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ABSTRACT
Context: The motion of the upper cervical spine (UCS) has a great interest for analyzing the biomechanical features of this joint complex, 
especially in case of instability. Although investigators have analyzed numerous kinematics and musculoskeletal characteristics, there are still 
little data available regarding several suboccipital ligaments such as occipito‑atlantal, atlantoaxial, and cruciform ligaments.

Objective: The aim of this study is to quantify the length and moment arm magnitudes of suboccipital ligaments and to integrate data into 
specific 3D‑model, including musculoskeletal and motion representation.

Materials and Methods: Based on a recent method, suboccipital ligaments were identified using UCS anatomical modeling. Biomechanical 
characteristics of these anatomical structures were assessed for sagittal and transversal displacements regarding length and moment arm 
alterations.

Results: Outcomes data indicated length alterations >25% for occipito‑atlantal, atlanto‑axial and apical ligaments. The length alteration of 
unique ligaments was negligible. Length variation was dependent on the motion direction considered. Regarding moment arm, larger magnitudes 
were observed for posterior ligaments, and consistent alteration was depicted for these structures.

Conclusion: These outcomes supply relevant biomechanical characteristics of the UCS ligaments in flexion‑extension and axial rotation 
by quantifying length and moment arm magnitude. Moreover, 3D anatomical modeling and motion representation can help in the process of 
understanding of musculoskeletal behaviors of the craniovertebral junction.
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INTRODUCTION

The upper cervical spine (UCS) represents the most flexible 
vertebral complex of the remaining cervical spine. Regarding 
the total cervical motion ranges (ROM), approximately 40% of 
flexion‑extension and 60% of axial rotation occur at the UCS.[1] 
The major function of the UCS is the completion of motion 
patterns to compensate/adjust the motion components 
occurring at the lower cervical segments. Suboccipital 
ligaments such as alar ligaments (ALs), transverse ligament, 
and tectorial membrane (TM) have been demonstrated to play 
an essential function in the stability of the UCS.[2‑5] However, 
much less is known about the biomechanical properties of 
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apical, occipito‑atlantal, and atlantoaxial ligaments during 
sagittal and transversal cervical motions.[4] Instability of the 
UCS is generally related to various clinical and anatomical 
conditions[6,7] that may occur during specific motion 
directions.[4,8,9] Ligamentous injuries have been stressed for 
compromising upper spine stability[4,10] that may occasionally 
induce medullar and vascular diseases.[11,12]

In clinical practice, various procedures are described to 
screen the UCS function  (i.e.  hypomobility, instability) 
before manual therapeutic management.[13‑15] Concerning 
instability tests, the value of the latter is usually supported 
by clinical criteria and specific biomechanical in‑vitro 
investigations. Interestingly, several UCS tests are defined to 
detect atlantoaxial instability with moderate to substantial 
sensitivity and specificity,[16] and clinical consistency is partly 
established for some of those tests[17,18] However, the clinical 
test did not seem to correlate with imaging findings.[19]

On the other hand, the biomechanical function of a ligament 
is dependent on its moment arm, which represents the 
distance from the ligament’s line of action to the joint’s axis of 
rotation. This mechanism is not only necessary to understand 
how important is the moment generated but also to appraise 
what may be the potential ligament’s loading during joint 
motion. In summary, for a constant force, the smaller in 
the moment arm, the lower is the ligament’s loading and 
the moment generated, and vice versa. There are little data 
regarding the function of the suboccipital ligaments during 
UCS flexion‑extension and axial rotation motions involving 
length and moment arm. Hence, a better understanding of 
these biomechanical features may provide insight into how 
the latter relates to cervical motion direction. Furthermore, 
from a clinical point of view, it should be noteworthy for the 
practitioner to understand how suboccipital ligaments may 
be involved during UCS motion and clinical testing.

The aim of this study is to appraise the suboccipital ligaments 
function based on length and moment arm changes during 
USC flexion‑extension and axial rotation.

MATERIALS AND METHODS

Study design
The present investigation was conducted according to an 
early in vitro study consisting of assessing 3D kinematics of 
the UCS.[20] The same experimental design combining 3D 
motion data and musculoskeletal anatomical modeling was 
used to process eight anatomical specimens for flexion-
extension (FE) and axial rotation (AR) motions. Details about 
the whole experimental set‑up and protocol validation can 
be found elsewhere.[21,22]

Kinematics data collection
Kinematics was analyzed from five sagittal UCS positions (from 
neutral to intermediate and maximal range in flexion, 
extension, and axial rotation directions). The output of 
discrete joint displacements was carried out according 
to a usual mathematical method for processing motion 
computation.[23] The latter consists of lateral bending, axial 
rotation, and flexion‑extension motion components provided 
from the decomposition of the helical axis rotation into 
helical angles around the axes of the anatomical reference 
system.[20] To express the global motion range, norm vector 
computation from XYZ components, i.e., the helical rotation 
was computed with respect to each UCS level.[22]

In addition, the mean helical axis  (MHA) was computed[24] 
for each UCS level in a local reference system  (i.e.  C1 for 
C0–C1; C2 and for C0‑C2 or C1–C2). Data were integrated into 
a subject‑specific 3D‑model and provided anatomical motion 
representation using customized software.[25]

Ligament data collections
Ten ligaments were identified on each specific 3D anatomical 
model using virtual palpation.[26] Spatial coordinates of 
insertion sites were computed for the following structures: 
anterior and posterior atlantoaxial ligaments  (AAA; 
AAP), AL, anterior and posterior occipito ‑atlantal 
ligaments  (OAMA; OAMP), TM, transverse ligament  (TR), 
apical ligament  (APIC) and cruciform ligament inferior  (XI) 
and superior  (XS) pars. Note that, left and right portions 
were considered for the transverse ligament with respect to 
the posterior aspect of the dens of C2.

[27]

Besides, each ligament was computed considering a straight 
line running between the attachment sites. Therefore, 
no wrapping around bony structures or other anatomical 
elements was taken into account [Figure 1a‑c]. For each UCS 
pose, instantaneous ligament length was computed [Figure 1].

Moment arm computation was based on the direct method 
for calculating lever arms, i.e., the perpendicular distance 
between the helical axis (e.g. MHA) and the action line vector 
of ligaments.[28] Figure 2a and b represents 3D anatomical 
models, including ALs and their respective moment arms 
during axial rotation.

The virtual palpation procedure was repeated three times 
to estimate the reliability of the method and the error 
propagation on the resulting data.

Statistical analysis
Descriptive statistics (i.e., mean and standard deviation) were 
performed for each ligament length and moment arm during 
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both AR and FE movements. Analysis of variance (ANOVA) for 
repeated measurements was applied to evaluate the influence 
of the following factors: laterality  (left and right) and joint 
position  (5 positions as described above for both sagittal 
and transverse plane). Values of P < 0.05 were considered 
statistically significant. When ANOVA demonstrated a 
significant effect, the Bonferroni post‑hoc test was then 
conducted to determine which side and positions affect 
significantly length or lever arm measure. In addition, to 
simplify results, significant differences were expressed relative 
to the length or lever arm values in neutral position (NP).

RESULTS

Data reliability
Reliability of palpation following repetitive identification 
of attachment sites demonstrated an average RMS error 
(all landmarks) of 1.3 mm and a related ligament length error 
of 1.1 mm in average with a maximal value of 2.4 mm. The 
propagation of palpation error on moment arm computation was 
estimated to 0.7 mm on average with maximal values of 1.5 mm 
and 2.3 mm for axial rotation and flexion‑extension, respectively.

Kinematics data
Average helical rotations are found in Table  1. Ranges of 
motion (ROM) are given for segmental (C0–C1 and C1–C2) and 
regional (C0–C2) displacements regarding middle and maximal 
UCS positions.

Ligaments data in flexion extension
Descriptive data are presented relative to length values 
obtained in NP in Table 2. Ligaments’ length ranged between 
5.5 and 30.8 mm regarding the NP.

Length and moment arm magnitudes are illustrated 
graphically with respect to UCS poses in Figure 3. ANOVA 
demonstrated a significant effect of FE  (P  <  0.001) on 
ligament length and moment arm with an exception for TR 
and XI.

Bonferroni post hoc test indicated when ligament displayed 
significant length and moment arm alterations relative to 
NP [Figure 3].

In general, as UCS moved from flexion to extension length, 
ligament increased for AAA, AL, OAMA, APIC, XS, and TM and 
decreased for AAP, OAMP. The remaining ligaments (TR, XI, 
XS) displayed nonsignificant length variations.

For several structures, significant length variation was 
related to one motion direction only when compared to the 
NP (e.g. AAP only in flexion while XS only in extension).

Table  1: Average segmental range of motion in 
degree  (standard deviation) regarding to flexion, extension and 
axial rotation at intermediate  (middle) and maximal range

C0-C1 C1-C2 C0-C2

Flexion
Middle 5.8 (3.2) 4.4 (3.8) 9.7 (3.1)
Maximal 11.0 (3.9) 6.3 (4.9) 15.4 (7.4)

Extension
Middle 4.1 (1.5) 3.6 (2.9) 10.8 (5.6)
Maximal 8.3 (3.8) 7.6 (3.5) 19.2 (5.7)

Axial rotation
Left

Middle 1.1 (0.9) 15.2 (3.1) 16.8 (3.9)
Maximal 2.1 (1.8) 24.8 (3.7) 27.6 (5.0)

Right
Middle 1.5 (0.9) 13.0 (8.3) 15.9 (6.4)
Maximal 4.0  (1.6) 25.0  (7.6) 27.7  (8.7)

Figure 2: 3D representation of alar ligaments (in red) with respect to the 
mean helical axis of C0 relative to C2 during axial rotation. The moment 
arm is displayed in blue as the shortest distance from the line of action of 
the alar ligament to the axis of rotation

ba

Figure 1: 3D models of C0‑C1 and C2 vertebra and corresponding upper cervical spine ligament attachment sites displayed by colored anatomical landmarks 
and lines. (a) Posterior view with respect to OAMA, OAMP, AAA and AAP. (b) Back three‑quarter view of the upper cervical spine with respect to XS, XI, 
APIC and TR. (c) Back three‑quarter view of the upper cervical spine with respect to tectorial membrane: between C0 and C2

cba
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changes. Significant length alterations relative to the NP are 
displayed in Figure 4 (P < 0.05).

Regarding the moment arm, there was a significant effect of 
the UCS axial rotation on data magnitude (ANOVA, P < 0.05). 
Post hoc test demonstrated significant moment arm changes 
relative to NP [Figure 4].

AAP displayed the larger moment arm magnitude and variation 
compared to the other ligaments, with increasing values in both 
motion directions. In contrast, AAA showed a significant decrease 
of moment arm only in maximal ipsilateral rotation. Regarding 
TR, moment arm is significantly increased in maximal ipsilateral 
axial rotation and decreased in maximal contralateral rotation.

DISCUSSION

The main objectives of this study were to explore UCS 
ligaments length and moment arm for FE and AR using 
3D modeling approach and to provide a quantitative and 
qualitative description of such ligaments behaviors.

The reliability of 3D attachment identification using a virtual 
palpation method showed a root mean square error of 1.3 mm 
on average. This magnitude is comparable to previous studies 
based on instrumental[20] and virtual palpation.[24,29] In addition, 
propagation of such palpation error on length and moment arm 
magnitudes demonstrated average RMS of 1.1 mm and 0.7 mm, 
respectively. These values are somewhat low in consideration 
of the most moment arm magnitudes, although the shorter is 
the moment arm; the greater is its relative variation.

In NP, ligaments length obtained in the present work are in 
line with previous studies for alar,[3,30‑32] transverse[33,34] and 
apical ligaments[35] while the remaining ligaments are not yet 
quantified on this subject.

The main findings of this study suggest that suboccipital 
ligaments, other than alar and transverse ligaments, may play a 
substantial role in the function of the UCS in FE and AR. Indeed, 
length variations larger to 20% were observed for AAP, OAMA, 
OAMP, and APIC in FE and for AAA, AAP, and AL in AR. Regarding 
moment arm, consistent variations were also demonstrated 
for OAMP, TM, and OAMA in FE and for AAA and AAP in AR.

UCS is a large flexible area that may represent an increased 
risk for ligament, neurological, and vascular impairments.[36,37] 
Suboccipital ligaments are associated with the mechanical 
stabilization of the UCS segments, mainly in the sagittal[4,32,34] 
and in the transversal planes.[8,38,39] More precisely, AL 
injuries are commonly reported with rotation attitude 
of the neck, whereas transverse ligament and posterior 

Table 2: Relative length of each ligament during 
flexion‑extension and both ispi/contralateral axial rotation with 
respective length in neutral position

Absolute length in 
NP  (mm)

Relative length at maximal motion 
range

Mean SD Extension Flexion
Mean SD Mean SD

AAA 7.9 1.8 1.11 0.12 0.83 0.13
AAP 6.1 2.6 0.76 0.27 1.61 0.40
AL 9.2 3.5 1.06 0.19 0.84 0.12
OAMA 8.8 2.9 1.23 0.17 0.93 0.08
OAMP 12.3 1.7 0.58 0.15 1.23 0.06
TM 29.8 2.6 1.08 0.03 0.96 0.02
TR 10.1 2 1.02 0.04 1.02 0.05
APIC 5.5 2.1 1.50 0.34 1.00 0.28
XI 6.9 1.4 1.00 0.01 1.00 0.01
XS 18.8 1.7 1.11 0.05 0.96 0.03

Mean SD Ipsilateral AR Contralateral AR
Mean SD Mean SD

AAA 9.3 2.9 0.77 0.17 1.31 0.14
AAP 11.7 2.2 2.13 1.02 2.91 0.91
AL 10.1 3.9 1.20 0.17 0.75 0.20
OAMA 11.0 6.1 1.02 0.06 1.08 0.10
OAMP 13.5 6.1 0.95 0.06 0.90 0.05
TM 30.8 2.7 0.98 0.01 1.01 0.01
TR 10.5 2.7 0.83 0.09 1.16 0.12
APIC 6.2 2.8 1.04 0.20 1.04 0.20
XI 7.0 8.2 0.99 0.01 1.00 0.01
XS 19.6 2.2 0.99 0.02 0.99 0.02
Values are presented as mean and standard deviation in millimetre unit  –  abbreviations 
are detailed in text. SD ‑   Standard deviation, NP ‑   Neutral position, AL ‑   Alar 
ligament, TM ‑   Tectorial membrane, TR ‑   Transverse ligament, APIC ‑   Apical ligament, 
XI ‑   Cruciform ligament inferior, XS ‑   Cruciform ligament superior, AR ‑   Axial 
rotation, AAA ‑   Anterior atlantoaxial ligament, AAP ‑   Posterior atlantoaxial ligament, 
OAMA ‑  Anterior occipito-atlantal ligament, OAMP ‑  Posterior occipito-atlantal ligament

Considering the entire FE ROM, length alteration was >25% 
for AAA, AAP, OAMA, OAMP, and APIC, while other ligaments 
displayed lower variations [Table 2].

Regarding moment arm, larger magnitudes were observed for 
the posterior ligaments such as AAP and OAMP and a greater 
moment arm variation was found for OAMP.

Post hoc test indicated that significant alterations were 
found for OAMA, OAMP, and TM only when compared to 
NP [Figure 3].

Ligaments data in axial rotation
Relative length data are depicted in Table  2 for maximal 
axial rotation. Figure  4 reports length and moment arm 
average outcomes relative to each AR pose. Regardless of 
the UCS motion direction, there was no significant difference 
between the left and right data for both length and moment 
arm (P > 0.05). Considering the overall AR range (right and 
left) AAA, AAP and AL ligaments displayed the largest length 
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atlanto‑occipital membrane are more affected during frontal 
collisions.[33] Previous studies using radiological and finite 
element modeling approach have shown that additional 
structures such as the TM and the apical ligament may be 
also compromised during frontal and rear head impact.[37,40]

Our outcomes provide additional information for 
occipito‑atlantal and atlanto‑axial membranes (i.e. AAA, 

AAP, OAMP, OAMA in the present study) while the 
literature on these specific ligaments is sparse, probably 
due to the anatomical complexity and the presence of 
connective tissue bridges with other structures.[8] A 
more complete analysis of ligaments contribution in AR 
and FE, as described in the present study, may represent 
substantial data for UCS modeling of various clinical 
conditions.

Figure 3: Length (in blue) and lever arm (in red) in millimeter of each ligament as function of upper cervical spine position from maximal extension to 
maximal flexion. Asterisks represent significant difference relative to the neutral position. Further details are described in the result section

Figure 4: Length (in blue) and lever arm (in red) in millimeter of each ligament as function of upper cervical spine position from maximal contralateral rotation 
to maximal ipsilateral rotation. Asterisks represent significant difference relative to the neutral position. Further details are described in the result section
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In clinical practice, several manual procedures (i.e. mobilization, 
manipulation) have been considered with regard to UCS 
musculoskeletal conditions.[41‑44] Furthermore, complications 
have been reported following cervical manual applications, 
resulting in various injury patterns.[45] However, potential risk 
related to how biomechanical characteristics of ligaments, 
such as length and moment arm alterations, may be affected 
during physiological motion remains unclear, and the present 
descriptions partly fill this gap of knowledge.

Length alteration of UCS ligaments would be accounted as 
a substantial factor during the clinical examination as well 
as the therapeutic procedure such as manual mobilization 
or posttraumatic immobilization positioning of the UCS. 
Interestingly, our results  [Table  3] suggest that length 
increase occurred more likely in axial rotation  (in both 
directions) for AAP, from ipsi‑to contra‑lateral rotation for 
AAA and from contra‑to ispi‑lateral rotation for AL. For 
sagittal motion, length increases from extension to flexion 
for OAMP, AAP and TR, and in the opposite direction for 
AAA, AL, TM, and OAMA.

As summarized in Table  3, the most ligaments could be 
stressed during extension with an exception for the posterior 
ligaments. Inversely, most ligaments are shortened in flexion 
that may lead to an increase of intrinsic UCS instability in the 
anterior part. Consequently, it confirms that neutral or slightly 
flexed posture may be suggested as a satisfactory strategy 
to decrease UCS ligament strain when neck immobilization 
is required after trauma.[46]

Regarding AR, only anterior atlantoaxial and AL length is 
increased for contralateral and ipsilateral displacements, 
respectively. Note that posterior atlantoaxial ligament is 
lengthened in both motion directions that may suggest its 
multidimensional involvement during AR. As depicted in the 
supplementary material, the 3D anatomical model enables 
visualization of both alar ligaments length and moment arm 
during AR [Video 1].

Moment arm magnitude reflects the mechanical advantage 
of the suboccipital structure about the corresponding UCS 
level and is subsequently related to the contribution to UCS 
stability. Our results suggest a significant involvement of 
AAP and OAMP since similar or larger magnitude is displayed 
compared to alar or apical structures (AL, APIC). These data 
support the biomechanical function of AAP and OAMP and 
their propensity to maintain the sagittal or rotational stability 
of the UCS complex.[32,34] Interestingly, moment arm changes 
are mainly observed in maximal extension for OAMP, meaning 
that small modification occurred around the NP. These 

outcomes are consistent with the procedure commonly used 
during cervical spinal immobilization after trauma.[47]

In contrast, apical, cruciform, alar, and transverse ligaments 
displayed a small moment arm. This may predict a limited 
role and small loading of these structures during sagittal 
UCS motion. However, despite a reduced moment arm, 
TM limits the anterior motion of the atlas by ensuring 
coaptation between the dens and the anterior arch of atlas 
and subsequently restrains the flexion motion range.[30,34,35]

Consideration into the clinical framework
In the current study, the moment arm was computed 
challenging the knowledge of additional biomechanical 
characteristics of UCS ligaments. Indeed, this parameter is 
involved both in ligament strain and the resulting ligament 
moment.[48] Therefore, a small increase of ligament moment 
arm may have substantial modifications on an articular joint 
and its surrounding structures. Subsequently, ligaments 
that displayed an increase of length and moment arm 
simultaneously during motion are more likely to be involved 
during large ROM as observed for OAMP in maximal flexion 
or for AAP in maximal axial rotation. On the opposite, 
shortened ligament and poor moment arm may represent 
a lower stabilizing capacity but, conversely, a lower degree 
of vulnerability to strain. This latter aspect may be useful 
for preventing ligament strain during various therapeutic 
applications such as surgical procedure[49] or manual 
approaches of UCS  (i.e., passive mobilization or clinical 
testing).[15,50]

Indeed, based on our protocol, we may not extrapolate this 
hypothesis to active motion knowing the muscle capacity to 

Table  3: Ligaments testing related to upper cervical spine 
motion directions

Flexion Extension Ipsi AR Hetero AR
AAA − + − +
AAP + − + +
AL(#) − + + −
OAMA − + NA
OAMP + − − −
TM − +
TR NA − +
APIC − + NA
XI NA NA
XS − + NA
+ and−correspond to lengthening and shortening, respectively. NA means that 
alteration is negligible. Supplementary material  (#) enables visualization of such 
phenomenon for alar ligaments. AL ‑  Alar ligament, TM ‑   Tectorial membrane, 
TR ‑   Transverse ligament, APIC ‑  Apical ligament, XI ‑  Cruciform ligament inferior, 
XS ‑  Cruciform ligament superior, AR ‑  Acoustic reflex, NA ‑  Not available, 
AAA ‑  Anterior atlantoaxial ligament, AAP ‑  Posterior atlantoaxial ligament, 
OAMA ‑  Anterior occipito-atlantal ligament, OAMP ‑  Posterior occipito-atlantal ligament
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stabilize the cervical spine.[9] Moreover, the specific material 
properties of UCS ligament was not considered in the present 
work.[51]

In general, three patterns of length and moment arms 
variations could be categorized for sagittal motion [Table 4]. 
A first category is represented with both negligible length 
and moment arm variations (i.e., OAMA and OAMP in AR). 
A second category is defined when the simultaneous length 
and moment arm variation of an identical sign occurred (i.e., 
AAP in both AR and FE), and a third category, for which 
length and moment arm variations with an opposite sign are 
observed (i.e., TM in FE).

On the other hand, the representation of ligaments 
biomechanical features by anatomical modeling may be of 
great interest to enhance education and skills in functional 
anatomy and manual procedures through the use of various 
qualitative and quantitative feedback processes.[52,53]

Limitations
There are certainly several limitations to this study. First, our 
method considered the linear distance between attachment 
sites, which is not specifically corresponding to the real length 
of the ligament. Indeed, wrapping has been described for the 
ALs in relation to the dens of the axis[54] as for some UCS muscles 
at maximal motion range.[55,56] Thus, further consideration of 
this latter aspect may be necessary to take into account several 
structures. In addition, in a particular position (i.e., NP), some 
structures may be untightened or lax,[31] and therefore, potential 
vulnerability to strain would be limited.

Second, the biomechanical analysis was limited to discrete 
UCS positions, while specific 3D behavior may occur during 
continuous motion or combined motions such as during the 
clinical tests. Moreover, movement speed or acceleration 
was not taken into account in the present work. Therefore, 
in vivo behavior could differ from the present observations. 
Furthermore, our motion data remained under physiological 

motion ranges, and thus, extreme ranges were not 
investigated.

Finally, although our motion and length data were similar 
to previous studies, our results obtained in unloaded spine 
specimens may not be generalized to loading conditions [9,57] 
such as during active motion.[58]

CONCLUSION

The present study is the first comprehensive description 
of UCS ligaments function involving their length and 
moment arm characteristics during flexion‑extension and 
axial rotation motion. These outcomes provide extended 
musculoskeletal data showing that UCS ligaments exhibited 
various biomechanical patterns that might be integrated to 
earlier data to improve understanding of functional anatomy 
and specialized clinical procedures (i.e. techniques, clinical 
tests).

In addition, using a specific 3D‑model, including 
musculoskeletal and motion representation, is certainly of 
interest to enhance steering education methods.
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