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Abstract:  

Efficient load-sharing in the spinal column relies on the 

proper working of the components of the Functional 

Spinal Unit (FSU). Due to various reasons such as 

trauma, ageing and diseases, these components or even 

the entire FSU can get degenerated or injured during a 

person’s lifetime. Spinal column reconstruction 

surgeries were created with the aim to restore the 

functioning of the diseased or injured spine. Several 

spinal implants are available today for the surgeon to 

aid in this process. There are three major categories of 

these devices: anterior stabilization devices, posterior 

stabilization devices and motion preservation devices. 

This review highlights the in vitro research done on 

these devices, over the past five decades, to evaluate 

their ability to effectively share loads at the operated 

level of the spinal column. Some conclusions have been 

drawn based on this research. Dynamic anterior 

cervical plates are more successful at maintaining load-

sharing after graft subsidence and anterior stabilization 

devices can be used to provide support to posterior 

stabilization devices during severe anterior column 

injuries. Motion preservation devices, specifically 

cervical disc prostheses and facet replacement systems, 

show great potential in maintaining physiological loads 

in the spinal column. Further clinical investigation of 

all these implants would help to identify the 

contributing factors for their success or failure post-

surgery. It would also aid in determining the 

requirements of an ideal spine stabilization device 

which perfectly mimics the physiological load-sharing 

properties of the FSU and its components.  
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1. Introduction: 

The various components of a spinal 

column enable a person to carry out any 

physical activity in his/her daily life such 

as standing, walking, lying, jumping, etc. 

They do so by providing a well-defined 

path for proper transfer of the loads 

(generated due to these activities) through 

the spinal column. Attempts to delineate 

this path go back at least six decades when 

Nachemson et al in the 1960’s performed 

the first in vivo measurements of lumbar 

Intradiscal Pressure (IDP) using a needle 

pressure transducer with a polyethylene 

membrane tip. [15] IDP is developed in a 

healthy intervertebral disc (IVD) due to 

the presence of the Nucleus Pulposus (NP) 

which exerts hydrostatic pressure on the 

surrounding annulus. The Pressure 

Transducer was placed in the Nucleus 

Pulposus of a lumbar IVD to measure the 

IDP of healthy volunteers while they 

performed different physical activities. 

The results obtained from these studies 

were the foundation of many back-pain 

rehabilitation programs and for further 

investigations into the mechanism of load-

transmission through the spinal column. 

[26] They also spurred the development of 

different techniques to estimate loads 

transferred through individual components 

of a Functional Spinal Unit (FSU) which 

include the two adjacent vertebrae, the 

intervertebral disc and all the ligaments 

connecting them.  

Spinal loads can be estimated via in 

vivo, in vitro and computational methods. 

They range from pressure needle 

transducers in intervertebral discs [14] to 

3-D computational models of the human 

spine [12, 16, 22]. In vivo measurements 

of the spinal loads such as the IDP 

measurements by Nachemson et al [15] 

and Wilke et al [26] have helped to 

establish the loading limits during in vitro 

testing of the spine. In vitro studies are 

fairly common in the field because they 

don’t involve invasive surgeries on live 

humans. They help to quantify the 

working of various spinal implants before 

they are applied in the clinic and also 

provide validation of the several Finite 

Element models of the spine. [12, 16, 22] 

There are six main types of devices that 

measure either strain or pressure. These 

include Strain gauges (SG), Load cells 

(LC), Extensometers, Pressure sensitive 

films (Fujifilm), Digital pressure films, 

and Pressure needle transducers (PNT). 

Each of them has evolved over time. For 

example, the number of strain gauges to 

measure facet loads and their precise 

location on the vertebrae was optimized 

by Buttermann et al, in the 1990’s. [6] 
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Development of customizable load cells 

based on the principle of strain gauges 

with variable height to measure 

intervertebral loads and to determine the 

adequate height of the interbody graft is 

another such example. [7, 17, 20] Pressure 

films advanced from single-use Fujifilm 

[13, 25] to re-usable digital film to 

improve their accuracy and to reduce the 

amount of films used per study. [3, 4, 9, 

23] And, simple PNT’s initially developed 

by Nachemson in 1960 [14] have grown 

into more sophisticated pressure and force 

sensors that can less-invasively and more 

accurately measure intradiscal pressure in 

vivo and in vitro. [10, 24] Researchers 

have also extensively tested the 

repeatability and accuracy of each of these 

techniques. [2, 13, 27] 

This review discusses in vitro 

studies that have applied these six 

techniques to measure loads and to 

comprehend their path through the 

operated or instrumented level of the 

degenerated or injured spinal column. 

According to Wolff’s law, the forces or 

loads exerted on a bone, especially after 

an injury, influence the strength of the 

remodeled bone. [28] Hence, it is essential 

that surgical interventions relying on bone 

fusion do not negatively affect the 

remodeling process. Load-shielding is a 

phenomenon that occurs when the applied 

load is transmitted through the spinal 

implant instead of the bone graft, 

potentially inhibiting fusion. To ensure 

proper remodeling, appropriate load-

transfer through the bone graft is 

imperative. This is investigated in vitro 

via load-sharing studies discussed in the 

next section which draw conclusions on 

the importance of stabilization devices for 

improving arthrodesis and stability of the 

spinal column post-operatively. It is 

divided into three sub-sections according 

to the three main types of stabilization 

devices used which include anterior 

stabilization devices, posterior 

stabilization devices, and motion 

preservation devices, which include 

cervical disc prostheses and facet 

replacement systems. 

2. Role of interbody grafts and 

stabilization devices in load-sharing at 

the operated level: 

2.1. Anterior Stabilization 

Devices: 

The Anterior Cervical Discectomy 

and Fusion (ACDF) procedure for treating 

cervical spine diseases and injuries 

involves the introduction of a bone graft 

in the intervertebral space after 

discectomy (removal of IVD) with the 

goal of fusion of the two cervical 

vertebrae above and below the disc. The 
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adequate height of the graft introduced 

was an important parameter that was first 

determined in an in vitro study by 

Olsewski et al. [17] To determine this, 

load-sharing between the anteriorly placed 

graft and the posterior elements of 

cervical vertebrae was estimated. For this, 

a load cell graft, which consisted of a 

‘subminiature load cell’ with metal load 

shims that would alter the height of the 

graft while maintaining the load 

transmission through the vertebral body to 

the LC, was used to measure anterior 

column load. Strain gages were applied to 

measure the loads through the posterior 

elements. When the height of the graft 

went beyond 3 mm, it was observed that 

the load transferred through the posterior 

ligaments decreased significantly. This 

value was in agreement with clinical 

recommendations. Thus, it was concluded 

that the adequate intervertebral distraction 

should be 3 mm to prevent graft collapse 

and pseudoarthrosis following the ACDF 

procedure. 

Anterior Cervical Plates (ACP) were 

introduced to improve the rate of fusion 

after ACDF. However, it was unclear 

whether they would lead to load-shielding 

or load-sharing in the interbody bone graft 

introduced during the procedure. 

Therefore, Rapoff et al conducted a study 

to shed some light on this issue. [18] An 

extensometer was mounted on the lateral-

anterior aspect of the cranial and caudal 

vertebral bodies of three-FSU bovine 

cadavers containing an interbody graft 

with or without a Cervical Spine Locking 

Plate (CSLP) system. CSLP is a 

constrained (or rigid) plate which does not 

allow rotation or translation of the screws 

with respect to the plate thus limiting the 

intervertebral motion. The interbody 

displacement was measured by the 

extensometer. This was converted to the 

graft and plate loads. The results showed 

that the absolute load through the graft 

increased with increasing applied axial 

load. Hence, the plate did not hinder loads 

through the graft which was required to 

ensure faster arthrodesis. In a follow-up 

study by Rapoff in 2003, the effect of two 

new anterior cervical plates (Premier and 

Zephir) on the load sharing between them 

and the ACDF graft was examined using a 

similar procedure. [19] Both were semi-

constrained plates. Premier allowed both 

translation and rotation of screws while 

Zephir just allowed rotation. The applied 

load was measured using a load cell while 

intervertebral displacement was measured 

by an extensometer. No significant 

difference was found between the loads 

transmitted via the two plates but they 

were significantly higher than through the 

fully constrained CSLP system. Therefore, 
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semi-constrained (or dynamic) plates were 

considered to be better at load-sharing and 

achieving arthrodesis than constrained 

plates. 

Dynamic plates were, therefore, the 

next generation of anterior cervical plates 

that were developed to improve fusion 

rates by increasing load-sharing between 

the graft and the plate. However, whether 

this improvement was at the cost of 

stiffness was investigated by Brodke et al 

utilizing Digital pressure film and 

UHMWPE vertebral body models after a 

simulated corpectomy. [3] Four plating 

systems (2 dynamic and 2 static) were 

tested. The load through the graft was 

estimated by placing the film at the graft-

vertebral body interface. A 10% graft 

subsidence was also simulated to 

investigate the changes in load-sharing 

among the plating systems. The results 

indicated that all the plating systems had 

similar load-sharing properties for a 

complete graft, but after subsidence, the 

dynamic plates were more effective in 

load-sharing than the static plates. These 

results did not agree with the afore-

mentioned study where the graft load 

sharing for CSLP was considerably less. 

[19] However, it is not possible to directly 

compare the two studies as the approaches 

to determine graft loads were different. 

The stiffness of three of the plating 

systems (2 static and 1 dynamic) was 

significantly higher than that of the other 

dynamic plate. This indicated that the 

stiffness in dynamic systems depends on 

the plate design. This study was later 

replicated in human cervical spine 

segments by Brodke et al. [5] Three 

plating systems were compared (static, 

rotationally dynamic and translationally 

dynamic). The load-sharing with the full-

length graft was similar for all the three 

systems and was also similar to that 

obtained by Rapoff et al. [18, 19] 

Moreover, the results of the previous 

study for 10% graft subsidence were 

confirmed, i.e., both the dynamic plates 

performed significantly higher load-

sharing than the rigid system. This implies 

that during graft subsidence the static 

system causes the graft to lose its 

influence on the construct stiffness which 

is prevented by the dynamic system.   

Brodke et al also performed a 

similar study in 2003 where they 

compared the load-sharing and stiffness 

properties of six different anterior 

thoracolumbar systems (3 rod-style and 3 

plate-style systems) using UHMWPE 

models and digital pressure film to 

measure anterior column load, with and 

without an intervertebral graft after a 

simulated corpectomy. [4] Rod-style 

systems are more flexible than the plate-
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style systems and are expected to lead to 

higher load-transfer through the grafts. 

However, the results showed that the 

amount of load sharing, varying from 63% 

to 89%, did not depend on the style (rod 

or plate) of the stabilization system and 

was inversely proportional to the stiffness 

of the system. The presence of the graft 

was found to be essential for overall 

stiffness of the construct.  

In another study in 2003 by Yang 

and Wang, the effects of two types of 

differently constrained plate systems on 

load-transfer through the graft (PMMA) 

were compared by using a blade-type 

extensometer on the anterior portion of the 

vertebral body to measure strain through 

the spine. [29] An equation was used to 

convert this strain to load through the 

graft and through the plate-facet joint 

system. The results showed that the 

amount of load-sharing was similar for 

both types of plates and both of them 

provided adequate stability to the system. 

The minor difference in the two plates’ 

stabilization of the construct was 

construed to be due to differences in the 

plates’ geometries and not their material 

properties.  

The effect of type of anterior 

cervical plate (static versus dynamic) 

used, graft height and presence of 

posterior elements on the load sharing 

between graft and plate in human cervical 

spines was examined by Reidy et al. [20] 

A height adjustable subminiature load cell 

graft measured the graft load and two 

strain gauges measured the plate load. The 

load through the posterior elements was 

the difference between the applied load 

and the sum of graft and plate loads. Static 

plate was simulated by modifying the 

dynamic plate. Results showed 

significantly higher load passing through 

the graft with dynamic plating especially 

for the undersized graft. This key study 

agreed with previous studies performed on 

animal and UHMWPE models. It 

suggested that the plating systems 

designed in the future for the ACDF 

procedure should depend on whether the 

spine was degenerated or injured because 

in the latter case, the posterior elements 

may be compromised, which were found 

to play an important role in load-transfer 

especially under graft subsidence. 

The newest generation of anterior 

cervical plates are the Bioresorbable plates 

which can be assimilated by cellular 

activity and disappear once their work of 

providing immediate post-operative 

stability and graft-containment is done. A 

study by Freeman et al, investigated the 

effects of the bioresorbable plates versus 

the ‘gold standard’ titanium plates on the 
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load-sharing between the plate and the 

graft after a simulated ACDF. [11] It was 

observed that the bioresorbable plates 

allowed for more load-sharing with the 

graft (wooden) than the titanium plates 

under both physiologic static and cyclic 

loading conditions. They also remained 

intact and provided stability to the system 

during the entire testing procedure. In 

another study by Cheng et al, load-sharing 

characteristics of biodegradable and 

titanium plates were compared for a 

cervical discectomy model containing an 

interbody spacer. [7] The spacer was fitted 

with a subminiature LC with a high 

capacity (1112 N) with endplate 

components (to vary its height) similar to 

an interbody implant to directly measure 

axial loads through the anterior column. 

This was the first study to use a load cell 

that was customized to resemble an 

interbody implant to directly measure 

anterior column loads. Three conditions 

were compared: spacer alone, spacer with 

biodegradable polymer plate or with rigid 

titanium plate. No significant difference in 

load-sharing was observed among the 

three conditions, but both the plates 

significantly improved stability of the 

segments as compared to just the spacer. 

Bioresorbable plates have been clinically 

studied as well but the sample size of 

these studies was small. They were found 

to work as well as metal plates in one 

study done over a year and led to fusion 

and increased stability over 5-7 years of 

follow up in another study. [1, 21] 

Therefore, it is clear from these 

studies that the presence of an anterior 

cervical plate leads to load-sharing and 

not load-shielding. The performance of 

dynamic plates is similar to that of the 

rigid plates for a full graft but they tend to 

stabilize the graft better during its 

subsidence. Bioresorbable plates have not 

shown any significant advantage in load-

sharing over the dynamic and rigid plate 

systems. Thus, the efficacy of an anterior 

stabilization device in achieving 

arthrodesis may not solely depend on its 

flexibility. 

2.2. Posterior Stabilization 

Devices: 

Posterior stabilization devices that 

provide immediate post-operative stability 

and improve chances of arthrodesis in the 

spinal column have also evolved in 

parallel with anterior stabilization devices. 

Cripton et al investigated the load-sharing 

properties of lumbar spine segments after 

being stabilized with a rigid posterior 

implant. [10] Uniaxial strain gauges were 

used to create six-axis load cells to 

measure loads and forces through these 

implants and pressure transducers 
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measured the IDP. The authors concluded 

that these implants were not suitable for 

highly severe anterior column injuries in 

the absence of anterior stabilization 

systems because these devices would lead 

to higher load-sharing through the anterior 

column which being weak early in 

recovery and without support from 

anterior implants might not be able to 

handle those loads. 

Posterior dynamic stabilization 

(PDS) devices were introduced to ensure 

higher chances of arthrodesis and better 

anterior column loading. Yu et al 

compared the ISOBAR PDS system to 

rigid titanium rods in human lumbar spine 

segments. [30] A TLIF (Trans-foraminal 

Lumbar Interbody Fusion) procedure was 

performed on the specimens and a special 

TLIF cage with an integrated ‘uniaxial’ 

load cell was introduced. The height of the 

load cell could be varied to fit each FSU. 

Biomechanical testing indicated that the 

Isobar system led to significantly higher 

anterior column loading than the rigid 

rods under axial compression while the 

stabilization of Isobar system was similar 

to that of the rigid rod. The authors 

concluded that the uniaxial load cells were 

limited in utility since they could not 

provide a measurement of the moments 

transferred through the interbody graft. 

The authors concluded that the Isobar 

system has the potential to improve rates 

of arthrodesis and further clinical studies 

were suggested to confirm this.   

In another study by Sengupta et al, 

the load-sharing between the anterior 

column of a UHMWPE vertebral body 

model with an interbody spacer and three 

types of posterior stabilization devices 

(Rigid rods, PEEK rods and PDS systems) 

was analyzed. [23] The upper end of the 

spacer was flat while the lower end was 

not due to the presence of ‘bone graft 

windows’ and therefore, the digital 

pressure film was placed between the 

‘superior’ body and the spacer to ensure 

the absence of any pressure artifacts. The 

data obtained from the pressure film was 

used to calculate the anterior column load 

and the pressure maps created were used 

to visualize the load distribution through 

the spacer itself. This gave the researchers 

a better idea of how the load being 

transferred from the body to the spacer 

varied due to the different posterior 

stabilization systems. The posterior 

dynamic stabilization system behaved 

most similarly to a physiological system 

as compared to rigid and semi-rigid PEEK 

systems because the amount of load 

transferred through the anterior column 

was significantly greater with PDS 

compared to the other two systems. 

Moreover, the contact pressures were 
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uniform throughout the disc with PDS and 

had smaller peak pressures on any point in 

the disc.  

One of the latest studies to examine 

the load-sharing properties of a PDS 

system utilized a novel approach for 

calculating the anterior column load 

through an interbody spacer. [9] The study 

was performed by Cook et al on cadaveric 

human lumbar spine specimens instead of 

UHMWPE models. The spacer was a 

PEEK ALIF cage which had a graft 

window on the top and an anterior 

window for a digital pressure film, so that 

it was in direct contact with the graft and 

exposed to a completely flat surface to 

avoid errors in pressure measurement 

during biomechanical testing. This also 

allowed tri-axial load measurement in 

cadaver specimens. The difference in 

load-sharing properties of the 

TRANSITION PDS system and Titanium 

rods was analyzed and it was concluded 

that there were no significant differences 

between the two systems in terms of load-

sharing properties. However, the use of 

titanium rods led to significantly lower 

graft loading as compared to graft only 

specimen in flexion, while there was no 

significant difference in graft loading 

between the graft only and PDS system 

specimens. Moreover, the stabilization 

achieved by both the systems was also 

similar which the authors attributed to the 

presence of the interbody graft and not the 

devices.  

The studies discussed here showed 

that PDS devices allow load-sharing but 

they may or may not be more efficacious 

than rigid posterior systems. The rigid 

systems may also lead to excess load-

transfer through the anterior column 

which can’t be handled without anterior 

plates. Nevertheless, clinical validation 

through long-term investigations can 

improve our understanding of these 

systems. 

2.3. Cervical Disc Prostheses and 

Facet Replacement Systems: 

Cervical disc prostheses are used for 

IVD replacement and a pilot study by 

Stieber et al investigated the effects of 

such a prosthesis on the facet joint loading 

profile. [25] This prosthesis had a unique 

design with saddle-shaped articulation to 

maintain physiological facet joint loading. 

The study used a thin film ink resistor 

overlaid with Fujifilm to measure pressure 

through the facet joints in the intact ovine 

cervical disc and the prosthetic disc. To 

insert the sensor, an arthrotomy of the 

superior facet was performed, but the 

capsular ligaments were preserved. No 

statistical differences in peak pressure, 

mean pressure, total force through the 
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facets were observed between the native 

and prosthetic disc conditions. However, a 

significant decrease in facet contact area 

was observed for the prosthetic disc as 

compared to the native disc which was 

attributed to the size of the prosthetic. The 

implications of these results were not clear 

but another study was performed to 

investigate the complete biomechanical 

profile of the same prosthetic disc and 

compare it with anterior plating by Colle 

et al. [8] The facet loads were measured 

using SG’s. The facet loads were not 

significantly different after prosthetic or 

plate insertion compared to intact 

condition. However, an increase in overall 

mean facet load after disc insertion was 

seen in extension which was attributed to 

improper disc insertion.    

Facet replacement systems are 

another set of motion-preservation devices 

that have recently been developed. A 

combined ex vivo and FEM study was 

conducted by Sjovold et al to investigate 

the load-sharing characteristics of the new 

and dynamic Total Facet Arthroplasty 

System (TFAS) implant compared to the 

conventional rigid UCR implant. [24] The 

TFAS system models an intact facet and 

has been designed to simulate the loading 

profile of a facet joint. To delineate this 

profile for TFAS, PNT’s were used to 

measure IDP while uniaxial SG’s 

measured the implant loads placed on 

human lumbosacral spine specimens 

which had undergone laminectomy and 

bilateral facetectomy. The TFAS system 

was found to produce pressure values 

similar to an intact lumbar spine, thus, 

maintaining the normal load sharing 

characteristics. 

Motion-preservation devices, such 

as the ones discussed above, have been 

designed to mimic the natural functions of 

the components of the FSU. They were 

found to behave similarly to the 

physiological IVD and the facet joints in 

these studies. Such favorable results 

warrant further investigation of the effects 

of different designs and different 

placements of these devices on the load-

sharing in the spinal column. 

3. Summary and Conclusions: 

This review discussed in vitro 

studies performed on human and animal 

cadaveric specimens and UHMWPE 

models to comprehend the changes in the 

load-sharing properties of the spinal 

column after introduction of an interbody 

graft and/or a stabilization device 

following degeneration or injury in the 

spine. Three types of stabilization devices 

were considered: anterior stabilization 

devices, posterior stabilization devices and 

motion preservation devices. These 
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devices have evolved over the past few 

decades and have provided relief to 

patients for whom rehabilitation programs 

and physiotherapy are not effective.  

Anterior stabilization devices have 

been extensively utilized to reconstruct the 

cervical and thoracolumbar regions of the 

spine. They range from plate systems 

which may be fully constrained or semi-

constrained and made up of titanium, 

biodegradable polymers, etc. to the more 

flexible rod style systems used in the 

thoracolumbar regions. They improve 

load-sharing in the graft post-operatively 

independent of their flexibility. However, 

dynamic cervical plates were shown to 

maintain load-sharing in a partially 

subsided graft unlike rigid cervical plates. 

Future plate designs should consider 

whether the spine was injured or 

degenerated prior to surgery to improve 

load-distribution and rate of arthrodesis.  

Posterior stabilization devices, 

similarly, range from rigid to semi-rigid to 

dynamic (PDS) depending on the material 

used. They have mostly been utilized to 

reconstruct the lumbar spine. Flexibility is 

not the final determinant of efficient load-

sharing in this case as well. However, 

anterior stabilization systems in 

conjunction with posterior stabilization 

systems may be more effective in 

improving arthrodesis rates when severe 

anterior column injuries occur. Motion 

preservation devices are the least 

investigated of the three types. But they 

show great potential in maintaining the 

physiological loads in the spinal column.  

Despite several in vitro studies that 

have been conducted over the past few 

decades, the factors contributing to the 

success of a spinal implant post-surgery 

are still unclear. Currently surgeons rely 

on factors such as the ease of use and 

familiarity with the device for selecting a 

particular implant. [4, 30] Therefore, 

further long-term clinical investigation of 

these devices is essential to understand the 

reasons for success of one device over the 

other and for designing the ideal implant 

for reconstruction of the diseased or 

injured spinal column. 
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