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Spine Biomechanics: A Review 
of Current Approaches 

Abstract 
The lumbar spine is a fundamental structure of the human body involved in almost 
any	 functional	 activity.	 Thus,	 the	 investigation	 of	 spine	 pathophysiology	 is	 of	
relevance	for	many	research	fields.	In	particular,	research	on	spine	biomechanics	
may	 provide	 important	 insights	 on	 the	 etiology	 of	 diseases	 affecting	 spinal	
tissues.	More	specifically,	spine	mechanics	and	biochemistry	can	provide	crucial	
information	on	adverse	mechanical	loading	conditions	or	unfavorable	biochemical	
environment	which	can	trigger	the	degeneration	of	the	intervertebral	disc,	a	major	
structural component of the spine. 

Several techniques have been developed for characterizing mechanical loads 
acting	on	 the	 spine.	Hereby,	a	 review	 imaging	methods,	motion	capturing,	 and	
mixed	approaches	integrating	biomechanical	analytical	frameworks	with	motion	
analysis is reported. 

Several	factors	can	disrupt	the	homeostasis	of	the	disc,	and	insufficient	nutritional	
supply	to	IVD	tissue	or	reduced	anabolic	activity	of	disc	cells	are	crucial	ones.	Since	
the metabolism of the IVD is complex and characterized by many biochemical 
events,	mathematical	modeling	is	a	convenient	approach	for	garnering	information	
that would be too complex to obtain via in-vivo or in-vitro experiments. In this 
contribution,	 the	 latest	 computational	 models	 and	 their	 major	 results	 are	
summarized and discussed. 

Keywords: Low	 back	 pain;	 Intervertebral	 disc	 degeneration;	Motion	 capturing;	
Intervertebral	disc	homeostasis;	Nutritional	supply;	Growth	factors

Introduction 
Lumbar	 spine	 offers	 support	 to	 the	 human	 body	 structure,	
and	it	 is	 involved	in	almost	all	the	functional	body	movements.	
Accordingly,	 the	 investigation	 of	 lumbar	 spine	 pathophysiology	
and of approaches for curing spine disorders represents a focal 
point	 in	many	 research	 fields	 such	 as	 ergonomics,	 kinesiology,	
sports medicine, and, of course, orthopaedics. In this context, 
knowledge	 of	 spine	 mechanics	 (kinetics	 and	 kinematics)	 and	
biochemistry	(tissue	homeostasis,	degeneration,	and	restoration)	
would	 provide	 crucial	 insights	 on	 the	 etiology	 of	 spine	
pathologies, and could suggest strategies for preserving integrity 
and	functionality	of	this	important	and	yet	complex	structure	of	
the human body.

Low	 back	 pain	 is	 a	 disease	 of	 epidemic	 proportion,	 whose	
prevalence	in	US	is	only	second	to	common	flu	[1].	This	potentially	
disabling	 medical	 condition	 is	 regarded	 as	 a	 serious	 socio-

economic	burden	for	the	Nation	[2],	and	is	receiving	 increasing	
attention	from	the	research	community.	The	etiology	of	low	back	
pain	 and	 associated	 radiculopathies	 are	 still	 unclear.	 However,	
they	 have	 been	 strongly	 associated	 to	 spine	 degenerative	
diseases	 (intervertebral	 disc	 degeneration,	 zygapophiseal	 joint	
osteoarthritis,	spondylolisthesis,	etc.)	[3],	which	can	have	either	
mechanical	(abnormal	loads,	abnormal	range	of	motion,	etc.)	[4]	
or	mechano-biological	origin	(impaired	tissue	nutrition,	smoking,	
ageing,	etc.)	[5,6].	General	aspects	of	spine	pathophysiology	are	
reported	in	the	following	section.

Research	on	spine	biomechanics	would	supply	valuable	findings	
for	treating	and/or	preventing	the	pathologies	of	this	important	
component of the human body. For instance, an accurate 
determination	 of	 the	 spine	motion	 and	 loading	 conditions	 are	
paramount for describing the mechanical environment of the 
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spinal	 segments.	Hereby,	 current	approaches	 for	 characterizing	
spine	 kinematics	 are	 discussed	 in	 the	 third	 section	 of	 this	
contribution.	 Also,	 environmental	 factors	 (impaired	 tissue	
nutrition,	 smoking,	 ageing,	 etc.)	 are	 believed	 to	 be	 directly	
related	 to	 the	 degradation	 of	 spine	 components.	 Since	 spine	
mechano-biology	 is	 very	 complex	 and	 involves	 a	 series	 of	
intertwined phenomena which are complex to study either in-
vivo or in in-vitro,	computational	modeling	represents	a	powerful	
approach	 for	 investigating	 the	 etiology	 of	 spine	 pathologies	
and possible treatments. A brief account on the state of the art 
of	 computational	 models	 for	 spine	 soft	 tissue	 components	 is	
reported	in	the	fourth	section	of	this	review.	

Pathophysiology of lumbar spine

Mobility and stability of the spine are governed by a complex 
neuro-musculoskeletal	 system	 which,	 in	 its	 turn,	 is	 usually	
subdivided	in	three	subsystems:	(1)	passive,	constituted	by	disc,	
ligaments,	 bones,	 and	 passive	 muscles;	 (2)	 active,	 including	
tendons	and	active	muscles;	and	 (3)	neural,	accounting	 for	 the	
nervous system and neural components within the passive and 
active	structures,	see	Figure 1	for	a	schematic.	

The	 intervertebral	 disc	 (IVD)	 is	 a	 soft	 tissue	 structure	 which	
allows	 both	 rotations	 (flexion-extension,	 lateral	 bending,	 and	
axial	torsion)	and	translations	(cranial-caudal,	medial-lateral,	and	
anterior-posterior)	of	the	vertebrae.	The	neuromuscular	system	
contributes to the stability of the spine. The muscles coordinately 
act	 to	 control	movements,	 balancing	 the	 action	of	 gravity,	 and	
provide	 passive	 elastic	 tension.	 A	 suboptimal	 motor	 control,	
specifically	 for	 those	 activities	 that	 are	 repetitively	 performed,	
may	cause	pain	or	spine	dysfunction.	

Usually,	 muscles	 as	 classified	 based	 on	 their	 hypothesized	
function	as	intersegmental	or	“local”,	believed	to	primarily	serve	
as	 stabilizers,	 and	multi-segmental	 or	 “global”,	 involved	 in	 the	
production	of	moments	 [7-9].	However,	debate	 is	 still	 open	on	
which muscles are important stabilizers and which others serve 
as moment generators. For instance, electromyographic analysis 
of torso muscles suggested that the more internal muscles 
transverse	 abdominis	 and	 internal	 obliques	 proactively	 control	
the	 stability	of	 the	 spine	 [10,11].	Also,	 an	association	between	
lumbar	 multifidus	 muscle	 wasting	 and	 symptoms	 of	 low	 back	
pain	has	been	reported	[12],	suggesting	the	involvement	of	this	
muscle	 in	 spine	 stabilization.	 in-vitro biomechanical analyses 
have	 predominantly	 focused	 on	 the	 investigation	 of	 local	
muscles,	 confirming	 that	 they	 increase	 the	 stiffness	within	 the	
spinal	 structure,	 thus	playing	a	critical	 role	 for	 stability	 [13,14].	
However,	 other	 authors	 hypothesize	 that	 global	 muscles	 may	
have	a	more	important	role	 in	spine	stabilization	since	they	act	
on the whole spine, as opposed to local muscles, which can only 
act	on	a	few	joints	[7].	Finally,	works	from	Cholewicki	and	McGill	
and Cholewicki and Van Vliet suggest that no single muscle, local 
or global, possesses a dominant responsibility for lumbar spine 
stability	[15,16].

The mechanisms of muscle recruitments have not been completely 
elucidated.	However,	both	biomechanical	and	neurophysiological	
observations	 suggested	 that	 deep	 intrinsic	 muscles	 control	
motion	 at	 intervertebral	 level,	 while	multi-segmental	 ones	 are	
involved	 in	 the	 overall	 control	 of	 spine	 orientation	 [17].	 Spine	
muscle	innervation	(mechanoreceptors	or	load-sensitive	endings)	
provide	 proprioceptive	 information	 necessary	 for	 controlling	
the muscular tone. Besides, nerve endings are also present in 
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Figure 1 Schematic	of	 spine	 substructures:	 passive	 (disc,	 bones,	 ligaments),	 active	 (muscles	 and	 tendons),	 and	neural	
components	are	shown.	Adapted	from	[17].
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passive	 structures,	 such	 as	 the	 annulus	 fibrosus	 of	 IVD	 and	 in	
the	zygapophyseal	 joint.	The	role	of	these	 innervations	has	not	
been	 clarified,	 and	 it	 is	 suggested	 that	 such	 structures	provide	
a	 feedback	 on	 position	 and	 movements	 of	 passive	 structures	
in	 order	 to	 regulate	 muscle	 tension	 to	 optimize	 mobility	 and	
stability. 

As	 described	 by	 Panjabi	 [18],	 spine	 biomechanics	 depends	 on	
the	 integrity	 of	 all	 three	 subsystems.	 In	 normal	 conditions,	 all	
the musculoskeletal structures interact in a properly coordinated 
fashion via the neural networks, producing the required 
movement	 and,	 at	 the	 same	 time,	 providing	 the	 necessary	
stability	to	the	spine.	In	contrast,	when	injuries	or	degenerative	
processes	impair	the	function	of	one	of	those	subsystems,	their	
complex and unique balance is disrupted and mechanical loads 
are	distributed	in	a	suboptimal	fashion	on	other	spine	structures,	
eventually	 leading	 to	 pain	 and	 dysfunctions.	More	 specifically,	
a	 dysfunction	of	 any	of	 the	 three	 subsystems	 controlling	 spine	
stability would lead to one or more of the following responses in 
the	other	subsystems:	(1)	an	immediate	compensatory	response,	
resulting	in	normal	function;	(2)	a	long-term	adaptation	resulting	
in	normal	 function	with	an	altered	spinal	stabilizing	system;	(3)	
an	 injury	which	would	 lead	 to	overall	 dysfunction,	 such	 as,	 for	
example, low back pain. 

Among	 all	 the	 spinal	 dysfunctions,	 degeneration	 and/or	
rupture	of	 the	 IVD	 is	one	of	 the	most	 investigated	events.	Disc	
degeneration	 reduces	 the	 mechanical	 properties	 of	 the	 IVD	
determining	 potentially	 pathogenic	 loads	 distributions	 in	 the	
rest of the spine components. For instance, the zygapophysial 
joint	 capsule,	 a	 synovial	 joint	 formed	 by	 the	 superior	 and	 the	
inferior	articular	processes	of	 two	adjacent	vertebrae,	provides	
a	 locking	mechanism	 to	 spine	 for	 resisting	 to	 shear	 translation	
and	 axial	 rotation.	 Moreover,	 during	 bending,	 this	 joint	 bares	
approximately	 20%	 of	 the	 spinal	 compressive	 force.	 However,	
in	 case	 of	 loss	 of	 disc	 height	 due	 to	 IVD	 degeneration,	 the	
zygapophysial	 joint	 may	 increase	 its	 load	 bearing	 function	 up	
to	70%	of	 the	total	spinal	compressive	 force	 [19].	Moreover,	 in	
normal	 physiological	 conditions,	 the	 IVD	 bear	 approximately	
40%	of	the	torque	strength,	and	the	remaining	part	is	attributed	
to the interspinous ligament. The narrowing of the IVD due to 
degeneration	may	reduce	the	ligament	tension,	thus	decreasing	
its	 effectiveness	 in	 providing	 passive	 stability	 during	 rotation	
or	 translation	 [17].	 The	 rupture	 of	 disc	 integrity,	 as	 occurring	
during	a	process	of	herniation,	has	been	directly	related	to	the	
pathogenesis	 of	 radiculopathies,	 such	 as	 sciatica.	 In	 normal	
physiological	 conditions,	 the	 nucleus	 pulposus	 (NP)	 of	 IVD	 is	
completely isolated from the environment surrounding the disc. 
The	immediate	consequence	of	the	herniation	is	the	contact	of	
NP material with the nerve endings surrounding the disc and the 
nerve root. This exposure to the external environment elicits an 
immediate	autoimmune	response	of	the	tissue.	Accordingly,	pro-
inflammatory	cytokines	are	expressed	at	increased	rate,	causing	
the	formation	of	scar	tissue	and	generating	local	pain.	However,	
this	 biological	 effect	 of	 the	 disc	 alone	 does	 not	 cause	 sciatica.	
Experimental	 studies	 have	 shown	 that	 epidural	 application	 of	
NP	material,	when	in	combination	of	mechanical	compression	of	
nerve	root,	produces	sciatic	pain.	However,	no	pain	is	registered	
when either contact of NP with nerve endings or mechanical 

compression of nerve root alone occur. It has been hypothesized 
that,	 when	 also	mechanical	 injury	 (nerve	 root	 compression)	 is	
superimposed	 to	 biological	 disc	 effects,	 concentration	 of	 pro-
inflammatory	 cytokines	 exacerbates,	 and	 radiculopathic	 pain	
occurs	[20],	(Figure 2). Further research is required to elucidate 
the	etiology	of	this	common	medical	condition,	and	its	diagnosis,	
treatment,	and	prevention.	

Characterizing in-vivo spine kinematics
It is believed that an altered mechanical environment (e.g., 
cyclic	 overloading,	 chronic	 limited	 range	 of	 spine	motion,	 etc.)	
may	accelerate	the	process	of	IVD	degeneration	[4].	However,	a	
causal	relationship	between	mechanical	overloading	and	failure	
of human disc has only been proven in-vitro,	due	to	difficulties	
in	 directly	 measuring	 spine	 loads	 in-vivo.	 Mainly	 based	 on	
radiographic	 techniques	 [21-23],	 non-invasive	 approaches	 for	
determining in-vivo loads have been developed: by determining 
relative	motion	between	two	including	vertebrae,	in-vivo levels of 
disc	compression	or	stretch	could	be	indirectly	quantified.	Major	
limitations	of	such	approaches	are	that,	during	testing,	subject’s	
motion	 is	 constrained,	 and	only	 specific	 functional	 activities	 of	
lumbar	spine	can	be	monitored.	Hence,	they	are	not	deployable	
for	 investigating	 spine	biomechanics	during	 complex	 functional	
activities.

Motion	 analysis	 is	 a	 widely	 accepted	 tool	 in	 both	 clinical	 and	
research	 applications	 for	 studying	 body	 biomechanics.	 This	
approach	 combines	 tracking	 of	 passive	 skin-mounted	 markers	
to	 mathematical	 models	 for	 calculating	 joint	 kinematics.	 One	
of the advantages of this method is that it can be applied for 
any	functional	activity	of	the	body	with	no	necessity	of	motion	
restrictions.	 Although	 most	 generally	 used	 for	 performing	 gait	
analysis, this approach has also been successfully employed for 
investigating	pathological	 spine	 conditions	 [24,25].	However,	 in	
these studies, the trunk was considered as a single rigid body. 
Other	 studies,	 aimed	 at	 evaluating	 spine	 kinematics	 during	
walking,	utilized	multi-segment	spine	models	by	applying	markers	
on posterior spinous processes of cervical, thoracic, and lumbar 
spine	 [26,27].	 In	 these	 approaches,	 an	 accurate	 individuation	
of those spinous processes where markers are supposed to be 
attached	is	paramount	for	the	precision	of	the	spine	kinematics	
measurements.	 Hence,	 the	 localization	 of	 lumbar	 posterior	
spinous	processes	may	represent	a	significant	technical	challenge	
when	 subjects	 involved	 in	 the	 analysis	 have	 a	 body	 structure	
characterized	by	a	significant	presence	of	fat	tissue	on	the	lower	
back.

An	alternative	approach	to	predict	in-vivo loads on lumbar spine, 
combining	 an	 analytical	 biomechanical	 framework	 to	 motion	
capture,	has	 recently	been	proposed	 [28,29].	More	specifically,	
a	 biomechanical	 model	 schematizes	 the	 spine	 as	 a	 kinematic	
chain	of	rigid	bodies	representing	lumbar	and	thoracic	vertebrae	
(from	 T10	 to	 S1),	 which	 are	 connected	 among	 each	 other	 by	
intervertebral discs, see Figure 3.	 Motion	 analysis	 of	 skin-
mounted	markers	 on	 subject’s	 pelvis	 and	 thorax	 provide	 input	
data	for	the	model	to	calculate	relative	motion	among	vertebrae.	
These	data	 are	deployed	 into	 an	 inverse	 kinematic	analysis	 for	
determining	forces	and	moments	acting	on	lumbar	vertebrae.	In	
principle, this tool would be able to predict lumbar spine loads for 
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any	 functional	activity	of	 the	human	body	circumventing	 those	
technical challenges associated to the experimental approaches 
above discussed. 

Modeling the biomechanics of soft tissues in the 
spine
The	IVD	is	the	largest	soft	tissue	structure	in	the	spine,	providing	
load	support	and	spinal	flexibility.	Due	to	its	crucial	functional	and	
structural	 roles	 in	 spinal	biomechanics,	 IVD	health	 is	 intimately	
related	 to	 the	health	 of	 the	whole	 spine:	 disc	 degradation	has	
been associated with several spine pathologies (e.g., low back 
pain,	 stenosis,	 spine	 instability,	 etc.)	 [3,30,31].	 The	 continuous	
presence of a compressive load on the IVD may compromise the 
integrity	of	the	extracellular	matrix	(ECM)	of	the	disc.	Therefore,	
in	 order	 to	 accomplish	 with	 its	 structural	 function,	 the	 IVD	
undergoes	 a	 continuous	 turnover	of	 its	 ECM.	 This	 homeostatic	
process is regulated by a delicate balance between catabolic and 
anabolic cellular processes: while, through catabolism, damaged 
or old components of the ECM are disposed, during the anabolic 
cellular	activity,	matrix	 structure	 is	either	 repaired	or	 replaced.	
Disruption	of	the	homeostatic	balance,	due	to	insufficient	anabolic	
activity	or	excessive	catabolism,	leads	to	the	degeneration	of	the	
IVD	[32].	To	date,	the	precise	mechanisms	causing	the	alteration	
of IVD homeostasis are not completely understood yet, and it is 

believed	that	 the	etiology	of	disc	degeneration	 is	multifactorial	
including,	among	other	factors,	genetic	influence,	aging,	adverse	
mechanical	 environment,	 and	 insufficient	 nutritional	 supply	
[4,5,33,34].	

In vivo and in vitro studies have contributed to shed light on 
the mechanisms associated to disc physiology and pathology. 
However,	 such	 experimental	 approaches	 present	 limitations	
in	accurately	quantifying	 the	spatial	and	 temporal	variations	of	
internal	stresses	and	strains	within	tissue,	transport	phenomena,	
chemical	 reactions,	 and	 parameters	 affecting	 them.	 As	 an	
alternative,	 theoretical	 frameworks	 and	 computational	 models	
can	 provide	 crucial	 insights	 into	 how	 IVD	 functions	 and	 fails.	
Accordingly, during the past decades, numerous numerical tools 
have	been	developed	and	deployed	to	investigate	IVD	functional	
biomechanics	[35].	

For	 instance,	 several	 studies	 investigated	 IVD	nourishment	 and	
metabolism. The IVD is the largest avascular structure in the human 
body, receiving nutrients from the vascular network surrounding 
the	 tissue	 at	 cartilage	 endplates	 (CEP),	 and	 around	 the	 lateral	
surface	of	 the	annulus	fibrosus	 (AF)	 [36-38].	Numerical	models	
showed	that	nutrients	(i.e.,	oxygen	and	glucose)	concentrations	
decrease	with	increasing	distance	from	disc	boundaries	to	critical	
values	at	tissue	mid-height	near	the	NP-AF	boundary	[39-41].	The	
same studies also showed that such low levels of nutrients further 
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decrease	when,	 due	 to	 tissue	 degradation,	 the	 porosity	 of	 the	
endplate	 reduces.	These	alterations	 in	 the	nutrient	distribution	
are	important	since	insufficient	nutritional	supply	can	adversely	
affect	 the	 ability	 of	 disc	 cells	 to	 adequately	 synthesize	 and	
maintain	ECM,	ultimately	leading	to	IVD	degeneration	[42].

In	 contrast	 to	 small	 solutes	 (e.g.,	 oxygen,	 glucose,	 etc.),	 larger	
molecules	 (e.g.,	 cytokines	 regulating	 cellular	 processes,	 PG	
composing	 the	 ECM,	 etc.)	 have	 a	 limited	 penetration	 into	 the	
disc	 [43].	 In	 this	 case,	 convective	 transport	 due	 to	 interstitial	
fluid	 redistribution	upon	physiologic	mechanical	 loading	of	 IVD	
enhances transport of these large molecular weight solutes. 
Through	 computational	 modeling,	 it	 has	 been	 estimated	 that	
the	net	effect	 convective	 transport	 for	 large	 solutes	over	 a	 full	
diurnal	cycle	is	about	30%	larger	in	solute	penetration	compared	
to	diffusion	alone	[43].

Several	computational	studies	have	also	attempted	to	account	for	
the	presence	of	cells	 in	 IVD	by	 formulating	cell	viability	criteria	
based on available experimental data. Usually in these models, 
cell	 death	 initiates	 as	 glucose	 levels	 fall	 below	 experimentally	
determined	 threshold	 levels	 [44,45].	 The	 results	 of	 studies	
deploying	 these	 computational	 tools	 suggested	 that,	 when	
tissue	degeneration	 is	 driven	by	 impaired	nutritional	 supply	 or	
calcification	of	 CEP	 area,	 cell	 death	 appears	 first	 in	 the	 central	
region	of	the	NP	(where	glucose	concentration	is	the	lowest),	and	
subsequently extends towards the inner the AF and to the CEP as 
degenerative	conditions	exacerbate	[46-51].	

Recently, several research groups have tried to address disc 
degeneration	by	developing	strategies	which	aim	at	stimulating	
the	 anabolic	 activity	 of	 disc	 cells.	 Such	 approaches	 include	
growth factor therapies, which are treatments based on the 
exogenous	administration	of	agents	(growth	factors)	stimulating	
cells	in	producing	ECM	components	[52].	Several	growth	factors	
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Figure 3 Spine	biomechanical	model.	(a)	Spine	levels	T10	to	S1	are	represented	by	rigid	bodies	connected	among	each	
other	via	elastic	elements;	(b)	Each	vertebral	reference	frame	is	centered	in	the	center	of	mass	of	the	vertebral	
body,	and	its	principal	directions	are	axial,	anterior-posterior,	and	medial-lateral.

are	 known	 to	up-regulate	 anabolism	 in	 IVD	 (e.g.,	 TGF-,	 IGF-1,	
BMPs,	 etc.)	 [32].	 In	 particular,	 it	 has	 been	 reported	 that	 IGF-1	
stimulates	the	production	of	proteoglycans	 (PG)	 in	 the	NP	cells	
of	 the	 IVD	 [53,54].	 Therefore,	 the	exogenous	administration	of	
IGF-1	 has	 been	 highly	 regarded	 as	 a	 potential	 therapy	 for	 disc	
degeneration.	 Unfortunately,	 preliminary	 studies	 on	 intradiscal	
injection	of	IGF-1	in	degenerated	IVD	of	rabbit	did	not	produce	
satisfactory	 results	 [55].	 Results	 obtained	 via	 computational	
models for IVD homeostasis suggest that this was likely due to 
the	dosage,	time	sequence,	and	composition	of	the	administered	
bolus	containing	the	growth	factor	[56,57].

The	 IGF-mediated	 biosynthesis	 of	 PG	 is	 the	 product	 of	 an	
intercellular	 signaling	 cascade	 initiated	 when	 IGF-1	 binds	 to	
IGF-specific	cell	surface	receptors	[58-60].	Hence,	the	efficiency	
of	 this	 biosynthetic	 mechanism	 depends	 on	 how	 many	 IGF-1	
molecules	 bind	 to	 cell	 receptors	 in	 the	 tissue.	 Because	 of	 this	
dose-dependent	 response	 of	 IVD	 cells	 to	 IGF-1	 stimulation,	
knowledge	and	control	of	 the	distribution	of	this	growth	factor	
in the disc is crucial for the success of the therapy. This is not an 
easy task, since several issues should be considered. For instance, 
the	half-life	of	IGF-1	in	IVD	may	represent	a	limiting	factor	[52]:	
during	the	administration,	IGF-1	may	degrade	before	reaching	the	
target	cells	to	be	stimulated.	Also,	IGF-1	increases	the	nutritional	
demand	of	IVD	cells	by	promoting	cellular	proliferation	[61],	and	
by	enhancing	cellular	metabolism	due	to	increased	PG	production	
[56].	Hence,	since	impaired	nutrition	represents	a	leading	cause	
to	disc	degeneration	[5],	IGF-1	administration	might	turn	out	to	
be detrimental for the health of the IVD. 

A	 model	 for	 the	 complex	 interactions	 of	 IGF-1	 with	 IVD	 cells	
and	ECM	has	been	proposed	[57],	see	Figure 4	for	a	schematic.	
In	 the	ECM	of	 IVD,	 IGF-1	 competitively	 reacts	with	 IGF	binding	
proteins	(IGFBPs)	and	IGF-1	cell	surface	receptors	(IGF-1R)	[60].	
The	first	of	 these	binding	 reactions	 leads	 to	 the	 formation	of	a	
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bound complex	 (IGF-1/IGFBP),	 which	 can	 reversibly	 dissociate	
into	its	constituents,	or	be	degraded	by	IGFBP-protease	to	free	IGF-
1	 [62].	 The	 interaction	between	 IGF-1	 and	 IGF-1R,	 leading	 to	 the	
formation	of	bound	cell	receptors	(IGF-1/IGF-1R),	is	also	reversible,	
and	upregulates	both	PG	production	and	cell	proliferation	[54,61].	
Alternatively,	upon	formation	of	the	bound	complex	IGF-1/IGF-1R,	
the	growth	factor	can	be	internalized	(eliminated)	by	disc	cells	without	
any	stimulation	of	either	ECM	biosynthetic	rate	or	cell	proliferation	
rate	 [58].	 In	 addition,	 both	 degradation	 of	 IGF-1	 and	 enzymatic	
degradation	of	binding	proteins	via	IGFBP-protease	are	considered.	
The	model	has	been	deployed	for	quantifying	the	effect	of	ageing	
and	 tobacco	 smoking	 on	 the	 disruption	 of	 the	 health	 of	 the	 IVD	
[63,64],	and	to	investigate	potential	growth	factor	therapies	for	disc	
restoration	[57,65].	Numerical	results	indicate	that	an	adequate	IVD	
anabolism	requires	both	sufficient	IGF-1	availability	and	cellularity,	
the	latter	conditional	to	sufficient	levels	of	nutrients	for	allowing	cells	
to	survive	and	synthetize	ECM.	In	a	normal	physiological	scenario,	
these	 conditions	 are	 met.	 In	 contrast,	 in	 pathological	 scenarios	
characterized	by	nutrients	deprivation,	ageing,	or	 smoking,	 cell	
death	occurs	and	causes	a	suboptimal	PG	distribution.	Moreover,	
the	 systemic	 administration	 of	 exogenous	 IGF-1	 for	 increasing	
the	anabolic	activity	of	 IVD	cells	 is	only	beneficial	 in	 those	disc	
regions	 receiving	 sufficient	 nutritional	 supply	 (i.e.,	 the	 most	
external	 regions	 in	proximity	with	 the	vascular	network),	while	
its	 presence	 exacerbate	 tissue	 degeneration	 in	 malnourished	
regions. Taken together, these results suggest that an adequate 
nutritional	 supply	 is	 paramount	 for	 ensuring	 disc	 health,	 and	
should	 be	 attained	 for	 a	 successful	 outcome	 of	 growth	 factor-
based	therapies	for	IVD	degeneration.

Conclusions 
Spine	 pathophysiology	 is	 complex,	 and	 dysfunctions	 can	 occur	

when the	integrity	of	its	passive,	active,	or	neural	components	is	
compromised.	Among	all	 the	 spinal	dysfunctions,	degeneration	
of	the	IVD	is	one	of	the	most	investigated	events,	and	its	etiology	
is	 still	 unclear.	 Unfavorable	 mechanical	 loading	 conditions	
and	 impaired	 nutrition	 are	 considered	 among	 the	 potentially	
responsible	for	the	degradation	of	the	IVD.	Accordingly,	research	
pathways	 have	 been	 delineated	 for	 investigating	 the	 both	 the	
mechanical	 (loading	 conditions)	 and	 the	 chemical	 (nutrition	
supply)	environment	of	the	IVD.	

Several techniques have been developed for measuring lumbar 
spine	kinematics.	Imaging	techniques	are	able	to	calculate	spine	
motion,	 but	 only	 for	 restricted	 activities.	 In	 contrast,	 motion	
capture	methods	 can	 determine	 spine	 kinetics	 and	 kinematics	
for	unrestricted	body	motion,	making	these	approaches	suitable	
for	 investigating	 disc	 mechanical	 environment	 during	 spine	
functional	activities.	

The homeostasis of the intervertebral disc is regulated by a 
delicate	 balance	 between	 anabolic	 and	 catabolic	 activities	
of	 disc	 cells	 which	 is	 very	 difficult	 to	 investigate	 in	 vivo	 or	 in	
vitro	 experiments.	 Hence,	 mathematical	 modeling	 represents	
a powerful approach for acquiring new knowledge on the 
mechanisms	 regulating	 disc	 physiology	 and	 pathology.	 Several	
factors	can	disrupt	disc	homeostasis,	and	insufficient	nutritional	
supply	to	IVD	tissue,	low	cellularity,	or	reduced	anabolic	activity	
of disc cells are crucial ones. 
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