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Abstract

Purpose To quantify the mechanical role of posterior

column components in human cervical spine segments.

Methods Twelve C6-7 segments were subjected to

resection of (1) suprasinous/interspinous ligaments (SSL/

ISL), (2) ligamenta flavum (LF), (3) facet capsules, and (4)

facets. A robot-based testing system performed repeated

flexibility testing of flexion–extension (FE), axial rotation

(AR), and lateral bending (LB) to 2.5Nm and replayed

kinematics from intact flexibility tests for each state.

Range-of-motion, stiffness, moment resistance and resul-

tant forces were calculated.

Results The LF contributes largely to moment resistance,

particularly in flexion. Facet joints were primary contrib-

utors to AR and LB mechanics. Moment/force responses

were more sensitive and precise than kinematic outcomes.

Conclusions The LF is mechanically important in the

cervical spine; its injury could negatively impact load

distribution. Damage to facets in a flexion injury could lead

to AR or LB hypermobility. Quantifying the contribution

of spinal structures to moment resistance is a sensitive,

precise process for characterizing structural mechanics.

Keywords Cervical spine � Posterior column �
Ligamentum flavum � Serial resection � Robotics

Introduction

Cervical spine injuries are a factor in 3.7 % [1] of all

trauma admissions, with distraction-flexion injuries being

the most common variant [2]. Clinically, the Cervical

Spine Injury Severity Score (CSISS) [3] and Sub-axial

Injury Classification (SIC) [4] have been developed to

organize and guide treatment, but there is still controversy

over how to treat traumatic injuries [5–7]. More generally,

neck injuries and associated neck pain [8, 9] are a leading

cause of chronic pain and disability [10, 11].

Distraction-flexion (DF) injuries have been shown to

vary widely. An MRI study [12] showed only 40 % of

clinical unilateral facet injuries having disrupted inter-

spinous ligament (ISL), 60 % having disrupted supraspi-

nous ligament (SSL), and 80 % having a disrupted

ligamentum flavum (LF). Grading of injury in the CSISS

and SIC schemes does not account of the individual role of

posterior/lateral column components despite the wide

variation in clinical posterior ligamentous injuries.

Many studies have characterized the role of spinal

ligaments in the cervical spine by serial resection with

repeated flexibility tests [13–15]. These cervical injury

models have shown that the facets and posterior ligamen-

tous complex variously restrict range of motion (ROM) in

flexion, extension, lateral bending (LB), and axial rotation
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(AR). This testing method provides kinematic changes as

experimental outcomes. While the change in motion of

spinal segments under repeated load control following

simulated injury theoretically provides clinically relat-

able outcomes (i.e. clinical stability scales are based on

segmental displacements and rotations), this approach is

confounded by changing kinematics after injury and is

unable to accurately quantify the mechanical resistance

offered by each ligament [16, 17]. Replaying kinematics

from the uninjured, intact state following damage to a

spinal component allows for the measurement of that

structure’s in situ mechanical role [18, 19]. Numerous

studies have been performed in other joints, notably in the

knee, where robotic testing systems have applied exact

intact kinematics in a series of injured or resected joint

structures [20, 21] to elucidate the in situ mechanical role

of the structures using the principle of superposition [22].

These methods have been applied previously in spine

research to characterize the in situ mechanical role of

segmental structures in the porcine spine [23], to quantify

the mechanical effect of unilateral facetectomy in the

human lumbar spine [17], and to calculate the mechanical

consequences of combined injuries in sheep lumbar spines

[24]. No studies to our knowledge have been performed

that examine human cervical ligament and facet injury

using replay of intact to elucidate the in situ mechanical

role of its component structures.

We performed a serial resection of the posterior column

in human C6-7 functional spinal units (FSUs) to simulate

different stages of injury and isolate the role of individual

structures. The contribution of each posterior column

component to loading resistance was obtained via replay of

intact kinematics, and changes in ROM and stiffness were

determined through repeated flexibility testing. The

objectives of the study were to quantify (1) the relative

contribution to primary moment and multi-dimensional

force resistance of each resected structure for all motions

and (2) changes in primary ROM and stiffness for all

motions with resection.

Methods

Twelve human C6-7 FSUs (4 female/8 male,

49.7 ± 10.9 years old, see Table 1), which are commonly

involved in DF injuries [2], that were without externally

visible pathology (e.g. osteophytes or severe disc degen-

eration) were biomechanically tested. Saline was applied

frequently during preparation and testing to prevent des-

iccation. Four lateral mass screws were inserted into each

vertebra for mounting (one in each pedicle and two into the

vertebral body). This method of non-destructive fixation

rigidly secures vertebrae and allows for facile access to

spinal structures for resection [25, 26]. FSUs were then

mounted in the robot testing platform as previously

described [17].

The robot-based spine testing system consisted of a

serial robotic manipulator (Staubli RX90, Staubli Inc.,

Duncan, SC, USA), an on-board six-axis load cell (UFS

Model 90M38A-150, JR3 Inc., Woodland, CA, USA) and

custom-built specimen-mounting fixtures (Fig. 1). The

robot was controlled quasi-statically via a custom-built,

adaptive-displacement algorithm (Matlab 2008R, Math-

works Inc., Natick, MA, USA) [25].

FSUs were subjected to flexion–extension (FE), LB and

AR using an end-range moment-target of 2.5 Nm at 1�
increments with a 10 N compressive axial preload.

Moment targets were based on previous standards, which

highlight the mechanical role of ligaments in load support

[13, 27]. To simulate the progression of distractive-flexion

injury, n = 6 FSUs were sequentially resected in a poste-

rior-to-anterior manner: (1) supraspinous and interspinous

ligaments (SSL/ISL), (2) ligamentum flavum (LF), (3)

facet capsules, and (4) facets. In a secondary analysis,

n = 6 additional specimens were resected in an anterior-to-

posterior order—(1) facet capsules, (2) facets, (3) LF, and

then (4) SSL/ISL (Fig. 1b)—to determine whether the

in situ mechanical roles ascribed to component structures

were independent of resection order.

For each motion, FSUs were preconditioned through

three cycles of flexibility testing to minimize viscoelastic

memory effects, and the six-axis motion of the third cycle

was recorded. Adaptive-displacement control (i.e. load

control) approximated a flexibility test, as previously

described, by minimizing off-axis forces and moments

about an updating center-of-rotation at each step in the

quasi-static movement to a prescribed moment target [17].

Flexibility testing was repeated for each state, and maxi-

mum range-of-motion (ROM) and moment-rotation curve

properties including neutral zone width (�), neutral zone

Table 1 Donor specimen sex

and age
Sex Age Resection order

F 27 A-to-P

M 57 A-to-P

M 36 A-to-P

M 57 A-to-P

M 59 A-to-P

M 60 A-to-P

F 55 P-to-A

F 34 P-to-A

F 50 P-to-A

M 55 P-to-A

M 55 P-to-A

M 52 P-to-A
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stiffness (Nm/�), and elastic zone stiffness (Nm/�), were
computed as described elsewhere [28]. This method defines

neutral zone stiffness as the mean stiffness within the low-

stiffness region of the sigmoidal moment-rotation curve.

Neutral zone width is the region of low-stiffness defined by

the difference in rotation angles between the inflection

points of the sigmoidal curve. Elastic zone stiffness con-

stitutes the slope of the final 10 % of the linear, high-

stiffness region. For each state of resection, the testing

system also replayed intact motions to measure changes in

forces and moments with resection. Intact motion paths

were replayed three times (at movement rates an order-of-

magnitude faster than quasi-static flexibility tests), and the

third path was used for analysis. In resected states, replay

of intact motions occurred prior to flexibility testing. In

replayed motions, the end-range moment (ERM), the

moment magnitude about the primary axis of rotation at the

maximum rotation angle, was measured for each state, and

normalized differences between states were used to cal-

culate the contribution of resected structures to moment

resistance. Additionally, during replayed motions, the dif-

ference in component force values (i.e. FAnterior-posterior,

Fmedial-lateral, Fsuperior-inferior) between resection states at the

end-range position defined a resultant force vector. This

resultant force vector describes the in situ loading sup-

ported by resected structures.

ROM at the end-point of flexibility tests and ERM and

contribution to moment resistance at end-point of replayed

intact motions were calculated for all states in all motions.

Neutral zone stiffness and width were computed for FE and

LB but not AR data due to its non-sigmoidal shape. Elastic

zone stiffness was calculated for all motions. The magni-

tude of the resultant force vector, after removing the

applied compressive force, was compared across states.

Repeated-measures ANOVA (SPSS ver. 22.0, IBM, USA)

tested significant effects of resection state on ROM, ERM,

stiffness measures, and resultant forces (p\ 0.05). Tukey

HSD post hoc analysis isolated significant differences

between resection states. Contributions to moment resis-

tance were compared between orders of resection using a

Wilcoxon signed-rank test. All values are presented as

mean ± [95 % confidence interval using Student’s distri-

bution] unless otherwise noted.

Results

ROM increased for FE, AR, and LB at each stage of

resection (Fig. 2b). The maximum primary moment

decreased at the replayed end-range moment (ERM) for all

motion paths as well (Table 2; Fig. 2a).

Average ROM and contribution to ERM were normal-

ized to the intact state values during posterior-to-anterior

resection (Fig. 3). Generally, ROM increased with resec-

tion while primary moments decreased with resection.

Supraspinous/interspinous ligaments

The combined SSL/ISL resection had a non-significant,

small effect on total ROM and ERM for all motions except

flexion. In flexion, the SSL/ISL contributed to 4.1 % [1.8,

6.4 %] of ERM (p = 0.0056).

Ligamentum flavum

The LF was the largest contributor to flexion ERM,

resisting 32.8 % [19.0, 46.5 %] of intact end-point moment

(p = 0.0010). Figure 3a shows that combined resection of

the LF and SSL/ISL increased flexion ROM (35.8 % [7.0,

64.4 %]), but though not statistically significantly

(p = 0.0296 and p = 0.1465). The LF significantly con-

tributed to 15.2 % [7.2, 23.2 %] of LB ERM (p = 0.0053).

In extension and AR ERM, the LF non-significantly con-

tributed to 16.0 % [4.4, 27.6 %] and 12.5 % [1.8, 23.2 %],

respectively. LF resection did not significantly increase

ROM.

Facet capsule

The capsule shared 23.9 % [16.8, 31.1 %] and 22.8 %

[11.6, 34.1 %] of the ERM in AR and LB, respectively;

both contributions to moment resistance were statistically

Fig. 1 The experimental system and representative specimen. a The robot-based spine testing system is depicted, and b the sequence of cuts are

visually overlaid on a C6 human vertebra with an insert of a vertebra to depict lateral mass screw placement
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significant compared to intact and LF-resected states

(p = 0.0006–0.0015). Facet resection led to a corre-

sponding 25.6 % [20.3, 31.0 %] increase in AR ROM

(p = 0.0003) but only a 7.2 % [-9.6, 24.0 %] increase in

LB ROM (p = 0.171). In flexion, the capsule contributed

to 14.3 % [2.5, 26.1 %] of ERM (p = 0.0016). Capsule

resection had a non-significant effect on extension ROM.

Facet

The facet was the only structure that contributed to a sta-

tistically significant increase in AR and LB ROM. Facet

resection resulted in a 37.8 % [9.6, 66.0 %] increase in AR

ROM and a 22.8 % [7.9, 37.7 %] increase in LB ROM

(p = 0.0002 each). It also led to a significant increase in

flexion ROM (p = 0.0031) and a large, albeit non-signifi-

cant, ROM increase (21.1 % [1.4, 40.9 %]) in extension.

The facet contributed significantly to moment resistance in

all motions. Independent of the capsule, the facet con-

tributed to 18.6 % [3.3, 33.9 %] and 16.8 % [4.8, 28.8 %]

of ERM in AR and LB, respectively (p = 0.0005 each). In

flexion and extension, the facet contributed 4.0 % [-2.4,

10.4 %] and 10.0 % [3.2, 16.8 %] of the ERM, respec-

tively (p = 0.0031 and p = 0.0645).

Fig. 2 Representative moment-rotation curves for flexion–extension

are plotted for a flexibility tests where FSUs were loaded to 2.5 Nm

moment targets and changes in rotation angle were measured and

b replayed kinematics where intact motion path kinematics are

replayed following resection and changes in moment are measured.

Data are presented for each state of resection: intact, suprasinous/

interspinous ligament (SSL/ISL), ligamentum flavum (LF), facet

capsule (CAP), facet surfaces (FACET)

Table 2 End-range moment (ERM) and Range-of-motion (ROM) for each spinal motion per resection state

Motion ERM (Nm [95 % CI])

Intact SSL/ISL LF Capsule Facet

Flexion 2.66 [2.53, 2.79] 2.55 [2.37, 2.72] 1.68 [1.31, 2.03] 1.29 [.74, 1.84] 1.18 [.65, 1.72]

Extension 2.72 [2.48, 2.97] 2.62 [2.30, 2.93] 2.20 [1.63, 2.77] 1.88 [1.13, 2.63] 1.61 [.88, 2.34]

Axial Rotation 2.97 [2.66, 3.29] 2.9 [2.53, 3.27] 2.55 [1.92, 3.13] 1.84 [1.29, 2.39] 1.26 [.76, 1.75]

Lateral bending 3.19 [2.74, 3.64] 3.12 [2.63, 3.62] 2.52 [2.02, 3.28] 1.91 [1.28, 2.54] 1.35 [.89, 1.82]

Motion ROM (degrees [95 % CI])

Intact SSL/ISL LF Capsule Facet

Flexion 11.26 [7.10, 15.42] 13.32 [8.35, 18.28] 15.01 [9.19, 20.82] 16.71 [10.20, 23.22] 17.05 [10.70, 23.40]

Extension 9.97 [5.83, 14.12] 10.88 [5.97, 15.80] 11.11 [6.29, 15.94] 11.52 [6.48, 16.56] 13.67 [5.99, 21.35]

Axial Rotation 5.14 [2.54, 7.74] 5.95 [2.53, 9.37] 6.31 [2.5, 10.11] 7.6 [3.26, 11.95] 9.38 [4.60, 14.16]

Lateral Bending 5.79 [3.59, 7.98] 6.29 [3.45, 9.13] 6.38 [3.20, 9.55] 6.77 [3.56, 9.98] 8.03 [4.74, 11.31]
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Stiffness of neutral/elastic zone and neutral zone

width

Elastic zone (EZ) stiffness in AR decreased significantly

after resection of facet capsules (p = 0.025) (Fig. 4a), but

EZ stiffness was otherwise unaffected by resection. Neutral

zone (NZ) stiffness in flexion and extension, although not

significant, was affected primarily by SSL/ISL and LF

resection (Fig. 4b). The facet and capsule contributed most

to NZ stiffness in LB. The anterior column determined the

majority of NZ and EZ stiffness for all motions. NZ width

increased only with LF resection in flexion and extension

(Fig. 4c).

Resultant forces

Resultant forces at the end-range of replayed intact

motions, which describe the magnitudes of the change in

the net force vector relative to intact (minimized forces),

tended to increase with increasing resection (Fig. 5). The

largest increase in resultant forces in flexion, extension,

and LB occurred with LF resection, indicating is role in

Fig. 3 Mean (a) range-of-
motion (ROM) and b end-point

moments are normalized to

intact values (intact state set to

1) and shown across resection

states—intact, suprasinous/

interspinous ligament (SSL/

ISL), ligamentum flavum (LF),

facet capsule (capsule), facet

surfaces (facet)—in flexion,

extension (Exten), axial rotation

(axial), and lateral bending

(lateral). Significant (p\ 0.05)

differences compared to intact

(asterisk), intact and SSL/ISL

resection (dagger), and LF

resection (double dagger)
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supporting joint forces. Resultant forces showed the largest

changes with resection in flexion and extension, and

resultant forces varied least and were significantly smaller

in LB than other motions.

Resection order

An anterior-to-posterior resection was performed as a

secondary analysis to compare moment resistance data of

spinal structures to that from posterior-to-anterior resection

to determine if resection order influences linear superpo-

sition of results in the cervical spine (Fig. 6). In general,

the contribution to moment resistance across resected

structures and motions were similar between resection

orders. However, the contribution of the LF to flexion

ERM in the anterior-to-posterior direction was significantly

less than in the posterior-to-anterior resection (16.5 [10.4,

22.6 %] and 32.8 [19.5, 46.1 %], respectively). The cap-

sule also contributed more to AR ERM in the posterior-to-

anterior direction.

Discussion

This study examined the mechanical role of posterior

structures in the human cervical spine. For the first time,

we quantified the contribution of each cervical spine

structure to load support. We determined that the LF sup-

ports the largest portion of flexion moments in the posterior

column. Facet capsules and articulating surfaces support

high proportions of AR and lateral bending moments. By

comparing contributions to moment resistance in replayed

kinematics to ROM assessments in repeated flexibility

testing, we found that contributions to moment resistance

were generally more precise and sensitive.

The most striking finding was the prominence of the LF

in cervical segmental mechanics (32.8 % flexion moment

resistance). While the LF has been shown before to be the

largest contributor to flexion moment resistance in the

porcine lumbar spine (24.7 %) [23], because the LF did not

contribute highly to ROM restraint in previous human

cervical spine studies [13, 29–31], its contribution to

moment resistance was unexpectedly higher in the human

cervical spine. The modest effect of LF resection on ROM

and NZ properties also underscores its importance in sta-

bilizing FE movements, not just at end range-of-motion,

but throughout the motion path. LF resection also increased

resultant forces in FE ad LB, reflecting a multidimensional

stabilizing role of the LF in these motions that was larger

than that of any other resected structure. Moreover, the LF

contributed to moment resistance in LB and AR, which has

Fig. 4 Mean a neutral zone width (�), b neutral zone stiffness (Nm/�),
and c elastic zone stiffness (Nm/�) are shown across resection states—

intact, suprasinous/interspinous ligament (SSL/ISL), ligamentum fla-

vum (LF), facet capsule (capsule), facet surfaces (Facet)– in flexion,

extension (Exten), axial rotation (Axial), and lateral bending (Lateral).

Neutral zone properties were not calculated for axial rotation. No

effects of resection were significant (p\ 0.05)
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not been studied previously. Its role in these movements is

considerable, nearly equaling the contribution of the facet

capsule in AR; which has been shown previously to play a

dominant role in controlling AR [31]. Considering all of

these findings may help to understand the prior observa-

tions that LF-preserving operations can reduce

Fig. 5 Mean magnitude of

resultant force vector (N) after

subtracting the constant, applied

compressive force for all motion

paths—flexion (Flex), extension

(Exten), lateral bending (LB),

and axial rotation (AR)—per

resection states: intact,

suprasinous/interspinous

ligament (SSL/ISL), ligamentum

flavum (LF), facet capsule

(CAP), facet surfaces (FACET)

Fig. 6 Portion of end-range moment (ERM) supported by each

structure—suprasinous/interspinous ligament (SSL/ISL), ligamentum

flavum (LF), facet capsule (Capsule), facet surfaces (Facet), and

anterior column (Ant. Column) during flexion (Flex), extension

(Exten), axial rotation (AR), and lateral bending (LB) subject to (left)

posterior-to-anterior resection (n = 6) and (right) anterior-to-poste-

rior resection (n = 6). Anterior Column represents the remaining

ERM after facet resection

Eur Spine J (2016) 25:2129–2138 2135
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postoperative complications [32, 33]. In summary, the

mechanical importance of the LF argues for surgical

preservation of or compensation for the LF in the cervical

spine.

Similar to the LF, the capsules and facets contribute to

moment resistance and ROM restraint across all motions.

The capsules and facets were predominant contributors to

AR and LB support, accounting for 43 and 40 % of

moment resistance, respectively. This confirms previous

studies that have demonstrated their importance to ROM

restraint in these motions [13]. The role of the capsules in

flexion moment resistance, 14 %, was remarkably less than

that observed in the lumbar spine, 39 % [34]. This may

reflect differences in facet anatomy, proximity to the cen-

ter-of-rotation or possible coupling with the LF in the

cervical spine [34]. The lower role in flexion and greater

role in AR and LB illustrates an interesting point: although

the primary injury mechanism for cervical spines is in the

sagittal plane (e.g. distractive-flexion injury), the conse-

quences may be more profound in out-of-plane motions.

The SSL and ISL played a surprisingly small role in

segmental mechanics, which was essentially restricted to

flexion. In the lumbar spine, Adams et al. observed that the

SSL and ISL contributed to 19 % of the flexion moment

resistance [34]. In porcine lumbar spines, Gillespie and

Dickey found the combined contribution of SSL and ISL to

flexion moment resistance was 36 % [23]. Similar testing

has not been performed in the human cervical spine, but the

small role of the human cervical SSL/ISL we observed is

supported by isolated testing of individual cervical liga-

ments: SSL and ISL were less stiff and exhibited lower

peak force and greater elongation than LF and capsular

ligaments [35]. These differences in the load sharing role

of the SSL/ISL between lumbar and cervical regions may

reflect differences in anatomy, location, collagen fiber

alignment and ligament composition [36–38].

The anterior column, consisting of the intervertebral

disc and longitudinal ligaments, contributed to around half

of moment resistance in all motions. This finding highlights

the importance of anterior column integrity in resistance to

motion in the cervical spine. It also implies that injury or

severe degenerative changes in the anterior column could

profoundly alter load distribution in the posterior column.

The disparity in results between moment resistance and

ROM restraint demonstrates superior precision and sensi-

tivity of moment resistance in evaluating the mechanical

role of spinal structures. To translate in vitro findings to

evaluations of clinical stability, use of ROM assessments is

preferable because clinical evaluations are made based on

vertebral rotations and translations [3, 4]. To understand

how damaged structures may impact the development of

chronic or degenerative conditions, analyzing contributions

to moment resistance and in situ force support is more

relevant because it quantifies the deficit in load support

with the loss of a structure. Resulting alterations in spinal

loading among remaining structures may occur in the

absence of clinical instability and contribute to mal-adap-

tive responses that lead to chronic symptoms [39, 40].

To confirm that resection order did not violate the

principle of superposition (net loading is a linear sum of

load support from each structure) in the cervical spine, we

performed a secondary analysis in which we compared

posterior-to-anterior and anterior-to-posterior sequences.

Researchers have assumed order independence in similar

testing for the knee [20] and lumbar spine [16, 24], though

some researchers have randomized resection order to avoid

any possible influence of resection order [21, 41]. Our

findings indicate a modest correlation in moment resistance

data between the two directions of cutting, which supports

application of the principle of linear superposition. How-

ever, the LF and facet capsule showed increased moment

resistance when they were cut earlier in the resection order.

This finding may indicate that there is a memory effect of

previous loading history, which is not removed by pre-

conditioning [17]. Physical coupling of ligamentous com-

ponents may also underlie this observation [23]. This

secondary analysis is insufficient to conclusively confirm

the application of linear superposition in the subaxial cer-

vical spine, but it does broadly suggest adherence to the

principle of superposition. Given the broad agreement of

results between sequences and the relevance of the poste-

rior-to-anterior resection sequence to common injury

mechanisms, the primary outcomes of the paper focused on

the posterior-to-anterior resection data.

Our study is limited by use of a single FSU, C6-7, as the

geometry and joint mechanics in the human cervical spine

vary greatly along its length. Therefore our results may not

apply directly to other cervical levels. Nonetheless, this

study selected a commonly injured level, and its focus on a

single level allows for measurements of load sharing,

which is not possible in multi-level testing. Additionally,

we did not grade specimens for degeneration prior to

testing, although we did exclude specimens with evident

severe degeneration. Variability in degeneration grade is

expected to change load distribution within the FSU.

Finally, changing between control methods allowed over-

shoot of moment targets. Adaptive displacement control

(i.e. load control) occurred quasistatically nearly an order

of magnitude slower than displacement control used in

replay of intact motions. The higher loading rate of dis-

placement control in addition to small overstep of the

quasi-static path determination because of its fixed 1� step-
size led to higher end-range moments. This overshoot

corresponded to moment changes in the elastic zone that

were small (\10 % of moment targets) in flexion and

extension but moderately large (up to 27 %) in LB.
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Overshoot, which only affects flexibility test outcomes,

was consistent across specimens.

This study replayed intact kinematics and repeated

flexibility testing to assess the mechanical role of compo-

nents of the human cervical spine. The importance of the

LF in cervical spine mechanics emerged with possible

clinical implications. This study confirmed the importance

of facet joints in AR and LB loading in the cervical spine.

It also experimentally affirmed the application of the

principle of linear superposition to determine load sharing

in the cervical spine and found that contribution to moment

resistance was more precise and sensitive than ROM

changes. This work serves as a basis for future investiga-

tions into injury, surgical approaches, complex loading

scenarios and mathematical modeling in the human cervi-

cal spine.
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