	occur	largely	to	the	same	extent	after	both	heavy	strength	training	and
light	load	strength	training	to	failure).

It	seems	likely	that	the	type	I	muscle	fibers	that	grow	after	strength	training	are
mostly	controlled	by	high-threshold	(or	at	least	not	low-threshold)	motor	units.
Consequently,	they	are	less	oxidative	than	the	fibers	of	low-threshold	motor
units,	despite	their	fiber	type,	and	they	can	increase	in	diameter.	Therefore,	while
these	fibers	are	almost	certainly	controlled	by	lower	threshold	motor	units	than
the	type	II	muscle	fibers	in	the	same	muscle,	they	are	still	only	activated	(and
subjected	to	mechanical	loading)	in	the	final	few	reps	of	a	set,	regardless	of	the
load	that	is	used.

Interestingly,	some	research	has	found	that	type	I	muscle	fiber	area	might	grow
to	a	greater	extent	after	light	load	strength	training	with	BFR,	compared	to	heavy
load	strength	training	using	the	same	exercise.

How	can	we	explain	these	results?

The	training	program	that	was	used	in	this	study	involved	a	very	high	training
frequency	(workouts	were	done	5	times	per	week).	When	strength	training
workouts	are	done	with	only	1	or	2	days	between	them,	then	CNS	fatigue	will
often	be	present	in	the	next	workout,	most	likely	as	a	result	of	the	muscle



damage	that	has	been	caused	(and	light	load	strength	training	with	BFR	does
cause	muscle	damage,	contrary	to	some	reports).

Since	CNS	fatigue	prevents	full	motor	unit	recruitment	from	being	reached,	the
highest-threshold	motor	units	that	control	the	majority	of	the	type	II	muscle
fibers	will	not	be	recruited	and	their	associated	muscle	fibers	will	not	experience
any	mechanical	loading,	which	means	that	they	will	not	grow	after	training.	In
contrast,	the	not-quite-so-high-threshold	motor	units	that	control	the	type	I
muscle	fibers	could	still	be	recruited.	Their	associated	muscle	fibers	would
therefore	experience	any	mechanical	loading	and	will	grow	after	training.

Interestingly,	type	I	fiber-specific	hypertrophy	has	also	been	observed	after	a
different,	but	still	muscle-damaging,	type	of	strength	training	(slow	eccentrics)
in	which	workouts	were	performed	3	times	per	week.	This	could	have	occurred
for	exactly	the	same	reason.

Can	cellular	swelling	during	BFR	training	increase	hypertrophy?

Since	cellular	swelling	can	theoretically	increase	intramuscular	pressure,	it	is
conceivable	that	it	could	increase	the	mechanical	loading	that	is	experienced	by
individual	muscle	fibers	during	bouts	of	strength	training.

Even	so,	evidence	for	cellular	swelling	playing	a	role	during	BFR	training	is
limited,	and	there	are	indications	that	its	role	is	minor	at	best.

Research	has	shown	that	leaving	BFR	cuffs	on	after	a	bout	of	strength	training
exercise	causes	muscle	swelling	to	remain	elevated	for	longer.	Consequently,	we
might	expect	that	leaving	BFR	cuffs	on	throughout	a	workout	would	lead	to
superior	muscle	growth	compared	to	removing	them	between	sets,	since	this
approach	would	keep	muscle	swelling	high	throughout	all	reps	of	all	sets	and
similarly	maintain	intramuscular	pressure	high	throughout.	However,	research
has	shown	that	when	we	leave	the	BFR	cuffs	on	between	sets	of	BFR	training,
this	does	not	produce	superior	effects	compared	to	taking	them	off.

Therefore,	although	there	is	a	valid	theoretical	rationale	for	muscle	swelling
contributing	to	muscle	growth	after	BFR	training,	the	current	research	suggests



that	any	effect	is	small	in	practice.

What	is	the	takeaway?

Blood	flow	restriction	(BFR)	training	involves	applying	pressurized	cuffs	or
elastic	wrappings	to	proximal	locations	on	the	upper	or	lower	limbs	while	doing
aerobic	exercise	or	light	load	strength	training.	Although	it	is	commonly
believed	that	BFR	training	produces	hypertrophy	by	increasing	metabolic	stress,
this	hypothesis	is	neither	necessary	nor	logical.

In	fact,	it	is	most	likely	that	BFR	training	produces	hypertrophy	by	increasing
mechanical	loading,	by	causing	peripheral	fatigue	such	that	motor	unit
recruitment	is	increased	and	decreasing	muscle	contraction	velocity	so	that	the
muscle	fibers	of	the	high-threshold	motor	units	produce	high	forces,	thereby
experiencing	high	levels	of	mechanical	loading.	The	unique	aspect	of	BFR	in
relation	to	hypertrophy	is	the	accelerated	rate	at	which	peripheral	fatigue	occurs,
which	allows	even	lighter	loads	to	be	used	for	muscle	growth	than	are	used	for
light	load	strength	training	to	failure.



EXERCISE	SELECTION	FOR
HYPERTROPHY



HOW	CAN	EXERCISE	STRENGTH
CURVES	AFFECT	HYPERTROPHY?



Exercise	strength	curves	describe	the	way	in	which	the	difficulty	of	a	movement
changes	over	its	range	of	motion.	Strength	curves	can	be	flat,	in	which	case	the
exercise	is	similarly	difficult	over	the	whole	range	of	motion,	or	varying,	in
which	case	the	exercise	is	more	difficult	at	one	point	than	at	others.

Although	we	tend	to	think	of	an	exercise	strength	curve	as	being	a	single
relationship,	it	is	actually	determined	by	two	underlying	relationships:	(1)	the
way	in	which	our	*capacity*	for	producing	force	changes	across	the	joint	angles
used	in	an	exercise,	and	(2)	the	way	that	the	*requirement*	for	force	production
changes	over	the	exercise	range	of	motion.

So	how	do	these	relationships	affect	hypertrophy?

What	determines	our	capacity	for	producing	a	turning	force	at
any	given	joint	angle?

When	we	rotate	our	limb	segments	about	a	joint,	we	do	so	by	producing	a
turning	force,	which	is	called	a	joint	torque.	By	testing	our	isometric	strength	at
multiple	joint	angles,	we	can	record	a	joint	torque-angle	curve	that	describes
how	our	capacity	for	producing	a	turning	force	at	a	joint	changes	as	the	limb
segment	rotates.

There	are	four	main	factors	that	determine	the	shape	of	a	joint	torque-angle
curve:

Internal	moment	arm	length	 — 	each	muscle	has	a	certain	leverage	on	its	joint
to	rotate	it	in	any	given	direction.	This	leverage	depends	upon	its	size	and	its
anatomical	position	relative	to	the	joint	center.	Since	a	muscle	moves	and
changes	shape	as	the	joint	rotates,	its	leverage	changes,	and	so	the	amount	of
muscle	force	required	to	produce	a	given	joint	torque	changes.	When	the	muscle
has	good	leverage,	the	joint	produces	a	high	torque	for	a	given	muscle	force.
When	the	same	muscle	has	poor	leverage,	the	joint	produces	a	small	torque	for
the	same	muscle	force.



Muscle	activation	 — 	in	order	to	produce	force,	a	muscle	must	receive	a	signal
from	the	central	nervous	system.	The	size	of	this	signal	determines	the	voluntary
activation,	which	is	the	proportion	of	the	total	number	of	motor	units	that	are
recruited.	Voluntary	activation	changes	with	joint	angle,	which	means	that
voluntary	and	involuntary	joint	torque-angle	curves	can	differ	from	one	another.
In	other	words,	a	muscle	may	be	capable	of	producing	more	force	at	a	given
joint	angle	than	it	actually	does,	because	voluntary	activation	is	reduced	at	that
point.

Length-tension	relationship 	— 	each	muscle	contains	fascicles,	which	are
bundles	of	muscle	fibers.	Muscle	fibers	change	their	capacity	to	produce	force
depending	on	their	length,	because	they	are	made	up	of	long	strings	of
sarcomeres.	Each	sarcomere	produces	force	according	to	the	amount	of	overlap
between	the	actin	and	myosin	crossbridges,	and	according	to	the	amount	of
stretch	of	its	passive	elements.	This	combination	of	factors	tends	to	make	a
fascicle	produce	a	high	level	of	force	when	it	is	at	a	moderate	length	(when	there
is	maximum	overlap	between	the	actin	and	myosin	myofilaments	of	each
sarcomere)	and	also	at	a	long	length	(when	the	passive	elements	are	very
stretched).

Antagonist	muscle	activation 	— 	during	some	multi-joint	exercises,	the
behavior	of	two-joint	muscles	at	neighboring	joints	can	lead	to	changes	in	the
muscle	activation	of	antagonist	(opposing)	muscles.	For	example,	in	the	squat
the	activation	of	the	hamstrings	seems	to	increase	with	increasing	depth	when
lifting	heavy	weights,	and	this	will	increase	the	quadriceps	muscle	force	that	is
required	to	produce	any	given	knee	extension	joint	torque.

While	each	of	these	factors	can	have	a	meaningful	effect	on	our	ability	to
produce	a	turning	force	at	a	joint,	the	internal	moment	arm	is	the	factor	that
varies	the	most	widely,	and	so	it	has	the	greatest	effect	on	our	capacity	to
produce	a	joint	torque	at	any	given	joint	angle.

What	determines	the	requirement	for	a	turning	force	at	any	given
joint	angle?



While	joint	torque-angle	curves	describe	the	way	in	which	our	capacity	for
producing	a	joint	torque	changes	with	joint	angle,	external	resistance	curves
describe	the	required	joint	torque	at	each	joint	angle,	or	at	a	point	in	an	exercise
range	of	motion.

External	resistance	curves	are	determined	by	two	main	factors:

External	moment	arm	length	 —	 the	joint	torque	that	we	must	exert	to	lift	a
weight	is	at	least	equal	to	the	turning	force	that	the	weight	exerts	on	the	joint.
This	turning	force	is	determined	partly	by	the	size	of	the	weight,	and	partly	by
the	leverage	of	the	weight	on	the	joint.	When	we	lift	a	barbell	or	dumbbell,	this
leverage	is	determined	by	the	horizontal	distance	between	the	weight	and	the
joint.	This	is	why	the	biceps	curl	is	hardest	in	the	middle	of	the	movement,	when
the	forearm	is	horizontal	and	the	weight	is	furthest	from	the	elbow.	It	is	also	why
the	squat	is	hardest	near	to	the	bottom	of	the	movement,	when	the	hip	and	knee
joints	are	furthest	in	a	horizontal	direction	from	the	barbell.

External	resistance	type 	— 	the	object	providing	the	external	resistance	affects
the	amount	of	force	that	is	required	at	each	point	in	the	movement.	For	example,
when	we	lift	a	weight,	we	must	overcome	the	forces	of	both	gravity	and	inertia.
Gravity	is	constant	at	all	points	during	the	lift,	but	we	only	need	to	overcome
inertia	when	we	are	accelerating	the	weight,	which	is	at	the	start.	In	contrast,
towards	the	end	of	the	lift,	we	can	allow	the	weight	to	decelerate,	reducing	the
required	force.	This	means	that	anytime	we	lift	a	weight,	the	force	required	is
increased	at	the	beginning	and	decreased	at	the	end,	compared	to	a	completely
constant	resistance.	In	contrast,	if	we	use	elastic	resistance	for	strength	training,
we	must	overcome	the	tension	exerted	as	the	material	is	deformed,	and	this
tension	increases	progressively	with	increasing	length.	Therefore,	any	exercise	is
easy	at	the	start,	and	becomes	much	harder	towards	the	end.

Unless	you	often	switch	between	weights	and	elastic	resistance	in	your	training,
the	factor	that	differs	most	between	exercise	variations	is	the	external	moment
arm	length.	Even	so,	external	moment	arm	length	and	external	resistance	type
can	each	have	large	effects	on	the	required	joint	torque	at	any	point	in	the
exercise	range	of	motion.



What	are	the	different	types	of	strength	curves?

Strength	curves	of	most	of	the	common	exercises	used	in	the	gym	tend	to	follow
one	of	the	following	broad	patterns:

Flat	 — 	if	a	strength	curve	is	flat,	this	means	that	we	experience	the	exercise	to
be	similarly	difficult	throughout	its	range	of	motion.	Some	machines	are
designed	to	have	fairly	flat	strength	curves.	We	can	also	make	some	free	weights
exercises	have	flatter	strength	curves	by	adding	elastic	resistance	to	the	barbell.

Bell-shaped	 —	 if	a	strength	curve	is	bell-shaped,	then	this	means	that	we
experience	the	exercise	at	its	most	difficult	in	the	middle.	The	bell	shape	can	be
fairly	flat,	or	it	can	be	quite	pronounced.	The	standing	biceps	curl	is	the	classic
example	of	a	bell-shaped	strength	curve,	since	it	is	hardest	when	the	forearm	is
parallel	to	the	floor.

Linear	ascending	 —	 if	a	strength	curve	is	linear	ascending,	this	means	that	we
experience	the	exercise	as	being	most	difficult	at	the	start	of	the	lifting
(concentric)	phase.	The	barbell	squat	is	the	most	commonly-used	example	of	a
linear	ascending	strength	curve,	since	it	is	hardest	at	the	bottom	of	the
movement.

Linear	descending	 —	 if	a	strength	curve	is	linear	descending,	then	this	means
that	we	experience	the	exercise	as	most	difficult	at	the	end	of	the	lifting
(concentric)	phase.	The	best	example	of	this	type	of	strength	curve	is	the
dumbbell	lateral	raise,	which	is	so	difficult	at	the	top	that	it	is	nearly	impossible
to	pause	in	that	position,	unless	a	very	light	weight	is	used.

In	the	examples	listed	above,	the	main	factor	that	contributes	to	the	exercise
strength	curve	is	the	external	moment	arm	length,	but	for	the	purposes	of
understanding	the	effects	on	hypertrophy,	we	need	to	be	aware	of	how	both	the
capacity	and	the	requirement	to	produce	force	are	altered.

How	can	exercise	strength	curves	affect	hypertrophy?	(active	and
passive	elements)



When	measuring	the	effects	of	a	single	exercise	variation,	performed	in	the	same
way,	the	number	of	stimulating	reps	performed	by	a	muscle	in	a	workout
determines	the	hypertrophic	stimulus.

The	number	of	stimulating	reps	is	probably	the	best	way	of	representing	training
volume	(and	therefore	time	under	tension).	Training	volume	seems	to	have	a
dose-response	relationship	with	muscle	growth,	although	the	exact	shape	of	that
relationship	is	still	unclear.	However,	not	all	reps	produce	the	same	hypertrophic
effects,	even	when	they	are	stimulating	for	the	muscle.

Differences	between	stimulating	reps	can	arise	when	the	active	or	passive
elements	of	a	muscle	fiber	contribute	proportionally	more	or	less	to	the	overall
force	that	is	exerted.	The	active	elements	of	a	muscle	fiber	are	the	contractile
parts,	which	produce	force	when	the	central	nervous	system	sends	a	signal	to	the
motor	unit	that	controls	it.	The	passive	elements	of	muscle	fiber	are	the	elastic
parts,	which	are	stretched	when	the	fiber	is	lengthened.

For	example,	exercises	can	be	performed	as	a	lifting	(concentric)	only	variation,
or	a	lowering	(eccentric)	only	variation,	and	they	can	be	performed	through
different	full	or	partial	ranges	of	motion.	In	each	case,	the	exercise	can	be
performed	so	that	it	produces	the	same	number	of	stimulating	reps,	but	the	effect
on	the	type	of	muscle	growth	will	differ,	although	the	overall	change	in	muscle
volume	seems	to	be	similar.

When	we	perform	an	exercise	as	a	lifting	(concentric)	only	variation,	or	through
a	partial	range	of	motion,	the	mechanical	tension	inside	the	muscle	fibers	is
experienced	primarily	by	the	active	(contractile)	elements.	This	seems	to	trigger
hypertrophy	through	increases	in	muscle	fiber	diameter.	When	doing	an	exercise
as	a	lowering	(eccentric)	only	variation,	or	through	a	full	range	of	motion,	the
mechanical	tension	inside	the	muscle	fibers	is	experienced	by	both	passive
(elastic)	and	active	(contractile)	elements.	This	seems	to	trigger	hypertrophy
through	increases	in	muscle	fiber	length.

In	the	same	way,	exercises	with	different	strength	curves	display	different	forces
when	the	muscles	are	in	lengthened	and	shortened	positions,	affecting	how	much
force	is	produced	by	either	the	passive	(elastic)	or	active	(contractile)	elements.
Exercises	with	flat,	bell-shaped,	or	linear	descending	strength	curves	will	place
comparatively	little	load	on	the	passive	elements,	while	exercises	with	linear



ascending	strength	curves	will	place	a	much	greater	load	on	the	passive
elements.

How	can	exercise	strength	curves	affect	hypertrophy?	(stretch-
mediated	hypertrophy)

When	we	alter	the	contribution	of	the	active	and	passive	elements	to	muscle
force,	the	main	effect	is	on	the	type	of	muscle	fiber	growth.	When	the	active
elements	are	predominantly	stimulated,	the	muscle	fiber	increases	in	diameter,
but	when	the	passive	elements	are	predominantly	stimulated,	the	muscle	fiber
increases	in	length.

However,	in	some	cases,	reaching	a	more	stretched	position	in	an	exercise,	and
thereby	loading	the	passive	elements	to	a	greater	extent,	also	causes	greater	total
hypertrophy,	and	not	just	greater	increases	in	fiber	length.

This	is	called	“stretch-mediated	hypertrophy.”

Stretch-mediated	hypertrophy	seems	to	happen	when	the	muscle	is	working
predominantly	on	the	descending	limb	of	the	length-tension	relationship	in	the
exercise,	such	that	the	passive	elements	contribute	substantially	to	total	force
production	for	the	majority	of	the	lift.

We	cannot	assume	that	stretch-mediated	hypertrophy	will	always	occur,
regardless	of	the	muscle	being	trained.	Its	effects	seem	to	be	limited	to	those
muscles	that	display	specific	length-tension	relationships.

Since	exercises	with	different	strength	curves	display	different	forces	when	the
muscles	are	in	lengthened	and	shortened	positions,	we	can	use	strength	curves	to
trigger	stretch-mediated	hypertrophy	in	those	muscles	that	are	responsive	to	it.
Exercises	with	flat,	bell-shaped,	or	linear	descending	strength	curves	are	not
suitable,	since	they	place	comparatively	little	load	on	the	passive	elements,	but
exercises	with	linear	ascending	strength	curves	are	likely	to	be	quite	effective,
because	they	place	a	much	greater	load	on	the	passive	elements.



How	can	exercise	strength	curves	affect	hypertrophy?	(regional
hypertrophy)

We	tend	to	think	of	muscles	as	fairly	uniform	objects	that	contract	in	the	same
way	regardless	of	the	direction	of	force,	or	the	joint	angle	at	which	force	is
produced.

In	fact,	muscles	are	often	made	up	of	multiple	regions,	each	functioning
somewhat	independently	of	one	another.	This	subdivision	of	a	muscle	into
regions	probably	arises	due	to	differences	in	the	leverage	that	each	region	of	the
muscle	has	on	the	joint	when	moving	it	in	different	directions,	or	at	different
joint	angles.	The	variety	in	other	aspects	of	muscle	regions,	such	as	architecture
and	fiber	type,	are	probably	features	that	arise	subsequent	to	this	original	factor.

Consequently,	exercises	tend	to	stimulate	more	muscle	growth	in	one	region	than
another.	This	may	occur	for	a	number	of	reasons,	but	it	is	most	likely	to	happen
because	of	differences	in	the	activation	of	the	muscle	from	one	joint	angle	to
another	and	the	subsequently	greater	deformations	of	the	fibers	in	one	region
compared	to	in	others.

Regional	muscle	growth	differs	between	lifting	(concentric	only)	and	lowering
(eccentric	only)	strength	training,	and	also	between	exercises	that	involve	larger
and	smaller	ranges	of	motion.	It	also	differs	between	exercises	that	display
different	strength	curves	by	using	either	constant	loads	or	accommodating
resistance.

How	can	exercise	strength	curves	affect	hypertrophy?
(proportional	muscle	contribution)

When	there	is	more	than	one	muscle	acting	at	a	joint,	the	effects	of	the	exercise
strength	curve	become	more	complicated,	because	their	relative	internal	moment
arm	lengths	determine	which	of	the	muscles	contribute	the	most	force	at	any
given	joint	angle.



For	example,	at	the	hip	joint,	the	hamstrings,	gluteus	maximus,	and	adductor
magnus	are	all	prime	movers	that	contribute	to	the	hip	extension	torque.
However,	their	internal	moment	arms	change	with	joint	angle,	and	they	change
in	different	ways.

The	internal	moment	arm	length	of	the	gluteus	maximus	increases	as	the	hip
approaches	full	extension,	the	internal	moment	arm	length	of	the	adductor
magnus	increases	as	the	hip	flexes,	and	the	internal	moment	arm	length	of	the
hamstrings	displays	a	shallow,	bell-shaped	curve.	This	means	that	when	the
squat	is	performed	with	a	partial	range	of	motion,	the	gluteus	maximus	is	a
larger	contributor	to	hip	extension	torque,	but	when	the	squat	is	performed	with
a	full	range	of	motion,	the	adductor	magnus	contributes	to	a	greater	extent.	We
might	therefore	expect	the	same	effects	from	altering	the	strength	curve	in	the
squat.	The	adductor	magnus	should	be	more	active	when	conventional	free
weights	are	used,	but	the	gluteus	maximus	should	be	more	active	when
accommodating	resistance	is	added.

Indeed,	we	already	know	that	switching	between	constant	load	weights	and
accommodating	resistance	during	knee	extension	training	causes	a	shift	in	the
amount	of	hypertrophy	that	occurs	in	the	two-joint	rectus	femoris,	but	not	in	the
single-joint	quadriceps.

What	does	this	mean	in	practice?

Strength	curves	are	complex,	so	it	is	important	to	figure	out	simple	guidelines	to
inform	strength	training	practice	when	training	for	maximum	increases	in	muscle
size.	As	set	out	above,	there	are	(at	least)	four	ways	in	which	the	strength	curve
of	an	exercise	can	affect	the	resulting	muscle	growth	that	occurs	after	a	workout,
as	follows:

Proportional	contribution	of	the	active	and	passive	elements 	—	 exercises
with	linear	ascending	strength	curves	(like	the	barbell	squat)	are	likely	to	load
the	passive	elements	more	than	exercises	with	flat,	bell-shaped,	or	linear
descending	strength	curves.	Such	exercises	will	involve	proportionally	greater
increases	in	fiber	length	than	in	fiber	diameter,	relative	to	exercises	with	other



strength	curves,	which	will	likely	affect	the	resulting	changes	in	shape	of	the
muscles.

Stretch-mediated	hypertrophy	 — 	exercises	with	linear	ascending	strength
curves	(like	the	barbell	squat)	are	likely	to	load	the	passive	elements	more	than
exercises	with	flat,	bell-shaped,	or	linear	descending	strength	curves.	For	some
muscles	that	operate	primarily	on	the	descending	limb	of	the	length-tension
curve,	this	can	cause	stretch-mediated	hypertrophy,	which	will	lead	to	greater
overall	increases	in	muscle	volume	compared	to	other	strength	curves.

Regional	muscle	growth	 — 	exercises	with	different	strength	curves	will	likely
produce	different	amounts	of	muscle	growth	in	each	functional	subdivision	or
region	of	a	muscle.

Proportional	involvement	of	muscles 	— 	exercises	with	different	strength
curves	will	likely	produce	different	amounts	of	muscle	growth	in	each	muscle
that	acts	as	a	prime	mover	at	a	joint,	because	of	variations	in	the	internal	moment
arm	lengths	with	joint	angle.

In	practice,	this	means	that	where	a	muscle	is	operating	primarily	on	the
descending	limb	of	the	length-tension	relationship	(like	the	quadriceps),
selecting	an	exercise	that	has	a	linear	ascending	strength	curve	(like	the	barbell
squat)	is	probably	going	to	be	slightly	more	effective	for	overall	hypertrophy
than	an	exercise	with	a	different	strength	curve.

Additionally,	it	means	that	a	variety	of	exercises,	with	different	strength	curves,
are	likely	optimal	for	maximum	muscle	growth,	as	each	exercise	(and	each
strength	curve)	will	produce	a	different	stimulus,	either	because	of	their	different
effects	on	fiber	length	or	fiber	diameter,	their	different	effects	on	each	region	of
a	muscle,	or	their	different	effects	on	the	various	prime	mover	muscles	at	a	joint.

What	is	the	takeaway?

Exercise	strength	curves	describe	the	way	in	which	the	difficulty	of	a	movement
changes	over	its	range	of	motion.	Strength	curves	can	be	flat,	such	that	the



exercise	is	similarly	difficult	over	the	whole	range	of	motion,	or	varying,	such
that	the	exercise	is	more	difficult	at	one	point	than	at	others.

An	exercise	strength	curve	is	determined	by	the	way	in	which	our	capacity	for
producing	force	changes	across	the	joint	angles	used	in	an	exercise	and	the	way
that	the	requirement	for	force	production	changes	over	the	exercise	range	of
motion.	This	means	that	both	internal	(relating	to	the	body)	and	external
(relating	to	the	exercise)	factors	affect	the	effects	of	a	strength	curve.

Strength	curves	affect	hypertrophy	because	they	(1)	alter	the	proportional
contribution	of	the	active	and	passive	elements,	(2)	affect	how	much	stretch-
mediated	hypertrophy	can	occur	in	susceptible	muscles,	(3)	determine	which
region	of	a	muscle	is	most	stimulated	by	an	exercise,	and	(4)	alter	the
proportional	involvement	of	each	muscle	at	a	joint.	Overall,	this	suggests	that	a
variety	of	exercise	strength	curves	are	optimal	for	maximum	muscle	growth.



WHICH	MUSCLE	GROUPS	DO
EXERCISES	STIMULATE	(AND	WHICH
DO	THEY	JUST	WORK)?



When	we	design	a	bodybuilding	program,	we	choose	exercises	that	are	intended
to	increase	the	size	of	specific	muscles.	Each	exercise	is	allocated	to	workouts
within	the	program	such	that	each	muscle	is	targeted	with	the	required	amount	of
training	volume.

However,	most	exercises	require	more	than	one	muscle	to	be	active	at	the	same
time.	This	is	most	obvious	in	multi-joint	barbell	exercises,	like	the	squat,	which
requires	the	hands	to	hold	the	barbell,	the	upper	body	and	the	trunk	muscles	to
stabilize	it,	and	the	lower	body	muscles	to	lift	it.

And	yet,	the	squat	develops	some	of	those	muscles	far	more	effectively	than
others.	Clearly,	even	though	many	muscles	are	working,	only	some	of	them	are
being	stimulated	during	each	rep.

When	is	a	muscle	stimulated	by	an	exercise	and	when	is	it	just
working?

Bodybuilders	have	often	found	that	some	exercises	are	better	for	some	muscle
groups	while	other	exercises	are	better	for	others,	even	when	they	all	involve	the
same	muscle	groups.

For	example,	many	multi-joint,	lower	body	exercises	(including	the	squat,
deadlift,	lunge,	split	squat,	and	hip	thrust)	involve	combined	hip	and	knee
extension,	and	therefore	require	the	lumbar	erectors,	gluteus	maximus,	adductor
magnus,	hamstrings,	and	quadriceps	muscles	to	produce	force.

However,	each	of	these	exercises	(and	their	variations)	distribute	the	load
between	joints	and	between	muscles	slightly	differently.	This	means	that	some
muscles	are	stimulated	very	strongly,	while	others	are	stimulated	far	less
strongly.

To	identify	which	muscles	are	being	strongly	stimulated	and	which	are	not,	when
multiple	muscles	are	involved	in	an	exercise	or	exercise	variation,	we	must	first
identify	the	limiting	joint,	and	secondly	identify	the	limiting	muscle	group.	For



single-joint	exercises,	that	is	a	straightforward	task.	For	multi-joint	exercises,	it
is	quite	a	bit	harder.

Let’s	take	a	closer	look	at	lower	body	multi-joint	exercises,	as	an	example.

What	determines	the	limiting	joint	in	an	exercise?

In	the	lifting	(concentric)	phase	of	any	multi-joint,	lower	body	exercise,	the
lumbar,	hip,	knee,	and	ankle	joints	each	produce	turning	forces	(torques)	that
interact	with	one	another.	Together,	they	result	in	a	vertical	ground	reaction	force
that	causes	the	weight	and	the	body	to	travel	upwards.

The	placement	of	the	load,	the	starting	and	finishing	positions	of	the	joints	and
the	body	segments,	the	range	of	motion	through	which	each	joint	moves,	and	the
way	in	which	the	body	segments	interact	with	one	another	during	the	movement,
all	influence	the	sizes	of	each	joint	torque	and	therefore	their	relative
contributions	to	the	vertical	ground	reaction	force.

Changing	any	of	these	factors	can	alter	which	of	the	joints	is	the	limiting	factor
for	successful	performance	of	the	exercise.	This	in	turn	alters	which	muscle
group	is	stimulated	most	strongly.

For	example,	the	squat	and	the	deadlift	both	involve	the	lumbar,	hip	and	knee
joints	extending,	while	the	ankle	joint	plantar	flexes.	However,	compared	to	the
squat,	the	deadlift	involves	moving	through	a	larger	range	of	motion	at	the	hip,
but	a	smaller	range	of	motion	at	the	knee.	Also,	the	relative	positions	of	the	hip
and	knee	mean	that	the	external	moment	arm	length	at	the	hip	is	longer	in	the
deadlift,	while	the	external	moment	arm	length	at	the	knee	is	shorter.
Consequently,	the	deadlift	is	limited	by	the	ability	of	the	hip	muscles	to	produce
a	joint	torque	at	the	hip.	In	this	respect,	it	differs	from	the	squat,	which	is	limited
by	the	ability	of	the	single-joint	quadriceps	to	produce	a	joint	torque	at	the	knee.

This	is	why	the	deadlift	is	often	chosen	as	an	exercise	to	develop	the	low	back
and	hip	extensor	muscles	(lumbar	erectors,	gluteus	maximus,	adductor	magnus,
and	hamstrings),	while	the	squat	is	commonly	allocated	to	workouts	used	to
develop	the	quadriceps.



N.B.	Changing	joint	contribution	without	altering	the	limiting
joint

Changing	biomechanical	factors	can	also	alter	the	proportional	involvement	of
each	of	the	joints	but	*without*	affecting	which	joint	is	the	limiting	factor.

For	example,	the	high-bar	and	low-bar	squats	both	involve	hip	and	knee
extension	joint	torques,	but	the	placement	of	the	load	alters	peak	joint	angles.
When	expressed	relative	to	the	vertical	ground	reaction	force,	the	low-bar	squat
likely	involves	a	proportionally	larger	hip	extension	torque,	while	the	high-bar
squat	involves	a	proportionally	larger	knee	extension	torque.	This	means	that	the
single-joint	quadriceps	probably	contributes	proportionally	more	to	vertical
ground	reaction	force	than	the	hip	extensors	in	the	high-bar	squat,	than	in	the
low-bar	squat.

Even	so,	since	the	single-joint	quadriceps	muscle	group	is	probably	the	limiting
factor	in	both	squat	variations,	it	is	not	really	possible	to	load	them	more	in	the
high-bar	squat	than	in	the	low-bar	squat.	From	a	bodybuilding	point	of	view,	the
only	differences	between	these	exercise	variations	is	that	in	the	low-bar	squat	(1)
a	heavier	weight	must	be	lifted,	and	(2)	the	hip	extensors	must	produce	more
force,	therefore	experiencing	greater	mechanical	loading.

N.B.	Individual	differences

It	is	also	worth	noting	that	different	people	tend	to	alter	the	exact	movement
pattern	(combination	of	joint	angle	movements)	that	they	use	to	perform	a	lift,
according	to	the	relative	strength	of	the	involved	muscle	groups.

For	example,	individuals	who	have	stronger	legs	relative	to	their	back	muscles
tend	to	perform	lifting	tasks	with	more	knee	involvement,	while	people	who
have	stronger	backs	relative	to	their	legs	tend	to	do	the	same	lifting	tasks	with
more	back	involvement.



Whether	this	tendency	affects	the	limiting	joint	is	not	completely	clear.	It	may
simply	shift	some	of	the	load	onto	the	stronger	joint,	such	that	a	heavier	load	can
be	lifted,	while	keeping	the	limiting	joint	the	same.	Alternatively,	it	could
genuinely	alter	the	exercise	such	that	the	limiting	factor	differs	between	different
individuals.

What	determines	the	limiting	muscle	in	an	exercise?

Often,	there	are	multiple	muscles	working	at	a	joint.	This	makes	it	difficult	to
tell	which	muscles	are	being	stimulated	by	an	exercise,	even	when	it	is	possible
to	identify	which	joints	are	the	limiting	factor.

The	ability	of	each	muscle	at	a	joint	to	contribute	to	joint	torque	is	determined
partly	by	the	amount	of	force	it	can	exert	and	partly	by	its	internal	moment	arm
length.	Changes	in	internal	moment	arm	lengths	of	each	muscle	group	occur
with	changing	joint	angle,	which	means	that	each	muscle	contributes	a	different
amount	to	joint	torque	at	different	joint	angles.

This	means	that	(1)	the	range	of	joint	angles	used	in	an	exercise,	and	(2)	the
exercise	strength	curve,	can	affect	which	of	the	muscles	at	a	joint	is	worked
more,	relative	to	the	others.

In	addition,	some	joints	have	muscles	that	cross	neighboring	joints.	These
muscles	are	called	“two-joint”	muscles.

When	an	exercise	involves	movement	at	both	of	these	joints,	movement	at	one
joint	can	alter	how	much	force	the	two-joint	muscle	produces	at	the	other	joint.
This	can	affect	the	contribution	of	the	muscles	in	a	way	that	is	not	immediately
predictable	from	the	joint	torque	contributions	to	the	vertical	ground	reaction
force.	Consequently,	the	way	in	which	two-joint	muscles	are	working	at	both
joints	in	a	multi-joint	exercise	can	affect	which	muscle	group	is	the	limiting
factor.



#1.	Range	of	joint	angles

Differences	in	the	range	of	joint	angles	used	in	an	exercise	are	most	easily
appreciated	by	comparing	different	ranges	of	motion	in	the	same	exercise,
although	they	can	also	occur	between	totally	different	exercises.

For	example,	the	adductor	magnus	contributes	the	most	to	hip	extension	torque
when	the	hip	is	flexed,	the	gluteus	maximus	contributes	the	most	when	the	hip	is
extended,	and	the	hamstrings	contribute	a	similar	level	at	all	joint	angles.	This	is
why	partial	squats	involve	a	proportionally	greater	contribution	from	the	gluteus
maximus,	and	deeper	squats	involve	a	proportionally	greater	contribution	from
the	adductor	magnus.

The	same	effect	can	be	observed	when	comparing	the	hip	thrust	and	the	squat.
The	squat	requires	hip	extension	torque	to	be	produced	over	a	large	range	of
motion	(including	very	flexed	hip	joint	angles,	where	the	adductor	magnus	is	the
most	important	contributor),	but	the	hip	thrust	requires	hip	extension	torque	to
be	produced	through	a	smaller	range	of	motion	that	includes	fairly	extended	joint
angles,	where	the	gluteus	maximus	is	the	most	important	contributor.

#2.	Strength	curves

Differences	in	the	strength	curves	used	in	an	exercise	are	most	easily	appreciated
by	comparing	the	effects	of	using	different	types	of	resistance	in	the	same
exercise.

Strength	curves	are	determined	by	body	position	and	also	by	the	type	of
resistance	used.	Using	weight	as	resistance	usually	leads	to	a	steep	strength
curve,	where	the	greatest	forces	are	required	at	the	start	of	a	lift	when	the	joint
angles	are	flexed.	In	contrast,	using	elastic	resistance	usually	flattens	the	strength
curve,	or	even	causes	an	increasing	strength	curve,	where	the	forces	required	are
highest	at	the	end	of	the	lift.

For	example,	when	using	elastic	resistance	in	the	deadlift,	the	activation	of	the
erector	spinae	is	higher	at	the	end	of	the	lifting	phase	of	the	exercise	range	of



motion,	but	it	is	higher	in	the	first	part	of	the	lifting	phase	when	using	free
weights.

The	same	effect	can	be	observed	when	comparing	the	hip	thrust	and	the	squat.
The	strength	curve	of	the	squat	is	steep	because	the	external	moment	arm	lengths
of	the	barbell	decrease	over	the	lifting	(concentric)	phase	of	the	movement.	This
means	that	the	greatest	hip	extension	torques	are	required	at	very	flexed	joint
angles,	where	the	adductor	magnus	is	the	most	important	contributor.	In	contrast,
the	strength	curve	of	the	hip	thrust	is	flatter,	and	since	it	only	moves	through	a
small	range	of	motion	including	fairly	extended	joint	angles,	the	gluteus
maximus	is	the	most	important	contributor.

#3.	Behavior	of	two-joint	muscles

The	behavior	of	two-joint	muscles	depends	primarily	on	the	direction	of	the	joint
torques	that	are	required	to	produce	the	lift.	For	example,	in	the	deadlift	the
vertical	ground	reaction	force	is	created	by	the	hip	producing	a	hip	extension
torque	and	the	knee	producing	a	knee	flexion	torque.	Since	the	hamstrings	are
both	hip	extensors	and	knee	flexors,	this	means	that	the	contribution	to	the
system	force	that	is	required	from	the	two-joint	hamstrings	is	very	high,	because
they	must	work	to	both	extend	the	hip	and	also	flex	the	knee.

In	contrast,	in	the	squat,	the	vertical	ground	reaction	force	force	is	created	by	the
hip	and	knee	both	producing	extension	torques.	Since	the	hamstrings	are	hip
extensors	and	knee	flexors,	this	means	that	the	contribution	required	from	the
hamstrings	is	conflicting.	When	the	hamstrings	produce	force	to	assist	with
extending	the	hip,	they	simultaneously	produce	force	that	flexes	the	knee.	This
acts	to	reduce	the	knee	extension	torque.	Consequently,	whenever	the	hamstrings
increase	their	contribution	to	hip	extension	torque,	the	quadriceps	must
simultaneously	increase	their	contribution	to	knee	extension	torque.

This	is	why	adding	a	requirement	to	produce	hip	extension	torque	to	an	existing
knee	extension	torque	increases	the	activation	of	the	quadriceps.	Comparing	the
joint	torques	at	the	hip	and	the	knee	in	combined	hip	and	knee	extension
exercises	will	always	underestimate	the	contribution	of	the	quadriceps.



What	does	this	mean	for	hypertrophy?

We	know	that	muscles	grow	after	strength	training,	when	the	muscle	fibers
controlled	by	their	high-threshold	motor	units	are	simultaneously	recruited	and
shorten	slowly.	This	is	what	brings	about	the	mechanical	loading	that	stimulates
hypertrophy.

When	we	experience	fatigue	during	a	series	of	reps	of	a	strength	training
exercise,	motor	unit	recruitment	of	the	muscle	or	muscle	group	that	is	the
limiting	factor	will	increase,	reaching	a	maximum	as	we	approach	failure.
However,	it	is	unlikely	that	the	motor	unit	recruitment	levels	of	the	other
muscles	(the	ones	that	are	not	the	limiting	factor)	will	reach	a	maximum	at	the
same	time.

Some	of	those	other	muscles	may	be	partially	stimulated,	or	they	may	not	be
stimulated	at	all.	Either	way,	only	limiting	muscles	will	receive	the	full	benefit	of
each	stimulating	rep	during	training	with	any	given	exercise.

What	does	this	mean	for	programming?

The	fact	that	an	exercise	produces	a	greater	stimulating	effect	on	the	limiting
muscle,	compared	with	the	other	muscles,	has	two	implications.

Firstly,	it	means	that	we	can	only	count	the	number	of	stimulating	reps	for
limiting	muscles	during	exercises.	Other	muscles	can	be	stimulated,	but	the
extent	to	which	they	are	stimulated	will	vary	from	exercise	to	exercise	and	from
person	to	person.	For	example,	some	exercises	will	stimulate	one	muscle
strongly	and	other	muscles	to	a	low-to-moderate	extent.	Other	exercises	might
stimulate	one	muscle	strongly	and	another	muscle	to	a	moderate-to-strong
extent.

Secondly,	it	means	that	while	only	one	muscle	will	receive	the	full	stimulus	of
the	stimulating	reps	in	an	exercise,	a	number	of	muscles	will	be	worked	(to	a



lower	level)	and	will	experience	fatigue,	and	subsequently	muscle	damage.

In	practice,	this	means	that	bodybuilding	programs	that	are	mainly	made	up	of
single-joint	exercises	are	easier	to	program	for	muscular	development	(easier	to
program	is	not	necessarily	better).	Workouts	using	single-joint	exercises	are	less
likely	to	involve	muscles	being	worked	without	also	being	stimulated.	In	such
workouts,	it	is	easy	to	track	the	true	stimulating	volume	for	each	muscle	over	the
week.	Also,	few	muscles	will	experience	fatigue	and	muscle	damage	without
also	being	stimulated,	making	it	easy	to	increase	the	recovery	time	between
workouts	for	each	muscle.

What	other	features	of	an	exercise	affect	whether	it	stimulates	a
muscle?

The	amount	of	muscle	mass	that	is	used	in	an	exercise	also	affects	the
proportional	amount	of	central	fatigue.	The	more	muscle	mass	that	is	used	in	the
exercise,	the	greater	the	central	fatigue	and	the	harder	it	is	to	achieve	full	motor
unit	recruitment	to	do	stimulating	reps.

Research	has	shown	that	when	we	perform	exercise	that	involves	a	smaller
amount	of	muscle	mass,	we	can	tolerate	greater	peripheral	muscular	fatigue	than
when	we	perform	exercise	that	involves	a	larger	amount	of	muscle	mass.	In
contrast,	when	we	perform	an	exercise	that	involves	a	larger	amount	of	muscle
mass,	we	tend	to	experience	greater	central	fatigue	and	we	therefore	stop	before
reaching	as	high	a	level	of	peripheral	muscular	fatigue.

This	fascinating	phenomenon	has	been	observed	when	comparing	single-joint
and	multi-joint	exercises,	single-leg	and	two-leg	exercises,	and	larger	leg
muscles	with	smaller	arm	muscles.

We	can	therefore	reduce	the	amount	of	central	fatigue	that	we	experience	by
using	exercises	with	smaller	amounts	of	muscle	mass,	such	as	those	that	involve
only	single	joints,	or	single	limbs.	Such	exercises	may	be	particularly	beneficial
at	the	end	of	a	workout,	when	central	fatigue	is	naturally	high.



Even	so,	performing	exercises	with	high	levels	of	peripheral	fatigue	causes	more
post-workout	muscle	damage,	because	the	muscle	fibers	are	exposed	to	high
levels	of	intracellular	calcium	for	a	longer	period	of	time.	Consequently,	using
exercises	that	*decrease*	central	fatigue	within	a	workout	actually	*increases*
central	fatigue	after	the	workout,	because	muscle	damage	is	the	main
determinant	of	post-workout	central	fatigue.	Such	exercises	may	therefore	be
most	appropriate	in	body	part	split	routines,	where	high	volumes	are	performed
for	individual	muscles	in	less	frequent	workouts.

What	is	the	takeaway?

Some	exercises	stimulate	a	muscle	more	than	others,	even	when	both	exercises
require	the	same	muscle	groups	to	contribute	to	overall	force	production.	Which
muscle	is	stimulated	most	strongly	during	an	exercise	depends	firstly	on	which
joint	is	the	limiting	factor	for	the	exercise,	which	can	differ	between	exercises
and	exercise	variations,	and	could	also	be	affected	by	individual	movement
patterns.	It	also	depends	on	the	range	of	joint	angles	used	and	the	exercise
strength	curve,	and	also	on	the	behavior	of	two-joint	muscles	and	the	amount	of
muscle	mass	that	is	involved	in	an	exercise.



FINAL	WORD



Thanks	for	reading!

If	you	have	reached	this	point,	you	have	hopefully	enjoyed	this	book.	And	even
if	you	do	not	yet	agree	with	all	of	the	ideas,	I	hope	it	has	at	least	helped	you
question	some	of	your	assumptions	about	how	muscle	growth	occurs.

What's	next?

Well,	I	would	be	very	grateful	if	you	would	write	me	a	short	review	on	Amazon!

And	if	you	are	interested	in	reading	more	of	the	sports	science	that	went	into	the
analyses	in	this	book,	please	take	a	look	at	my	Instagram	account	here:

https://www.instagram.com/chrisabeardsley/

If	you	have	any	other	feedback	(including	if	you	find	any	mistakes	or	typos),
please	email	me	at	chris@strengthandconditioningresearch.com	Thank	you!

https://www.instagram.com/chrisabeardsley/
mailto:chris@strengthandconditioningresearch.com

