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Effects of occipital‑atlas 
stabilization in the upper cervical 
spine kinematics: an in vitro study
César Hidalgo‑García1,5*, Ana I. Lorente2,5, Carlos López‑de‑Celis3, Orosia Lucha‑López1, 
Miguel Malo‑Urriés1, Jacobo Rodríguez‑Sanz3, Mario Maza‑Frechín2, 
José Miguel Tricás‑Moreno1, John Krauss4 & Albert Pérez‑Bellmunt3

This study  compares upper cervical spine range of motion (ROM) in the three cardinal planes before 
and after occiput-atlas (C0–C1) stabilization. After the dissection of the superficial structures to 
the alar ligament and the fixation of C2, ten cryopreserved upper cervical columns were manually 
mobilized in the three cardinal planes of movement without and with a screw stabilization of C0–C1. 
Upper cervical ROM and mobilization force were measured using the Vicon motion capture system 
and a load cell respectively. The ROM without C0–C1 stabilization was 19.8° ± 5.2° in flexion and 
14.3° ± 7.7° in extension. With stabilization, the ROM was 11.5° ± 4.3° and 6.6° ± 3.5°, respectively. The 
ROM without C0–C1 stabilization was 4.7° ± 2.3° in right lateral flexion and 5.6° ± 3.2° in left lateral 
flexion. With stabilization, the ROM was 2.3° ± 1.4° and 2.3° ± 1.2°, respectively. The ROM without 
C0–C1 stabilization was 33.9° ± 6.7° in right rotation and 28.0° ± 6.9° in left rotation. With stabilization, 
the ROM was 28.5° ± 7.0° and 23.7° ± 8.5° respectively. Stabilization of C0–C1 reduced the upper 
cervical ROM by 46.9% in the sagittal plane, 55.3% in the frontal plane, and 15.6% in the transverse 
plane. Also, the resistance to movement during upper cervical mobilization increased following C0–C1 
stabilization.

The occipital-atlas (C0–C1) and atlas-axis (C1–C2) segments join the head to the most mobile region of the 
spine. The lack of intervertebral discs, the horizontal nature of the joints, and the specialized muscles and liga-
ments of these segments produce complex three-dimensional kinematics1. Due to the complex kinematics within 
the upper cervical spine, it has been suggested that it be considered as one functional unit, especially in axial 
rotation. Bogduk and Mercer (2000) proposed that C0–C1 moves primarily in flexion–extension, while C1–C2 
mainly rotates. However, Bogduk and Mercer’s findings suggest that interactions between C0–C1 and C1–C2 
vary depending on the specific planes of movement2.

In the sagittal plane, most studies agree that the average motion for C0–C1 and C1–C2 is 14–15° and 10–21°, 
respectively2,3. However, within the literature, there seems to be variability in the specific contributions of C0–C1 
versus C1–C2 during sagittal plane movements. Chancey et al. (2007) described that 41–45% of the upper cervical 
flexion and 69–71% of the extension occurred in C0–C14, Fujimori et al. (2013) concluded that C0–C1 works 
mainly for flexion-extension5 and Bogduk and Mercer (2000) stated that C0–C1 facilitates C1–C2 motion and 
that C1–C2 is moved passively by forces coming from C0–C12.

Upper cervical spine range of motion (ROM) in the frontal plane is very limited6. Bogduk and Mercer (2000) 
concluded that C0-C2 move and function as one unit2. Limitations in side bending ROM at C1–C2 is thought to 
be caused by contralateral alar ligament tension or by the impaction of the lateral mass of atlas on the odontoid 
process7. Osmotherly et al. (2012) concluded that any lateral flexion movement of the upper cervical spine (UCS), 
when C2 is stabilized, is a sign of craniocervical instability8.

Approximately 60% of the total cervical ROM in the transverse plane is produced by the UCS9. Salem 
et al. (2013) indicated that C1–C2 shows the largest magnitude of axial rotation with a minimal contribution 
from C0–C110. Kang et al. (2019) commented that axial ROM at C0–C1 has rarely been examined in cadaver 
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studies9. In fact, several authors have disregarded C0–C1 motion completely when studying upper cervical axial 
rotation11–14.

However small the actual motion occurring during rotation at C0–C1, there is an emerging body of evidence 
supporting the notion that C0–C1 plays a relevant role in the rotation ROM at C1–C2. Improvement of C1–C2 
rotation has been demonstrated following the application of manual therapy in the form of translatoric mobili-
zation to C0–C1 in participants with restricted UCS axial rotation15, patients with cervicogenic headache16, and 
patients experiencing chronic cervicalgia17–19. This approach is based on a rationale that restricted mobility of 
the C0–C1 segment could limit C1–C2 movement during rotation due to the alar ligament connection across 
each joint20,21. The purpose of this study is to compare upper cervical ROM in the three cardinal planes before 
and after C0–C1 stabilization using an in vitro design.

Methods
Sample.  Ten cervical spines and heads from cryopreserved cadavers (9 males, 1 female, mean age: 74 years, 
range 63–85 years) were examined. All specimens were visually checked for any anatomical condition that would 
influence ROM. In addition, all samples were required to be free of any disease or contamination. All specimens 
were donated to Universitat Internacional de Catalunya. Informed consent was obtained from a next of kin and/
or legal guardian of the cadaver. The study was approved by a Research Ethics Committee from UIC-Barcelona 
(Ref. CBAS-2017-03) and all methods were carried out in accordance with relevant guidelines and regulations.

Anatomical and biomechanical procedure.  This study examines the kinematic behavior of the upper 
cervical spine during movements of the head in the three cardinal planes before and following a screw stabiliza-
tion at C0–C1.

All specimens were stored at − 14 °C and thawed to room temperature 24 h before testing. The preparation 
procedure was as follows: First, all spinal segments caudal to C2 vertebra were removed by disarticulating C2–C3 
by cutting through the intervertebral disc and zygapophysial facet joint capsules. Second, all muscle tissue was 
removed without disrupting ligamentous tissues. Third, the cranial posterior third of the skull was removed22 to 
extract the brain and visualize the foramen magnum. The integrity of the posterior arch of atlas was maintained. 
Forth, the brainstem, spinal cord, dura, and part of the tectorial membrane were removed to expose the alar 
ligament. Finally, to allow the attachment of the measurement sensors, the mandible, and upper maxilla were 
removed. Afterward, a metallic handlebar was attached to the skull by three points: one in each auditory canal 
and one at the top of the head (Fig. 1). The handlebar was designed to move the head without contacting any 
attached sensors.

The C2 vertebra was then fixed to the load cell (MC3-6-100 Force and Torque Sensor, Advanced Mechanical 
Technology Inc., Watertown, USA), which measured the torque required to generate the movement in the three 
cardinal planes. The C2 vertebra was screwed to a metallic support, which was attached to the load cell. The speci-
men was kept in an upright position (head on top and C2 below) and the three anatomical planes were aligned 
with the three axes of the load cell. The tester moved the skull from the posterior part of the specimen (Fig. 1).

The force applied by the tester when moving the specimens was converted to newtons from the torque meas-
ured by the load cell. The distances between the handlebar and the estimated axes of rotation were used for this 
calculation: 130 mm for flexion–extension and lateral flexion movements (the height between the center of the 
hands and the mid-height of C2, as both hands were at the same level), and 150 mm for rotation (the half of the 
metallic handlebar width). These two measurements were approximated to those two values due to the small 

Figure 1.   C0-C2 specimen: starting set up of the test.
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variations shown by the instantaneous centres of rotation within individual segments2,23. Therefore, the values 
reported in newtons represent the total load from both hands of the tester in the main plane of the motion.

C2 and the head were aligned in the mid position before each test. To find the mid position, a Frankfurt 
horizontal plane, which can be considered the physiologic horizontal reference24, was laterally marked on the 
head (through the external auditory meati and the infraorbital foraminae), and a vertical line was marked on 
the center of the face. This vertical line was a straight up mark from the centre of the chin to the centre of the 
forehead, running through the centre of the nose. These two markings were aligned with references given by two 
red light lasers calibrated to the horizontal and vertical.

An optical motion capture system (TS Series, Vicon, Oxford, UK) of four cameras tracked the motion of the 
head, C1, and C2. The measurement error of this system is 0.0130°, therefore the motions are described with 
one significant digit. Retroreflective spherical markers were directly placed on the head with glue (Loctite Super 
Glue-3, Henkel, Germany) (Fig. 1). For C1 a total of four markers were attached on a metallic plate, which was 
screwed to the vertebra (two parker screws of 8 mm). The plate and its markers were positioned so that there 
was no interference with the motion between C1 and the skull or C2. The C1 motion was tracked to assess the 
C0–C1 motion pre- and post-screw fixation. Finally, for C2, markers were fixed on the load cell attached to the 
C2 vertebra.

To calculate the local coordinate systems of the head, C1, and C2, a 3D measuring device (FaroArm, FARO 
Technologies, Lake Mary, FL, USA) was installed near the load cell, and anatomical landmarks were measured 
on the (1) skull: right and left auditory meati and right infraorbital foraminae, (2) C1: symmetrical right and left 
landmarks on the transverse processes, anterior and posterior tubercles, and (3) C2: symmetrical right and left 
landmarks on the transverse processes, lowest anterior central point on the body, and lowest central point on 
the spinous process. Using these landmarks for each segment, the coordinate systems had the X-axis pointing 
forward, the Y-axis pointing from left to right, and completing a right-hand-oriented coordinate system, the 
Z-axis pointed downwards. By using both the Vicon system and FaroArm it was possible to measure the motion 
of each segment. The equations required to define the local coordinate systems can be found in Slykhouse et al. 
(2019)25. The coordinate transformation between FaroArm, the optical markers, and the bones has been previ-
ously described in detail by Shaw et al. (2009)26.

Synchronized data collection from both the load cell and motion capture systems, was made possible by the 
installation of a manual trigger that started both systems simultaneously. Both records ended after a pre-defined 
time of 15 or 20 s, depending on the movement. To compare the motion among all the specimens, the motion 
was measured at four different instances with the same load: 1 N, 2 N, 3 N and 4 N. Additionally, the maximum 
load applied and the maximum range of motion was also analyzed.

Specimens were moved in each plane four times, and always in the same order starting from the neutral posi-
tion: flexion–extension, right-left lateral flexion, and right-left axial rotation. The first two motions were used 
as a warm-up to reduce the influence of soft tissue viscoelasticity27. Measurements were recorded on the third 
(prior to C0–C1 stabilization) and forth (post C0–C1 stabilization). All pre-C0–C1 stabilization movements 
were performed first; then, the post-C0–C1 stabilization movements were performed using the order indicated 
at the beginning of the paragraph. For the C0–C1 screw stabilization, the occipital entry point of the screw was 
approximately 5 mm lateral to the foramen magnum, pointing in the direction of and penetrating into the lat-
eral mass of atlas (Fig. 2). The adequacy of screw placement was monitored visually and the C0–C1 and C1–C2 
mobility was checked after the screw placement. Approximately 10 mm of the unthreaded portion of the screw 
remained protruded following screw fixation. All movements were induced manually until a marked resistance 
was perceived by the tester, a researcher with more than 15 years of clinical experience treating patients with 
upper cervical impairments who was also a credentialed manual therapist. To prevent dehydration and ensure 
physiological viability, the dissection room was maintained with a temperature between 17.0° and 17.8° Celsius, 
and a humidity between 47 and 52%.

Figure 2.   Screw stabilization of occipital-atlas (C0–C1) segment.
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Statistical analysis was conducted using SPSS 23.0 (IBM, Armonk, New York). The mean and standard devia-
tion were calculated for each variable. A Wilcoxon Signed Rank Test was performed to analyze intergroup dif-
ferences, with a significance level set at p < 0.05.

Ethical approval.  Research Ethics Committee from UIC-Barcelona. Ref. CBAS-2017-03.

Results
Table 1 shows the minimum and maximum segmental motion measured for C0–C1 and C1–C2 in the cardinal 
planes without and with C0–C1 stabilization. Following stabilization, movement between occipital and atlas was 
reduced by 74.6%, 76.8%, and 90.9% in the sagittal, frontal, and transverse planes, respectively.

Upper cervical sagittal plane mobility.  Figure 3 illustrates the amount of force applied and the resultant 
flexion and extension movement for all ten specimens without (illustrated in black) and with C0–C1 stabiliza-
tion (illustrated in grey). Positive values indicate extension, and negative values indicate flexion. Table 2 contains 
the angles recorded for each specimen when the applied forces were 1 N, 2 N, 3 N, and 4 N, as well as the force 
applied to achieve maximum ROM with non-stabilized and stabilized C0–C1 configurations.

During upper cervical flexion, the end ROM without C0–C1 stabilization was 19.8° ± 5.2°, with an average 
maximum force of 5.6 N ± 1.5 N. All specimens demonstrate a reduction in flexion after C0–C1 stabilization 
(averaged end ROM of 11.5° ± 4.3°). The average maximum force was 7.2 N ± 5.3 N. Following C0–C1 stabiliza-
tion, flexion ROM decreased during all standardized forces.

During upper cervical extension, the end ROM without C0–C1 stabilization was 14.3° ± 7.7°, with an aver-
age maximum force of 6.8 N ± 2.6 N. All specimens demonstrated a reduction in extension ROM following the 
stabilization of C0–C1 (6.6° ± 3.5° with an average maximum force of 9.8 N ± 4.4 N) during all standardized forces 
except specimen 7. However, if flexion and extension ROM are grouped together, specimen 7 demonstrated a 
reduction in ROM of 17.0° following C0–C1 stabilization.

Upper cervical frontal plane mobility.  Figures  4 and 5 represent the force applied and the resultant 
movement for lateral flexion and axial rotation, respectively. In Fig. 4, positive values indicate right lateral flex-
ion, and negative values mean left lateral flexion. In Fig. 5, positive values indicate right axial rotation, and nega-
tive values indicate left axial rotation. Tables 3 and 4 contain the ROM for lateral flexion and rotation at 1 N, 2 N, 
3 N, and 4 N, as well as the force applied to achieve maximum ROM (without and with C0–C1 stabilization). The 
ROM values from flexion to the zero position have not been included (empty boxes) in the table.

During upper cervical right lateral flexion, the end ROM without C0–C1 stabilization was 4.7° ± 2.3°, with an 
average maximum force of 6.5 N ± 1.9 N. Following C0–C1 stabilization, all specimens demonstrated a reduction 
in ROM (2.3° ± 1.4°) at all standardized forces with an average maximum force of 7.6 N ± 2.7 N.

During upper cervical left lateral flexion, the end ROM without C0–C1 stabilization was 5.6° ± 3.2° with a 
maximum force of 7.9 N ± 2.6 N. Following C0–C1 stabilization all specimens demonstrated a reduction in ROM 
(2.3° ± 1.2°) at all standardized forces with an average maximum force of 7.5 N ± 2.6 N.

Upper cervical transverse plane mobility.  During upper cervical right axial rotation, the end ROM 
without C0–C1 stabilization was 33.9° ± 6.7°, with an average maximum force of 3.4 N ± 0.9 N. Following C0–C1 
stabilization, all specimens demonstrated a reduction in ROM (28.5° ± 7.0°) at all standardized forces with an 
average maximum force of 3.9 N ± 0.7 N.

During upper cervical left axial rotation, the average end ROM without C0–C1 stabilization was 28.0° ± 6.9°, 
with an average maximum force of 3.8 N ± 1.4 N. All specimens demonstrated a reduction in left rotation ROM 
following the stabilization of C0–C1 (23.7° ± 8.5° with an average maximum force of 3.0 N ± 1.8 N) during all 
standardized forces except specimen 1, which had a maximum force 0.8 N lower with C0–C1 stabilization versus 
non-stabilization.

Table 5 shows the statistical significance of the maximal force applied and ROM at different standardized 
forces and end-range for non-stabilized and C0–C1 stabilization configurations in the three cardinal planes. At 

Table 1.   Minimum and maximum intervertebral motion (in degrees) for C0–C1 and C1–C2 in the cardinal 
planes in both conditions: normal and C0–C1 stabilization (C0–C1 stab). These are the values for two 
specimens in each condition, and the rest of the specimens showed values between this range. The percentages 
show the C0–C1 movement restriction with C0–C1 stabilization.

Movement

Normal (degrees) C0C1 stab (degrees)

C0–C1 Movement restriction with C0–C1 stabC0–C1 C1–C2 C0–C1 C1–C2

Flexion − 5.8 to 15.2 2.8–23.5 − 0.9 to 6.2 3.7–15.5
74.4%

Extension 2.5–20.8 − 0.4 to 8 0.5–9 0.7–10.2

Lateral flex.—right 0.9–8.8 0.4–4 − 0.1 to 1.2 − 0.2 to 4.2
76.9%

Lateral flex.—left 1.7–6.7 0.2–5.2 0.3–2.6 0.2–4.1

Rotation—right − 2.1 to 6.7 21.9–42.9 − 5.8 to 5.7 19.4–42.1
90.9%

Rotation—left − 0.9 to 10.4 13.5–37.6 − 3.4 to 3.4 13.1–35.2
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the end ROM, all directions of movements showed a statistically significant reduction of movement with C0–C1 
stabilization. There were no statistical differences in the maximal forces applied without and with stabilization 
of C0–C1 in all directions except for extension in which more force was applied with stabilization of C0–C1 
(p = 0.03).

Discussion
To our knowledge, this is the first biomechanical study that analyzes the role of C0–C1 restriction of movement 
on UCS kinematics (C0–C1 and C1–C2). Screw stabilization of C0 achieved a consistent reduction of mobility 
in C0–C1, especially in the transverse plane.

The results of this study show that C0–C1 stabilization results in a statistically significant reduction of the 
ROM in the three cardinal planes. Stabilization of C0–C1 resulted in a reduction of 46.9%, 55.3%, and 15.6% in 
the upper cervical motion in the sagittal, frontal, and transverse plane, respectively. Also, when considering ROM 
with standardized forces, the stabilization of C0–C1 produced lower ROM than the non-stabilized configuration.

Sample size, age-related degenerative changes, and frequent upper cervical anatomy variations should also 
be considered when analyzing our results28. For example, anatomical variations for alar ligaments, including 
ligament orientation from dens to the occiput (craniocaudal, horizontal, or caudocranial)29, variability in the 
origin of the ligaments on the odontoid process, and an inconsistent atlantal portion of the alar ligament30 have 
been described in the literature. This inter-individual variability is likely to lead to differences in our results in the 

Figure 3.   Forces required for flexion (negative values) and extension (positive values) during the full range of 
motion in the 10 specimens: normal and with C0–C1 stabilization.
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sagittal plane (Table 2), frontal plane (Table 3), and transverse plane (Table 4). For example, some specimens did 
not show any change during axial rotation following C0–C1 stabilization. In contrast, others showed a reduction 
of up to 74% during axial rotation, demonstrating a very relevant role of C0–C1 in the upper cervical rotation. 
Inter-individual variations are also likely to lead to differences in results.

In the sagittal plane, upper cervical movement without stabilization was 34.1° in our specimens (19.8° in 
flexion and 14.3° in extension). These results are similar to previously reported values of 15–25° in flexion2 and 
reduced compared to the 46° reported by Ernst et al. (2015) in a sample of patients with non-specific cervicalgia. 
The results of Ernst et al. (2015) are not directly comparable to this study since they used an in vivo design and 
active motion without stabilization of C231.

With C0–C1 stabilization, there was a reduction of 16.0° in the sagittal plane movement. This value is simi-
lar to the average C0–C1 flexion–extension of 14–15° in most of the studies2. The remaining 18.1° measured 

Table 2.   Flexion–extension in degrees for the force values of 1, 2, 3, and 4 N during the motion, and 
the maximum force (F. Max) with its range of motion (ROM Max). The table shows the values for all the 
specimens before (normal) and after (C0C1 stab) the stabilization of C0–C1. The means and standard 
deviations for each analyzed force and ROM Max are presented at the last rows of the table. N, Newtons; F 
max, applied force at end range of motion; ROM max, end range of motion; SD, standard deviation. *Statistical 
significance p < 0.05 values indicated in bold.

Test

Flexion (degrees) Extension (degrees)

Force

ROM Max

Force

ROM Max1 N 2 N 3 N 4 N F. Max 1 N 2 N 3 N 4 N F. Max

1

Normal 12.7 13.8 2.9 14.5 25.1 26.0 2.5 26.6

C0C1 stab 0.5 6.2 3.2 4.5 5.4 5.8 6.8

Difference − 2.4 − 8.3 − 22.8 3.3 − 19.8

2

Normal 6.5 15.2 17.6 16.6 4.9 17.9 5.8 18.7 19.7 19.9 5.4 20.0

C0C1 stab 11.9 13.2 2.4 13.4 8.5 10.4 5.9 11.3

Difference 5.4 − 2.0 − 2.5 − 4.5 − 11.2 − 9.5 0.5 − 8.7

3

Normal 9.0 13.4 15.3 16.9 5.3 18.9 1.9 8.2 12.9

C0C1 stab 3.9 7.4 9.2 4.0 10.1 9.1 2.5

Difference − 5.1 − 6.0 − 6.1 − 1.3 − 8.8 0.9 − 10.4

4

Normal 3.2 11.7 18.1 18.9 7.1 21.2 8.9 16.1 17.4 5.0 18.5

C0C1 stab 2.7 4.4 7.0 8.3 12.0 18.4 0.9 9.9 10.1

Difference − 0.5 − 7.3 − 11.1 − 10.6 4.9 − 2.8 − 16.5 4.9 − 8.4

5

Normal 2.5 7.6 10.2 12.0 6.8 14.9 5.4 8.1 11.0 15.2

C0C1 stab 2.9 5.8 6.7 8.6 4.3 9.0 3.0 4.9 5.6 9.5 8.0

Difference 0.4 − 1.8 − 3.5 − 3.4 − 2.5 − 5.9 − 0.5 − 2.5 − 1.5 − 7.2

6

Normal 14.4 16.0 17.2 3.7 17.7 1.8 10.4 7.0

C0C1 stab 0.1 0.3 0.5 1.0 16.7 10.8 20.6 5.3

Difference − 14.3 − 15.7 − 16.7 13.0 − 6.9 10.2 − 1.7

7

Normal 21.0 27.4 29.4 31.8 4.9 32.4 1.0 3.7 5.2 6.4 7.3

C0C1 stab 6.6 10.1 12.2 14.2 4.3 14.8 0.5 1.5 2.7 8.7 7.9

Difference − 14.4 − 17.3 − 17.2 − 17.6 − 0.6 − 17.6 − 0.5 − 2.2 − 2.5 2.3 0.6

8

Normal 4.6 10.6 12.9 14.3 6.9 16.5 15.9 20.1 21.7 5.8 23.7

C0C1 stab 0.6 1.8 2.9 3.9 5.8 5.7 0.3 2.2 8.3 9.5

Difference − 4.0 − 8.8 − 10.0 − 10.4 − 1.1 − 10.8 − 19.8 − 19.5 2.5 − 14.2

9

Normal 2.1 14.3 16.3 19.7 6.6 23.7 1.6 2.7 8.0 4.8

C0C1 stab 0.8 1.5 4.4 10.2 8.8 17.0 6.7 1.2

Difference − 1.3 − 12.8 − 11.9 − 9.5 2.2 − 6.7 − 1.3 − 3.6

10

Normal 0.4 5.6 11.2 16.0 6.8 20.0 3.0 5.1 6.2 5.5 7.4

C0C1 stab 0.1 0.6 1.2 1.9 13.5 10.0 0.0 0.4 13.5 2.9

Difference − 0.3 − 5.0 − 10.0 − 14.1 6.7 − 10.0 − 5.1 − 5.8 8.0 − 4.5

Normal
Mean 7.6 13.6* 16.5* 18.3* 5.6 19.8* 15.4 12.2 10.2* 9.4* 6.8* 14.3*

SD 6.6 5.9 5.6 6.0 1.5 5.2 13.6 9.7 8.0 8.0 2.6 7.7

C01 Stab
Mean 3.3 5.0* 5.5* 6.9* 7.2 11.5* 2.2 3.3* 3.9* 9.8* 6.6*

SD 3.9 4.5 4.0 4.8 5.3 4.3 1.5 3.3 3.5 4.4 3.5

Diff
Mean − 3.8 − 8.5 − 10.8 − 10.9 1.6 − 8.2 − 11.7 − 7.8 − 9.4 3.0 − 7.7

SD 6.7 5.6 4.7 4.8 5.1 4.1 15.8 7.9 7.2 3.8 6.1



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:10853  | https://doi.org/10.1038/s41598-021-90052-6

www.nature.com/scientificreports/

during C0–C1 stabilization (C1–C2 and remaining C0–C1 contribution after stabilization) are within the 10–21° 
reported in the literature2.

Using the Frankfort plane as the zero position, C0–C1 accounted for 41.9% of the upper cervical flexion 
(or in other words: after C0–C1 stabilization, the 58.1% of the normal C0-C2 ROM was obtained). Similarly, 
Chancey et al. (2007) reported that C0–C1 produced 41–45% of UCS flexion. In our sample, C0–C1 produced 
at least 53.8% of the upper cervical extension (after C0–C1 stabilization, 46.2% of the normal C0-C2 ROM was 
obtained). This value differs from the reported 69–71% of the upper cervical extension occurring in C0–C14. 
However, the C0–C1 ROM in our sample should be larger since the screw stabilization did not abolish C0–C1 
ROM totally. The remaining UCS ROM after C0–C1 stabilization found within this study supports the impor-
tance of the C1–C2 segment during upper cervical flexion and extension.

In the frontal plane, upper cervical movement without stabilization was 4.7° in right lateral flexion and 5.6° 
in left lateral flexion. Frontal plane movements are rarely reported in the literature and are considered by some 
to be non-physiological movements of the atlanto-occipital joints2. However, motion in the frontal plane could 
vary between individuals. Some of the specimens in this study (1 and 7) moved approximately 15° in the frontal 
plane. Frequently observed anatomical variations in the upper cervical spine could explain this specimen specific 
movement 32.

As an average, it seems that both C0–C1 and C1–C2 participate similarly in the lateral flexion movement. 
During this study, C0–C1 stabilization produced 51.3% reduction in right lateral flexion and 58.0% in left lateral 
flexion.

Figure 4.   Forces required for left (negative values) and right lateral flexion (positive values) during the full 
range of motion in the 10 specimens: normal and with C0–C1 stabilization.
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In the transverse plane, upper cervical movement without stabilization was 61.9° (33.9° and 28.0° for right 
and left axial rotation, respectively). The results for upper cervical rotation are lower than the in vitro studies 
with reported reference values from 66.6°33 to 92.4°34. This is likely due to methodological differences between 
this study and those previously published.

C0–C1 stabilization reduced transverse plane movement 9.8° (15.7% of the upper cervical ROM in this plane). 
The limitation of upper cervical axial rotation of C0–C1 in our study is similar to the in vitro studies of Panjabi 
et al. (1988)34 (14.8%) and Panjabi et al. (2001)35 (14.86%) but higher than other in vivo studies with active move-
ments (2.4–8.9%)9,10,36–39. In general, it seems to be a lack of data regarding the contribution of C0–C1 to upper 
cervical axial rotation in the literature, and in fact, some authors even disregard it 7,9,11–13,40 . Boszczyk et al. (2012) 
concluded that only considering C1–C2 arthrokinematics do not explain the tolerance of the alar ligaments at 
the maximum of 40° of UCS rotation12. The findings of Boszczyk et al. suggest that C0–C1 could play a more 
relevant function during passive UCS rotation. In our study, C0–C1 stabilization reduced upper cervical rotatory 
ROM more than the reported C0–C1 range in the literature in the same direction as UCS rotation (2.5° ± 1°)10 
or even in the opposite direction as UCS rotation (− 1°)41,42 at the end of the upper cervical rotation. Also, at 1 
N, 2 N and 3 N mobilization load, the UCS rotation with C0–C1 stabilization was significantly lower than in 
the non-stabilized condition. The C0–C1 restriction of movement may have had an influence on alar ligament 
tightening. Further support for the contribution of C0–C1 during UCS axial rotation is reported clinically 
showing an increase of C1–C2 ROM following C0–C1 mobilization15–19, although scientific evidence about the 
specific segmental effect in C0–C1 and not in adjacent segments of C0–C1 translatoric mobilization is needed.

Figure 5.   Forces required for left (negative values) and right axial rotation (positive values) during the full 
range of motion in the 10 specimens: normal and with C0–C1 stabilization.
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The alar ligaments are considered a primary restraint to axial rotation22,43,44. Findings from this study indicate 
there is a reduction of the upper cervical axial rotation ROM and increased forces when C0–C1 is stabilized com-
pared to non-stabilization. This increase of resistance in upper cervical axial rotation with C0–C1 stabilization 
could mean that C0–C1 kinematics are related to the tightening of the alar ligaments and indirectly, to the upper 
cervical and C1–C2 ROM in the transverse plane. In fact, research investigating the impact of the alar ligament 
on upper cervical axial rotation indicate that alar ligament transection increases C0–C1 axial rotation by 30%37.

The data from our study provides insight into the effect of surgical applications of treating C0–C1 dislocation 
via C0–C1 transcondylar screw techniques45–47. We observed a ROM reduction after C0–C1 stabilization in each 
plane as happens with the surgical insertion of transarticular screws. It is known that adding a structural graft 
may further improve the amount of stability in the C0–C1 segment46. However, the results of this study are not 
directly comparable to the typical surgical procedure because of the different fixating method and the differ-
ent entry point and screw’s trajectory from the in vivo techniques. Even with these differences in stabilization 

Table 3.   Lateral flexion in degrees for the force values of 1, 2, 3, and 4 N during the motion, and the maximum 
force (F. Max) with its range of motion (ROM Max). The table shows the values for all the specimens before 
(normal) and after (C0C1 stab) the stabilization of C0–C1. The means and standard deviations for each 
analyzed force and ROM Max are presented at the last rows of the table. N, Newtons; F max, applied force at 
end range of motion; ROM max, end range of motion; SD, standard deviation. *Statistical significance p < 0.05 
values indicated in bold.

Test

Right lateral flexion (degrees) Left lateral flexion (degrees)

Force ROM Max Force ROM Max

1 N 2 N 3 N 4 N F. Max 1 N 2 N 3 N 4 N F. Max

1

Normal 0.9 1.5 1.9 2.3 7.4 3.4 0.7 1.7 7.2 9.9 12.1

C0C1 stab 0.2 0.5 0.8 0.9 6.1 1.4 0.1 0.3 1.2 1.7 7.5 3.2

Difference − 0.7 − 1.0 − 1.1 − 1.4 − 1.3 − 2.0 − 0.4 − 0.5 − 5.5 − 2.4 − 8.9

2

Normal 6.0 7.7 8.5 8.9 4.8 9.0 2.7 3.2 3.9 4.2 7.0 4.5

C0C1 stab 3.8 4.5 4.1 2.4 4.1 4.7 3.4 3.4 3.3 3.3 6.0 3.4

Difference − 2.2 − 3.2 − 4.4 − 6.5 − 0.7 − 4.3 0.7 0.2 − 0.6 − 0.9 − 1.0 − 1.1

3

Normal 0.2 1.5 2.4 3.2 4.7 4.1 0.8 1.9 2.9 3.7 4.8 4.1

C0C1 stab 0.2 7.8 2.7 2.1 2.7 3.4 3.0 3.4

Difference − 3.0 3.1 − 1.4 1.3 0.8 0.5 − 1.8 − 0.7

4

Normal 0.0 0.3 2.6 5.4 7.4 8.8 0.5 1.4 1.8 10.9 3.4

C0C1 stab 0.1 0.2 0.3 0.4 8.4 0.9 0.1 0.2 0.3 9.3 1.4

Difference 0.1 − 0.1 − 2.3 − 5.0 1.0 − 7.9 − 0.4 − 1.2 − 1.5 − 1.6 − 2.0

5

Normal 0.7 1.3 1.7 2.1 10.2 3.7 1.7 3.3 4.8 5.4 8.3 6.5

C0C1 stab 0.2 0.3 0.4 0.6 11.4 3.4 0.2 7.9 1.3

Difference − 0.5 − 1.0 − 1.3 − 1.5 1.2 − 0.3 − 5.2 − 0.4 − 5.2

6

Normal 0.5 0.9 1.4 2.3 6.7 4.1 0.8 1.1 1.5 1.8 11.8 3.1

C0C1 stab 0.2 0.3 0.5 0.6 9.8 1.7 0.1 9.8 1.1

Difference − 0.3 − 0.6 − 0.9 − 1.7 3.1 − 2.4 − 1.7 − 2.0 − 2.0

7

Normal 1.0 2.2 3.0 3.6 6.0 4.6 3.3 7.0 8.7 10.0 4.3 10.4

C0C1 stab 1.2 2.3 3.2 4.1 4.1 4.2 0.2 1.3 2.5 3.6 4.8 4.3

Difference 0.2 0.1 0.2 0.5 − 1.9 − 0.4 − 3.1 − 5.7 − 6.2 − 6.4 0.5 − 6.1

8

Normal 0.4 1.5 2.1 2.4 4.7 2.6 0.2 0.7 1.5 2.3 6.0 3.5

C0C1 stab 0.1 0.2 0.3 0.4 9.9 1.7 0.1 0.2 7.9 0.7

Difference − 0.3 − 1.3 − 1.8 − 2.0 5.2 − 0.9 − 1.4 − 2.1 1.9 − 2.8

9

Normal 0.4 1.9 2.9 3.4 4.5 3.5 0.9 1.9 2.5 3.0 6.0 3.9

C0C1 stab 0.1 0.6 1.4 1.8 4.7 2.1 0.1 0.5 0.8 1.3 6.6 2.9

Difference − 0.3 − 1.3 − 1.5 − 1.6 0.2 − 1.4 − 0.8 − 1.4 − 1.7 − 1.7 0.6 − 1.0

10

Normal 0.7 1.2 1.3 1.6 8.1 3.1 0.8 1.6 2.2 2.7 9.8 4.3

C0C1 stab 0.0 0.1 0.1 0.1 9.9 0.6 0.1 0.2 12.2 1.5

Difference − 0.7 − 1.1 − 1.2 − 1.5 1.8 − 2.5 − 2.1 − 2.5 2.4 − 2.8

Normal
Mean 1.1* 2.0* 2.8* 3.5* 6.5 4.7* 1.4 2.2 3.1* 4.2* 7.9 5.6*

SD 1.8 2.1 2.1 2.2 1.9 2.3 1.1 2.0 2.3 2.6 2.6 3.2

C0C1 Stab
Mean 0.7* 1.0* 1.2* 1.1* 7.6 2.3* 1.2 1.4 1.5* 1.2* 7.5 2.3*

SD 1.2 1.5 1.4 1.3 2.7 1.4 1.5 1.4 1.4 1.4 2.6 1.2

Diff
Mean − 0.5 − 1.1 − 1.6 − 2.4 1.2 − 2.4 − 0.5 − 1.2 − 1.7 − 3.1 − 0.4 − 3.3

SD 0.7 0.9 1.3 2.0 2.2 2.3 2.0 2.3 2.0 2.1 1.7 2.7
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methods, this study provides valuable 3D motion and load information during a simulated manual clinical 
procedure used to examine upper cervical kinematics.

Other limitations of the present study relate to the mobilization procedure. The methodology used was 
original and specific to the objectives but challenging to compare with prior studies. The in vitro design allowed 
the stabilization of C2 as a fixed point for movement reference. The mobilization force was manually applied 
to simulate a clinical and physiological procedure in comparison to loading devices. Inducing the mobiliza-
tion manually challenges the repeatability in terms of direction and magnitude of the loads. However, after the 
experimental testing, the study compared certain force values (1 N, 2 N, 3 N, and 4 N) in each of the planes in 
both conditions. Physiological motion can also be produced by machines34. However, intersegmental movement 
outside the primary plane of motion (coupled motions) has also been reported in experimental testing using 
machines loading in one anatomical plane48. Also, the structures dissected before the applied movements49 may 
also influence the results.

Table 4.   Rotation in degrees for the force values of 1, 2, 3, and 4 N during the motion, and the maximum 
force (F. Max) with its range of motion (ROM Max). The table shows the values for all the specimens before 
(normal) and after (C0C1 stab) the stabilization of C0–C1. The means and standard deviations for each 
analyzed force and ROM Max are presented at the last rows of the table. N: Newtons; F max: applied force at 
end range of motion; ROM max: end range of motion; SD: standard deviation. *Statistical significance p < 0.05 
values indicated in bold.

Test

Right rotation (degrees) Left rotation (degrees)

Force

ROM Max

Force

ROM Max1 N 2 N 3 N 4 N F. Max 1 N 2 N 3 N 4 N F. Max

1

Normal 26.1 30.0 2.2 30.8 33.6 36.0 2.9 38.0

C0C1 stab 16.6 23.5 26.3 3.5 27.3 26.1 34.9 2.1 41.9

Difference − 9.5 − 6.5 1.3 − 3.5 − 7.5 − 1.1 − 0.8 3.9

2

Normal 5.7 32.6 2.5 33.5 38.5 1.3 39.0

C0C1 stab 0.4 30.0 2.7 31.9 1.0 31.9

Difference − 5.3 − 2.6 0.2 − 1.6 − 0.3 − 7.1

3

Normal 0.0 7.5 21.8 3.5 24.8 13.6 16.4 2.5 17.6

C0C1 stab 1.0 15.9 3.9 19.8 0.7 17.3

Difference − 6.5 − 5.9 0.4 − 5.0 − 1.8 − 0.3

4

Normal 38.0 42.7 42.5 3.8 43.9 15.6 20.7 22.7 24.4 4.3 25.4

C0C1 stab 0.4 34.9 38.3 40.3 4.2 40.9 7.1 11.4 15.2 3.1 15.7

Difference − 37.6 − 7.8 − 4.2 0.4 − 3.0 − 8.5 − 9.3 − 7.5 − 1.2 − 9.7

5

Normal 21.3 22.1 24.2 3.1 24.6 12.2 14.5 17.8 19.4 5.3 21.1

C0C1 stab 15.0 21.3 23.3 3.7 24.5 7.9 11.0 12.6 14.0 5.0 15.2

Difference − 6.3 − 0.8 − 0.9 0.6 − 0.1 − 4.3 − 3.5 − 5.2 − 5.4 − 0.3 − 5.9

6

Normal 26.7 29.2 2.8 30.5 15.1 18.8 20.4 21.6 4.6 22.1

C0C1 stab 1.3 8.9 15.3 19.5 5.7 23.6 3.5 7.5 10.4 12.7 6.4 17.0

Difference − 25.4 − 20.3 2.9 − 6.9 − 11.6 − 11.3 − 10.0 − 8.9 1.8 − 5.2

7

Normal 22.7 31.0 34.1 36.7 4.0 36.9 21.5 26.3 2.9 28.4

C0C1 stab 19.6 24.9 29.4 3.8 32.8 18.0 2.0 21.1

Difference − 3.1 − 6.1 − 4.7 − 0.2 − 4.1 − 3.5 − 0.9 − 7.3

8

Normal 30.0 34.3 2.9 36.5 23.2 26.5 28.4 29.6 4.8 30.8

C0C1 Stab 11.4 19.2 23.4 3.9 26.5 19.8 24.3 26.0 3.1 26.3

Difference − 18.6 − 15.1 1.0 − 10.0 − 3.4 − 2.2 − 2.4 − 1.7 − 4.5

9

Normal 16.1 31.1 37.6 40.4 5.5 43.5 18.9 23.7 26.0 27.7 4.2 28.0

C0C1 Stab 18.7 28.9 33.7 3.8 36.8 18.3 22.0 2.2 22.5

Difference 2.6 − 2.2 − 3.9 − 1.7 − 6.7 − 0.6 − 1.7 − 2.0 − 5.5

10

Normal 24.3 30.1 32.5 3.6 33.7 23.4 26.0 27.3 28.2 5.5 29.5

C0C1 stab 0.8 13.6 17.5 3.8 20.5 16.9 22.5 24.9 26.7 4.5 27.6

Difference − 23.5 − 16.5 − 15.0 0.2 − 13.2 − 6.5 − 3.5 − 2.4 − 1.5 − 1.0 − 1.9

Normal
Mean 21.1 29.1* 32.1* 38.6 3.4 33.9* 21.6* 23.2* 23.8* 25.2 3.8 28.0*

SD 11.3 9.1 7.9 2.6 0.9 6.7 8.6 6.5 4.2 4.0 1.4 6.9

C0C1 stab
Mean 9.4* 20.6* 24.8* 29.9 3.9 28.5* 14.7* 19.1* 17.8* 17.8 3.0 23.7*

SD 8.5 10.3 8.0 14.7 0.7 7.0 7.7 9.6 7.2 7.7 1.8 8.5

Diff
Mean − 14.1 − 8.4 − 5.8 0.5 − 5.4 − 5.7 − 4.7 − 5.5 − 5.3 − 0.8 − 4.4

SD 13.0 6.6 4.8 1.2 3.9 3.5 4.0 3.3 3.7 1.1 3.9
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This in vitro study, showed a reduction in all cardinal plane motions following stabilization of C0–C1. During 
transverse plane motion, C0–C1 stabilization reduced upper cervical rotation by 15%, a higher rate than expected, 
considering the reported C0–C1 rotational range of movement in the literature. In addition, the increase of 
resistance in upper cervical axial rotation with C0–C1 stabilization could mean that C0–C1 kinematics could 
be related to the tightening of the alar ligaments.

Received: 29 October 2020; Accepted: 5 May 2021

References
	 1.	 Morishita, Y. et al. The kinematic relationships of the upper cervical spine. Spine (Phila Pa 1976) 34, 2642–2645 (2009).
	 2.	 Bogduk, N. & Mercer, S. Biomechanics of the cervical spine. I: Normal kinematics. Clin. Biomech. 15, 633–648 (2000).
	 3.	 Anderst, W. J., Donaldson, W. F., Lee, J. Y. & Kang, J. D. Three-dimensional intervertebral kinematics in the healthy young adult 

cervical spine during dynamic functional loading. J. Biomech. 48, 1286–1293 (2015).
	 4.	 Chancey, V. C., Ottaviano, D., Myers, B. S. & Nightingale, R. W. A kinematic and anthropometric study of the upper cervical spine 

and the occipital condyles. J. Biomech. 40, 1953–1959 (2007).
	 5.	 Fujimori, T., Le, H., Ziewacz, J. E., Chou, D. & Mummaneni, P. V. Is there a difference in range of motion, neck pain, and outcomes 

in patients with ossification of posterior longitudinal ligament versus those with cervical spondylosis, treated with plated lamino-
plasty?. Neurosurg Focus 35, E9 (2013).

	 6.	 Hidalgo-García, C. et al. Effect of alar ligament transection in side-bending stress test: a cadaveric study. Musculoskelet. Sci. Pract. 
46, 102110 (2020).

	 7.	 Takasaki, H. et al. Normal kinematics of the upper cervical spine during the Flexion-Rotation Test—In vivo measurements using 
magnetic resonance imaging. Man. Ther. 16, 167–171 (2011).

	 8.	 Osmotherly, P. G., Rivett, D. A. & Rowe, L. J. Construct validity of clinical tests for alar ligament integrity: an evaluation using 
magnetic resonance imaging. Phys. Ther. 92, 718–725 (2012).

	 9.	 Kang, J., Chen, G., Zhai, X. & He, X. In vivo three-dimensional kinematics of the cervical spine during maximal active head rota-
tion. PLoS ONE 14, 1–16 (2019).

	10.	 Salem, W., Lenders, C., Mathieu, J., Hermanus, N. & Klein, P. Invivo three-dimensional kinematics of the cervical spine during 
maximal axial rotation. Man. Ther. 18, 339–344 (2013).

	11.	 Crisco, J. J. III., Manohar, M., Panjabi, M. & Dvorak, J. A model of the alar ligaments of the upper cervical spine in axial rotation. 
J. Biomech. 24, 607–614 (1991).

	12.	 Boszczyk, B. M., Littlewood, A. P. & Putz, R. A geometrical model of vertical translation and alar ligament tension in atlanto-axial 
rotation. Eur. Spine J. 21, 1575–1579 (2012).

	13.	 Anderst, W., Rynearson, B., West, T., Donaldson, W. & Lee, J. Dynamic in vivo 3D atlantoaxial spine kinematics during upright 
rotation. J. Biomech. 60, 110–115 (2017).

	14.	 Crisco, J. J., Panjabi, M. M. & Dvorák, J. Transections of the C1 C2 ligaments. J. Biomech. 24, 607–614 (1991).
	15.	 Hidalgo-Garcia C, Tricas-Moreno JM, Lucha-Lopez O, Estebanez-de-Miguel E, Bueno-Gracia E, Malo-Urries M, Perez-Guillen S, 

Fanlo-Mazas P, Ruiz-de-Escudero A, Krauss. J. Short term efficacy of C0-C1 mobilization in the cervical neutral position in upper 
cervical hypomobility: a randomized controlled trial. J. Int. Acad. Phys. Ther. Res. 7, 908–914 (2016).

	16.	 Malo-Urriés, M. et al. Immediate effects of upper cervical translatoric mobilization on cervical mobility and pressure pain threshold 
in patients with cervicogenic headache: a randomized controlled trial. J. Manipulative Physiol. Ther. 40, 649–658 (2017).

	17.	 González Rueda, V. Efectividad del abordaje específico de la región suboccipital en pacientes con cervicalgia mecánica crónica 
con déficit de rotación cervical superior. (Universidad de Zaragoza, 2018).

	18.	 Rodríguez-sanz, J. et al. Effects of the manual therapy approach of segments C0–1 and C2–3 in the flexion-rotation test in patients 
with chronic neck pain: a randomized controlled trial. Int. J. Environ. Res. Public Health 18, 753 (2021).

	19.	 González-Rueda, V. et al. Does upper cervical manual therapy provide additional benefit in disability and mobility over a physi-
otherapy primary care program for chronic cervicalgia? A randomized controlled trial. Int. J. Environ. Res. Public Health 17, 1–14 
(2020).

Table 5.   Statistical significance of the maximal force applied and range of motion (degrees) at different 
standardized forces and end-range for normal and stabilized C0–C1 configurations in flexion, extension, right 
lateral flexion, left lateral flexion, right axial rotation, and left axial rotation. N: Newtons; F max: applied force 
at end range of motion; ROM max: end range of motion; SD: standard deviation. p values in bold showed 
statistical significance (p < 0.05).

Flexion Extension Right lateral flexion Left lateral flexion Right rotation Left rotation

Mean ± SD p value Mean ± SD p value Mean ± SD p value Mean ± SD p value Mean ± SD p value Mean ± SD p value

1N_Normal 7.6 ± 6.6
0.110

15.4 ± 13.6
–

1.1 ± 1.8
0.021

1.4 ± 1.1
0.715

21.1 ± 11.3
0.011

21.6 ± 8.6
0.012

1N_Stabilized 3.3 ± 3.9 - 0.7 ± 1.2 1.2 ± 1.5 9.4 ± 8.5 14.7 ± 7.7

2N_Normal 13.6 ± 5.9
0.008

12.2 ± 9.7
0.180

2.0 ± 2.1
0.011

2.2 ± 2.0
0.249

29.1 ± 9.1
0.005

23.2 ± 6.5
0.018

2N_Stabilized 5.0 ± 4.5 2.2 ± 1.5 1.0 ± 1.5 1.4 ± 1.4 20.6 ± 10.3 19.1 ± 9.6

3N_Normal 16.5 ± 5.6
0.012

10.2 ± 8.0
0.043

2.8 ± 2.1
0.011

3.1 ± 2.3
0.021

32.1 ± 7.9
0.028

23.8 ± 4.2
0.043

3N_Stabilized 5.5 ± 4.0 3.3 ± 3.3 1.2 ± 1.4 1.5 ± 1.4 24.8 ± 8.0 17.8 ± 7.2

4N_Normal 18.3 ± 6.0
0.028

9.4 ± 8.0
0.028

3.5 ± 2.2
0.007

4.2 ± 2.6
0.008

38.6 ± 2.6
–

25.2 ± 4.0
0.109

4N_Stabilized 6.9 ± 4.8 3.9 ± 3.5 1.1 ± 1.3 1.2 ± 1.4 29.9 ± 14.7 17.8 ± 7.7

NMax_Normal 5.6 ± 1.5
0.721

6.8 ± 2.6
0.037

6.5 ± 1.9
0.169

7.9 ± 2.6
0.575

3.4 ± 0.9
0.093

3.8 ± 1.4
0.059

NMax_Stabilized 7.2 ± 5.3 9.8 ± 4.4 7.6 ± 2.7 7.5 ± 2.6 3.9 ± 0.7 3.0 ± 1.8

ROMMax_Normal 19.8 ± 5.2
0.005

14.3 ± 7.7
0.007

4.7 ± 2.3
0.005

5.6 ± 3.2
0.005

33.9 ± 6.7
0.005

28.0 ± 6.9
0.013

ROMMax_Stabilizd 11.5 ± 4.3 6.6 ± 3.5 2.3 ± 1.4 2.3 ± 1.2 28.5 ± 7.0 23.7 ± 8.5



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:10853  | https://doi.org/10.1038/s41598-021-90052-6

www.nature.com/scientificreports/

	20.	 Krauss, J., Evjenth, O. & Creighton, D. Translatoric Spinal Manipulation for Physical Therapists (Lakeview Media LLC, 2006).
	21.	 Hidalgo-García, C. et al. Manipulación cervical: aproximación anatómico-biomecánica frente a los posibles riesgos e implicaciones 

prácticas. Fisioterapia 29, 298–303 (2007).
	22.	 Panjabi, M. M. & Dvorak, J. Functional anatomy of the alar ligaments. Spine (Phila Pa 1976) 12, 183–189 (1987).
	23.	 Amevo, B., Worth, D. & Bogduk, N. Instantaneous axes of rotation of the typical cervical motion segments: a study in normal 

volunteers. Clin. Biomech. 6, 111–117 (1991).
	24.	 Moorrees, C. F. A. & Kean, M. R. Natural head position, a basic consideration in the interpretation of cephalometric radiographs. 

Am. J. Phys. Anthropol. 16, 213–234 (1958).
	25.	 Slykhouse, L. et al. Anatomically-based skeletal coordinate systems for use with impact biomechanics data intended for anthro-

pomorphic test device development. J. Biomech. 92, 162–168 (2019).
	26.	 Shaw, G. et al.Impact response of restrained PMHS in frontal sled tests: skeletal deformation patterns under seat belt loading. SSAE 

Tech. Pap. 22, 10 (2009).
	27.	 Bernhardt, P. et al. Multiple muscle force simulation in axial rotation of the cervical spine. Clin. Biomech. 14, 32–40 (1999).
	28.	 Beyer, B., Sobczak, S., Salem, W., Feipel, V. & Dugailly, P. M. 3D motion reliability of occipital condylar glide testing: From concept 

to kinematics evidence. Man. Ther. 21, 159–164 (2016).
	29.	 Osmotherly, P. G., Rawson, O. A. & Rowe, L. J. The relationship between dens height and alar ligament orientation: A radiologic 

study. J. Manipulative Physiol. Ther. 34, 181–187 (2011).
	30.	 Osmotherly, P. G., Rivett, D. A. & Mercer, S. R. Revisiting the clinical anatomy of the alar ligaments. Eur. Spine J. 22, 60–64 (2013).
	31.	 Ernst, M. J. et al. Extension and flexion in the upper cervical spine in neck pain patients. Man. Ther. 20, 547–552 (2015).
	32.	 Cattrysse, E., Provyn, S., Kool, P., Clarys, J. P. & Van Roy, P. Morphology and kinematics of the atlanto-axial joints and their inter-

action during manual cervical rotation mobilization. Man. Ther. 16, 481–486 (2011).
	33.	 Panjabi, M. et al. Effects of Alar ligament transection on upper cervical spine rotation. J. Orthop. Res. 9, 584–593 (1991).
	34.	 Panjabi, M. et al. Three-dimensional movements of the upper cervical spine. Spine (Phila Pa 1976) 13, 726–730 (1988).
	35.	 Panjabi, M. M. et al. Mechanical properties of the human cervical spine as shown by three-dimensional load–displacement curves. 

Spine (Phila Pa 1976) 26, 2692–2700 (2001).
	36.	 Penning, L. & Wilmink, J. Rotation of the cervical spine A CT study in normal subjects. Spine (Phila Pa 1976) 12, 732–738 (1987).
	37.	 Dvorak, J., Schneider, E., Saldinger, P. & Rahn, B. Biomechanics of the craniocervical region; The alar and transverse ligaments. J. 

Orthop. Res. 6, 452–461 (1988).
	38.	 Ishii, T. et al. Kinematics of the upper cervical spine in rotation: in vivo three-dimensional analysis. Spine (Phila Pa 1976) 29, 

E139–E144 (2004).
	39.	 Zhao, X. et al. Three-dimensional analysis of cervical spine segmental motion in rotation. Arch. Med. Sci. 9, 515–520 (2013).
	40.	 Ogince, M., Hall, T., Robinson, K. & Blackmore, A. M. The diagnostic validity of the cervical flexion-rotation test in C1/2-related 

cervicogenic headache. Man. Ther. 12, 256–262 (2007).
	41.	 Penning, L. & Wilmink, J. T. Rotation of the cervical spine: A CT study in normal subjects. Spine 12, 732–738 (1987).
	42.	 Lai, H. et al. Three dimensional motion analysis of the upper cervical spine during axial rotation. Spine 18, 2388–2392 (1993).
	43.	 Lummel, N. et al. Value of ‘functional’ magnetic resonance imaging in the diagnosis of ligamentous affection at the craniovertebral 

junction. Eur. J. Radiol. 81, 3435–3440 (2012).
	44.	 Hidalgo-García, C. et al. The effect of alar ligament transection on the rotation stress test: A cadaveric study. Clin. Biomech. 80, 

105185 (2020).
	45.	 Xu, X. et al. Anterior atlanto-occipital transarticular screw fixation: A radiological evaluation. World Neurosurg. 128, e488–e494 

(2019).
	46.	 Bambakidis, N. C. et al. Biomechanical comparison of occipitoatlantal screw fixation techniques: Laboratory investigation. J. 

Neurosurg. Spine 8, 143–152 (2008).
	47.	 Feiz-Erfan, I., Gonzalez, L. F. & Dickman, C. A. Atlantooccipital transarticular screw fixation for the treatment of traumatic 

occipitoatlantal dislocation. Technical note. J. Neurosurg. Spine 2, 381–385 (2005).
	48.	 Caravaggi, P. et al. Kinematics of the cervical spine after unilateral facet fracture. Spine (Phila Pa 1976) 42, E1042–E1049 (2017).
	49.	 Lenz, R. et al. The transverse occipital ligament: An anatomic, histologic, and radiographic study. Spine J. 12, 596–602 (2012).

Acknowledgements
The authors are thankful to body donors that enable the study of anatomy. Thanks to the Instituto Aragonés de 
Fomento (IAF), Unidad de Investigación en Fisioterapia at University of Zaragoza, Anatomy Laboratories from 
Universitat Internacional de Catalunya and the Ethical Committee from UIC-Barcelona for its support. And we 
also thank to Judith Pascual and Dr. Pedro Alvarez for their help in the anatomy preparation.

Author contributions
Conceptualization: C.H.G., A.I.L., O.L.L., J.M.T.; Methodology: C.H.G., A.I.L., M.M.F., J.K., A.P.B.; Formal analy-
sis and investigation: C.H.G., A.I.L., M.M.U., J.M.T., M.M.F., J.K.; Writing—original draft preparation: C.H.G., 
A.I.L., C.L.C., M.M.F.; Writing—review and editing: C.H.G., A.I.L., C.L.C., O.L.L., M.M.U., J.R.S., M.M.F., J.M.T., 
J.K., A.P.B.; Funding acquisition: C.H.G. M.M.F., J.M.T., A.P.B., O.L.L.; Resources: M.M.F., J.M.T., A.P.B.; Supervi-
sion: C.H.G., A.I.L., O.L.L., M.M.F., J.K., A.P.B., J.R.S., M.M.F., J.M.T., M.M.U.

Funding
This study was supported by IAF (Instituto Aragonés de Fomento).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.H.-G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:10853  | https://doi.org/10.1038/s41598-021-90052-6

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Effects of occipital-atlas stabilization in the upper cervical spine kinematics: an in vitro study
	Methods
	Sample. 
	Anatomical and biomechanical procedure. 
	Ethical approval. 

	Results
	Upper cervical sagittal plane mobility. 
	Upper cervical frontal plane mobility. 
	Upper cervical transverse plane mobility. 

	Discussion
	References
	Acknowledgements


