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A B S T R A C T   

Understanding the motion characteristics of cervical spine through biomechanical analysis aids in 
the identification of abnormal joint movements. This knowledge is essential for the prevention, 
diagnosis, and treatment of related disorders. However, the anatomical structure of the cervical 
spine is complex, and traditional medical imaging techniques have certain limitations. Capturing 
the movement characteristics of various parts of the cervical spine in vivo during motion is 
challenging. The dual fluoroscopic imaging system (DFIS) is able to quantify the motion and 
motion patterns of individual segments. In recent years, DFIS has achieved accurate non-invasive 
measurements of dynamic joint movements in humans. This review assesses the research findings 
of DFIS about the cervical spine in healthy and pathological individuals. Relevant study search 
was conducted up to October 2023 in Web of Science, PubMed, and EBSCO databases. After the 
search, a total of 30 studies were ultimately included. Among them, 13 studies focused on healthy 
cervical spines, while 17 studies focused on pathological cervical spines. These studies mainly 
centered on exploring the vertebral bodies and associated structures of the cervical spine, 
including intervertebral discs, intervertebral foramina, and zygapophyseal joints. Further 
research could utilize DFIS to investigate cervical spine motion in different populations and under 
pathological conditions.   

1. Introduction 

The anatomy and function of the cervical spine are intricate, often bearing high loads which elevate the risk of injury and 
degenerative changes. These changes can ultimately result in pain, functional disability, and/or neurological complications [1]. The 
normal distribution of loads and the proper functioning of various tissue structures are essential for maintaining its longevity and 
functionality [2,3]. The etiology of cervical degenerative changes is considered multifactorial, although the exact mechanisms remain 
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unclear [4]. Most scholars tend to believe that degeneration results from the imbalanced mechanical stress distribution or excessive 
loading. Therefore, it is crucial to measure the cervical spine under dynamic loads [5,6].Quantitative analysis of cervical spine ki-
nematics provides a comprehensive understanding of motion patterns, loading modes, and potential mechanisms of injury during 
movement. This analysis contributes to the improvement of surgical techniques and rehabilitation programs. 

Existing traditional three-dimensional motion measurement methods have certain limitations when capturing cervical spine mo-
tion. For example, optical motion capture systems rely on tracking motion trajectories through reflective markers placed on the body 
surface. However, due to the thick, soft tissue covering in the cervical spine region and the absence of distinct bony landmarks. There 
may be significant errors when using optical motion capture systems to precisely capture cervical spine motion. Radiostereometric 
analysis (RSA) is an invasive method that requires the implantation of specific markers inside the body, mainly used for in vitro studies 
[7]. On the other hand, single-plane fluoroscopy imaging techniques may exhibit significant errors when capturing out-of-plane 
motion [8]. Finite element models rely on computer programming to simulate the 6 degrees of freedom (DOF) motion of joints, but 
their results may deviate from actual motion trajectories [9]. 

The dual fluoroscopic imaging system (DFIS) is a novel in vivo joint motion capture technology (Fig. 1). DFIS provides high- 
resolution real-time imaging of cervical spine motion, enabling precise tracking of three-dimensional cervical spine motion. 
Compared to traditional methods, DFIS offers significant advantages. Unlike optical motion capture systems, DFIS utilizes bone models 
and image registration techniques, not relying on surface markers, thus ensuring higher accuracy in measuring cervical spine kine-
matics. Additionally, DFIS is non-invasive and suitable for in vivo studies, eliminating the need for markers as required by RSA. 
Moreover, when measuring 6 DOF joint kinematics, DFIS demonstrates higher accuracy compared to single-plane fluoroscopy im-
aging. Compared to finite element model analysis, DFIS can more accurately reflect actual joint motion, reducing deviations from the 
true trajectory. In conclusion, DFIS is an effective alternative method for measuring three-dimensional cervical spine motion, 
addressing some limitations of existing methods. 

DFIS combines dynamic orthogonal fluoroscopy with magnetic resonance imaging (MRI) or 3D computed tomography (CT) to 
obtain human body imaging information [10,11] (Fig. 2). This method overcomes the limitations of existing measurement techniques 
in terms of accuracy and ethics, enabling more precise in vivo measurements of cervical spine motion. Wang et al. pioneered the 
application of this technology to in vivo spinal kinematics research, validating its sub-millimeter accuracy and high repeatability in 
measuring spinal motion [12]. However, there is currently limited study reviewing the in vivo motion patterns of the cervical spine 
based on DFIS. This review aims to summarize and evaluate existing research, providing a reference for subsequent studies on the 
potential etiology, pathology, and biomechanics of cervical spine diseases. 

2. Materials and methods 

2.1. Search methodology 

A standardized electronic study searches of electronic databases including Web of Science, PubMed and EBSCO databases was 
conducted on October 1, 2023. The search utilized keywords "cervical vertebrae" and the terms "dual fluoroscopy" or "biplane fluo-
roscopy" or "biplanar video radiography" or "biplanar video fluoroscopy" or "biplanar fluoroscopy" or "biplane radiography" or "biplane 
X-ray system" or "biplane X-ray fluoroscopy" in the topic field. All studies were imported into Citavi to eliminate duplicates. 

2.2. Inclusion and exclusion criteria 

The identified studies were required to meet the following inclusion criteria: (1) published in English peer-reviewed journals, (2) 
biomechanical studies on cervical vertebrae, (3) original research studies. 

Fig. 1. The dual fluoroscopic imaging system.  
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Studies were excluded if the studies met any of the following exclusion criteria: (1) were reviewed, case reports or case series, (2) 
non-DFIS, (3) studies that do not involve any head or neck motion, (4) in vitro studies. 

2.3. Study selection 

There was no disagreement among the authors regarding the selection of studies eligible for review. The initial search identified 
133 studies. After pooling the results and removing duplicates, the titles and abstracts of 70 studies were screened. Additionally, the 
references of the 29 included studies were reviewed to identify any additional relevant studies. Finally, 30 studies successfully met the 
eligibility criteria (Fig. 3). 

2.4. Data extraction and tabulation 

A total of 13 studies focusing on healthy populations were ultimately included (Table 1). Among them, 8 studies investigated 
kinematics of cervical spine, such as the range of motion (ROM) of the vertebrae, coupled motion, and the quality of motion. The 
remaining 5 studies analyzed the kinematic anatomy of cervical spine, including intervertebral foramen and vertebral accessory 
structures. A total of 17 research studies related to non-healthy populations were included. These studies include 1 project describing 
pathological manifestations, 12 describing in vivo kinematic changes in the cervical spine after anterior cervical discectomy and fusion 
(ACDF) surgery, and 4 describing in vivo kinematics after artificial disc replacement (ADR) surgery, comparing them with the results of 
ACDF surgery (Table 2). 

Information assessed included: (1) author(s), (2) publication date, (3) sample size, (4) participant condition (e.g., sex, age), (5) 
anatomical structure, (6) cervical spine movement, (7) type of parameters, and (8) biomechanical characteristics. 

Fig. 2. Process of using dual fluoroscopic imaging system.  

Fig. 3. Studies search methodology.  

Y. Luo et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e30904

4

3. Results 

3.1. Accuracy of DFIS measurements 

Reliability and effectiveness are essential prerequisites for applying DFIS in cervical spine kinematics in vivo. Several papers have 
compared DFIS with the "gold standard" RSA. In a study by McDonald et al., tantalum beads were implanted in the vertebrae of sheep 
specimens to validate the accuracy of cervical spine kinematics measured by DFIS [42]. The study compared DFIS data with RSA data. 
The results indicated sub-millimeter and sub-degree measurement accuracy with DFIS, with translational precision within ±0.6 mm 
and rotational error of ±0.6◦ [42]. Similarly, Anderst et al. recruited three patients who underwent ACDF surgery [43]. Tantalum 
beads were implanted in the fused segments and adjacent vertebrae. Kinematic data were collected using DFIS and RSA six months 
post-surgery. The comparison revealed that utilizing DFIS for in vivo cervical spine kinematics research could achieve accurate 
measurements with good reproducibility [43]. The application of DFIS in three-dimensional cervical spine kinematic analysis is 
non-invasive and provides highly accurate results. 

Table 1 
Studies on the biomechanical characteristics in healthy individuals based on DFIS.  

Reference Participants 
Information: 
Sample Size, Sex, 
Age 

Anatomical 
Structure 

Cervical Spine 
Movement 

Type of Parameters Biomechanical Characteristics 

Anderst 
et al., 
2013 
[13] 

19(6 M, 13F), 45.6 
± 5.8 

C2–C7 vertebral 
bodies 

Flexion-Extension Sagittal 
intervertebral angle 

The position of the cervical spine during 
movement depends on the direction of head 
movement. 

Lin et al., 
2014 
[14] 

10(4 M, 6F), 22.6 ±
2.6 

C3-T1 vertebral bodies Lateral bending, 
Axial rotation 

Coupled 
intervertebral 
motion 

Interbody lateral bending accounts for a 
greater proportion of the coupled 
intervertebral motion that occurs during 
lateral bending and axial rotational 
movements of the cervical vertebrae 

Anderst 
et al., 
2015 
[15] 

29(15 M, 14F), 27.3 
± 4.4 

C1–T1 vertebral 
bodies 

Flexion-Extension, 
Lateral bending, 
Axial rotation 

ROM The contribution of different cervical 
segments to head movement is constantly 
changing and in full flexion or extension, 
reverse motion is generated by the C0–C1 
segment. 

Anderst 
et al., 
2015 
[16] 

29(15 M, 14F), 27.3 
± 4.4 

C1-T1 vertebral bodies Flexion-Extension, 
Lateral bending, 
Axial rotation 

ROMs, Helical axis of 
motion (HAM) 

High inter-subject variability across motor 
segments 

Mao et al., 
2016 
[17] 

10(6 M, 4F), 40.3 ±
10.9 

C3–C7 intervertebral 
foramen 

Flexion-Extension Dimensional 
Parameters (area, 
height, width) 

The intervertebral foraminal area decreases 
by approximately 9 % in extension and 
increases by approximately 15 % in flexion. 

Chang et al., 
2017 
[18] 

5(3 M, 2 F), 27-31 C3–C7 intervertebral 
foramen 

Extension, Axial 
rotation 

Dimensional 
Parameters (height, 
width) 

There is asymmetry between the two 
intervertebral foramina of the same segment 

Yu et al., 
2017 
[19] 

10(6 M, 4F), 40.3 ±
10.9 

C3–C7 intervertebral 
disc 

Flexion-Extension Cervical 
Intervertebral Disc 
Deformation 

The deformation of the cervical disc can be 
more than 70 % 

Anderst 
et al., 
2017 
[20] 

20(13 M, 7F), 28 ±
4.2 

C1–C2 vertebral 
bodies 

Axial rotation ROM C1–C2 rotation is linearly related to head 
rotation, with a ratio close to 1:1 

Yu et al., 
2019 
[21] 

10(6 M, 4F), 40.3 ±
10.9 

C3–C7 vertebral 
bodies 

Flexion-Extension, 
Axial rotation 

Center of Rotation 
(COR), ROM 

COR and ROM are related to cervical 
segmental level and vertebral motion 

Kim et al., 
2019 
[22] 

3(3 M, 0F), 31-33 C3–C7 vertebral 
bodies 

Flexion-Extension Instant Center of 
Rotation (ICR) 

The cervical ICR showed a tendency to move 
forward and upward, except for the C5–C6 
segment. 

Zhou et al., 
2020 
[23] 

8(0 M, 8F), 33.4 ±
5.7 

C0-T1 vertebral bodies Flexion-Extension, 
Lateral bending, 
Axial rotation 

ROM Significant differences in motion patterns 
exist between the superior and inferior 
cervical segments 

Wang et al., 
2020 
[11] 

18(7 M, 11F), 40.5 
± 10.9 

C3–C7 intervertebral 
disc and 
zygapophyseal joint 

Flexion-Extension, 
Lateral bending, 
Axial rotation 

ROM Vertebral motion is constrained by the 
intervertebral disc and guided by the 
zygapophyseal joint 

Zhou et al., 
2021 
[24] 

8F, (33.4 ± 5.7) C0-1､C1-2､CCJ (C0-2) Axial rotation, 
Flexion-Extension, 
Lateral bending 

Segmental 
Kinematics, 
Ligament 
Deformations 

C0–C1, C1–C2, and the entire cranio-cervical 
junction (C0–C2) exhibited complex coupled 
segmental motion, each component of the 
cruciform ligament was slightly deformed 
during head rotation  
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Table 2 
Studies on the postoperative cervical biomechanical characteristics based on DFIS.  

Reference Participants 
Information; 
Sample; Size; sex; 
Age (years) 

Anatomical structure Activity Type of Parameters Biomechanical characteristics 

Anderst 
et al., 
2013 
[25] 

Healthy subjects, 20 
(7 M, 13 F), 46 ± 6 

C2–C7 vertebral 
bodies 

Flexion- 
Extension 

ICR Single-segment fusion does not affect the quality 
of motion of adjacent segments 

Post C5–C6 ACDF 
surgery subjects, 12 
(2 M, 10 F), 47 ± 10 
Post C6–C7 ACDF 
surgery subjects, 5 (2 
M, 3 F), 43 ± 8 

Anderst 
et al., 
2013 
[26] 

Healthy subjects, 20 
(7 M, 13 F), 46 ± 9 

C2–C7 intervertebral 
disc 

Flexion- 
Extension 

ROM Single-level ACDF surgery alters the 
compression–distraction deformation in the disc 

Post C5–C6 ACDF 
surgery subjects, 10 
(2 M, 8 F), 45 ± 6 
Post C6–C7 ACDF 
surgery subjects, 5 (2 
M, 3 F), 43 ± 8 

Anderst 
et al., 
2013 
[27] 

Healthy subjects, 18 
(5 M, 13F), 45.6 ±
5.8 

C2–C7 vertebral 
bodies 

Flexion- 
Extension, 
Axial rotation 

ROM Following ACDF, there is a significant increase 
in the contribution of adjacent motion segments, 
but there is no change in the motion pattern or 
overall activity. Post C5–C6 ACDF 

surgery subjects, 6 (1 
M, 5F), 48.8 ± 6.9 

Anderst 
et al., 
2013 
[28] 

Healthy subjects, 20 
(7 M, 13 F), 45.5 ±
5.8 

C2–C7 vertebral 
bodies 

Flexion- 
Extension 

ROM Total ROM of adjacent vertebrae is unchanged 
after C5/C6 ACDF surgery 

Post C5–C6 ACDF 
surgery subjects, 10 
(2 M, 8F), 45.3 ± 9.1 

Anderst 
et al., 
2014 
[29] 

Healthy subjects, 14 
(5 M, 9F), 43.4 ± 5.2 

C2–C7 intervertebral 
disc and 
zygapophyseal joint 

Flexion- 
Extension 

ROM Single-segment joint fusion affects the 
zygapophyseal joint motion of adjacent 
segments Post C5–C6 ACDF 

surgery subjects, 9 (2 
M, 7F), 45.9 ± 9.5 

McDonald 
et al., 
2014 
[30] 

Post C5–C6 ACDF 
surgery subject, 10, 
48 ± 10.8 

C3–C7 vertebral 
bodies and 
zygapophyseal joint 

Flexion- 
Extension, 
Axial rotation 

ROM Compared to patients undergoing ADR, those 
undergoing ACDF show increased motion in 
non-operated segments. 

Post C5–C6 ADR 
surgery subjects, 7, 
47 ± 7.0 

Anderst 
et al., 
2016 
[31] 

Healthy subjects, 6 
(0 M, 6F), 47 ± 6 
Post C5–C6 ACDF 
surgery subjects, 8 (1 
M, 7F), 45 ± 9 

C2–C7 vertebral 
bodies 

Flexion- 
Extension, 
Axial rotation 

ROM C5/C6 arthrodesis had a significant effect on the 
mid-level motion of the adjacent segment, but 
not on the end-level motion. 

Yeni et al., 
2018 
[32] 

Post C5–C6 ACDF 
surgery subjects, 16 
(4 M, 12F), 28-71 

C3–C7 intervertebral 
foramen 

Extension, 
Axial rotation 

ROM Compared to patients undergoing ADR, those 
undergoing ACDF experience a greater 
reduction in foraminal area at the operated 
segment. Post C5–C6 ADR 

surgery subjects, 7 (3 
M, 4F), 38-57 

Azad et al., 
2020 
[33] 

Post C5–C6 ACDF 
surgery subjects, 8 (4 
M, 4F), 42.5 ± 10.1 

C4–C7 intervertebral 
foramen 

Extension, 
Axial rotation 

ROM Long-term kinematic studies post-surgery reveal 
a decrease in variability in foraminal area of 
adjacent segments after ACDF, while there is a 
slight increase after ADR. Post C5–C6 ADR 

surgery subjects, 6 (2 
M, 4F), 48.2 ± 7.5 

Guo et al., 
2021 
[34] 

Healthy subjects, 10 
(4 M, 6F), 30-59 

C3–C7 vertebral 
bodies 

Flexion- 
Extension, 
Axial rotation 

ROM Preservation of motion therapy should further 
consider the preoperative spinal disease status to 
restore physiological segmental ROM. C5–C6 spondylotic 

subjects, 8 (4 M, 4F), 
26-51 

Chen et al., 
2021 
[35] 

Post ACDF surgery 
subjects59, (28 M, 
31F), 47.9 ± 7.8. 

C4–C7 vertebral 
bodies 

Flexion- 
Extension, 
Axial rotation 

ROM, postoperative 
segmental kyphosis, 
disc distraction ratio 

The area of the lower cervical nerve foramen 
decreases with age and pathological changes. 
Surgical factors such as graft type and spinal 
lordotic angle are not associated with short-term 

(continued on next page) 
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3.2. Cervical spine kinematics based on DFIS studies in healthy populations 

3.2.1. Studies on cervical motion segment contributions 
The head and neck are capable of axial rotation in the horizontal plane, flexion and extension in the sagittal plane, and lateral 

bending in the coronal plane. Various segments contribute differently to these motions. DFIS technology enables the analysis of 
complete cervical spine kinematics, providing precise assessments down to individual motion segments. Quantitative studies on the 
contribution of different motion segments to neck movements have revealed significant differences (Figs. 4–6). 

Zhou et al. reported that C1–C2 accounted for 73.2 ± 17.3 % of axial rotation of the head [23], which contrasts with the findings of 
Anderst et al., who reported C1–C2 contributing to approximately half of the total head rotation [20]. However, it is noteworthy that 
Zhou et al. included only females (8 individuals) and focused on head movements, while Anderst et al. included both males and females 
(13 males, 7 females), suggesting potential kinematic differences between genders. The first half of the mobility could be attributed to 
the motion of the upper cervical spine (C0–C2). The contribution of the motion segments between C3-T1 steadily increased in the full 
ROM and was greatest at the end of the ROM. The cervical motion segments were found to be mirror images of each other in lateral 
bending and axial rotation motion but not in flexion and extension [16]. This is consistent with his subsequent research [20]. 

Table 2 (continued ) 

Reference Participants 
Information; 
Sample; Size; sex; 
Age (years) 

Anatomical structure Activity Type of Parameters Biomechanical characteristics 

changes in kinematics of adjacent segments 
following ACDF. 

LeVasseur 
et al., 
2021 
[36] 

Young Healthy 
subjects, 30 (15 M, 
15F), 26.7 ± 4.2 

C1–C7 intervertebral 
foramen 

Flexion- 
Extension 

intervertebral disc 
height, neural 
foramen area 

The entire cervical lower intervertebral foramen 
area decreases with age and pathological 
changes. In middle-aged controls, a moderate to 
strong correlation between foramen area and 
disc height is observed. Following ACDF surgery, 
no changes in the foramen area were observed. 

Middle-age Healthy 
subjects, 23 (8 M, 
15F), 47.3 ± 5.9 
Post ACDF surgery 
subjects, 36 (14 M, 
22F), 47.8 ± 7.2 

Chen et al., 
2022 
[37] 

Post ACDF surgery 
subjects, 55 (31 M, 
32F), 48.7 ± 7.7 

C4–C7 vertebral 
bodies 

Flexion- 
Extension, 
Axial rotation 

ROM, intervertebral 
disc height 

The adjacent segment disc degeneration is 
correlated with a reduction in motion of 
adjacent segments following ACDF. 

LeVasseur 
et al., 
2022 
[38] 

Healthy subjects, 38 
(15 M, 23F), 47.1 ±
6.7 

C1–C7 vertebral 
bodies 

Flexion- 
Extension 

Helical axis of motion 
(HAM) 

ACDF does not alter the short-term kinematics of 
adjacent segments, thereby leading to the 
development of adjacent segment disease. 

Post ACDF surgery 
subjects, 62 (31 M, 
31F), 47.3 ± 8.3 

LeVasseur 
et al., 
2022 
[39] 

Healthy subjects, 23 
(8 M, 15F), 46.5 ±
6.7 

C1–C7 Flexion- 
Extension, 
head rotation 

ROM, Helical axis of 
motion (HAM) 

There is no evidence to suggest that adjacent 
segment ROM increases more after two-level 
fusion surgery compared to single-level fusion 
surgery. Moderate-range joint motion tasks are 
more favorable than full-range motion tasks for 
assessing postoperative joint kinematic changes. 

Post ACDF surgery 
subjects,50 (29 M, 
21F), 48.4 ± 7.6 
One level (C5–C6) 
surgery subject, 19 
(8 M, 11F) 
Two level 
(C5–C6–C7) surgery 
subjects, 19 (12 M, 
8F) 
Two level 
(C4–C5–C6) surgery 
subjects, 11 (9 M, 2F) 

Oyekan et al., 
2022 
[40] 

Healthy subjects 47 
(23 M, 24F), 35 ± 12 

C1–C7 neutral 
position 

intervertebral disc 
height 

Cervical motion segment alignment changes 
between supine and upright positioning, those 
changes differ among motion segments, and 
cervical pathology affects these changes. 

Post C4–C5, C6–C7 
ACDF surgery 
subjects 64 (32 M, 
32F), 48 ± 8 

Yeni.et al., 
2022 
[41] 

Post ACDF surgery 
subjects 8 (4 M, 4F), 
42.5 ± 10.1 

C3–C7 Axial rotation, 
Extension, 

ROM There is no increase in adjacent segment motion 
after fusion. 

Post ADR surgery 
subjects 6 (2 M, 4F), 
48.2 ± 7.5 

Anterior cervical discectomy and fusion (ACDF). Artificial disc replacement (ADR). 
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Significant differences were found in the intervertebral angles of the vertebrae during flexion and extension movements in the same 
head direction [13]. Regarding the contribution of each segment in the subaxial spine (C2-T1) during these motions. Several studies 
consistently concluded that the C4–C5 intervertebral segment contributes the most to cervical spine motion followed by C3–C4 or 
C5–C6 [23,16,14,21,44]. This feature may be attributed to the resting case C4–C5 segments are in a smaller extension in the static 
neutral position relative to the upper and lower moving segments [16]. Considering the different characteristics of each segment 
during motion. Dynamic observational methods often provide a better reflection of the kinematics of the cervical spine than static 
image measurements. 

Fig. 4. Contribution of each segment to flexion-extension during cervical spine motion.  

Fig. 5. Contribution of each segment to lateral bending during cervical spine motion.  

Fig. 6. Contribution of each segment to rotation during cervical spine motion.  
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3.2.2. Studies of coupled motion 
The normal physiological movement of the spine is accompanied by coupled motion. This means that movement in any given plane 

usually automatically results in movement in another plane. Some scholars believe that this coupling significantly influences the 
function of the cervical spine. Observations of coupled motion in different directions using DFIS indicate that during flexion and 
extension, except for the C1–C2 motion segment (average rotation of 8.5◦ ROM), the out-of-plane motion of each active cervical spine 
segment averages no more than 3◦ [14]. However, during lateral bending and axial rotation of the cervical spine, there is a relatively 
significant amount of coupled motion, with the activity of lateral bending coupling being greater than rotational coupling [14]. This 
result may be attributed to the orientation of the articular facets of the zygapophyseal joints [16]. Zhou et al. found that during axial 
rotation of the head, C0–C1, C1–C2, and the entire cranio-cervical junction (C0–C2) exhibited complex coupled segmental motion 
[24]. 

3.2.3. Other characteristics for quality of motion 
Anderst et al. believes that ROM only describes information about the quantity of intervertebral motion, which is not sufficient 

[25]. Therefore, some scholars have started to characterize the quality of motion and many have chosen to use the helical axis of 
motion (HAM), center of rotation (COR), or the instant center of rotation (ICR) to indicate motion quality and to evaluate the abnormal 
ROM (e.g., the stability of the motion) [45,46]. The HAM and the COR define how the motion occurs in each motion segment, while the 
ICR is a parameter to describe instant motion. Studies on cervical vertebrae movements have shown a tendency for the ICR to move in 
the forward and upward direction from C2–C3 to C6–C7 segments during flexion and extension movements [22]. This is consistent 
with the results reported in 2015 [16]. However, the findings of studies by Anderst et al. and Yu et al. are different. They reported no 
change or only a slight posterior translation in the anterior-posterior translation of the ICR from the C3-4 segment to the C6-7 segment 
[44,21]. In lateral bending and axial rotational motion, each motor segment moves in a slightly different direction [16]. The location of 
the COR is segment-specific and dependent on neck motion [21]. Yu et al. also found that the COR of C4-5 and C5-6 was closer to the 
intervertebral centers compared to the segments of C3-4 and C6-7 [21]. This corroborates the greater contribution of C4–C5 segments 
to mobility. These differences in the quality-of-motion studies are most likely due to differences in the loads applied to the motion 
segments during the measurements [16]. 

3.3. Cervical spine kinematic anatomy based on DFIS studies in healthy populations 

3.3.1. Intervertebral foramen 
Previous methods only assessed all cervical spine neural foramina from the same angle. The DFIS technique can reconstruct and 

overlay the upper and lower vertebral arches that form the neural foramen to identify differences between segments and positions. 
Wang et al. proposed the application of DFIS technology for reconstructing a three-dimensional model of the cervical spine accurately 
determines the cross-sectional area of each intervertebral foramen [11]. LeVasseur et al. found that age, disc protrusion or degen-
erative changes, and cervical fusion surgery all affect the area of the cervical neural foramen [36]. Mao et al. used DFIS to investigate 
spatial parameters (area, height and width) of the intervertebral foramen during dynamic flexion and extension of the cervical spine 
[17]. This study revealed that almost all geometric parameters of the lower cervical neural foramina exhibited a decreasing trend from 
the neutral position to the extended position and an increasing trend from the neutral position to the flexed position [17]. The wide 
variation in the C3–C4 and C4–C5 segments was significantly greater than that in the C5–C6 and C6–C7 segments, while the inter-
vertebral foramen area of C5–C6 and the height of C6–C7 remained relatively constant [17]. 

These findings of the intervertebral foramen corroborate the greatest contribution of the C4/C5 segment to motion, which may be 
related to the trajectory and intervertebral kinematics of the cervical ICR [17,19]. Chang et al. proposed that the movement in the 
lower cervical vertebrae is relatively smaller and less variable, possibly adapting to its load-bearing function [18]. The higher prev-
alence of diseases in the lower segments may be attributed to their lower tolerance to changes in intervertebral foramen width of the 
lower cervical vertebrae during motion. Additionally, during cervical extension, there is greater variability in the intervertebral fo-
ramen height in the lower cervical segments. DFIS could effectively assess the condition of the cervical neural foramina, particularly 
during motion, suggesting potential applications in the future. 

3.3.2. Cervical joint accessory structures 
Joint auxiliary structures exert varying degrees of influence on joint motion. Previous research has predominantly relied on static 

structural imaging from MRI and single-plane X-rays in static positions. There is a dearth of relevant studies on dynamic changes 
during motion, and the assessment of motion loads is often limited to modeling and simulation [47,47–51]. DFIS allows non-invasive 
measurements of in vivo motion of deep bone-related structures such as intervertebral discs, zygapophyseal joints, ligament, and 
vertebral arch roots. Research on intervertebral discs reveals that during flexion and extension movements, the maximum compression 
of the C2–C3 segment is observed. The lower motion segments exhibit smaller compression deformation, with compression defor-
mation significantly greater than tensile deformation [26]. This is consistent with in vitro studies [52]. The peak deformation in the 
posterior lateral cervical region was found to be 47.8 ± 4.4 % greater than that in the anterior cervical region (24.6 ± 2.7 %) during 
flexion and extension compared with the resting condition in the sitting position [26]. Compared to the lying position, in the C3–C7 
segments deformation in the anterior part of the intervertebral disc is greater than in the middle and posterior parts for each disc. On 
average, the deformation is greatest in the C4–C5 segment and smallest in the C6–C7 segment [17,19]. Wang et al. indicated that 
intervertebral discs and the zygapophyseal joints translation mainly occurs in the sagittal plane with zygapophyseal joints having 
greater in-plane translation than intervertebral discs [11]. Researchers have utilized DFIS to study the characteristics of cervical 

Y. Luo et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e30904

9

ligaments during motion. Zhou et al. found that during head rotation, each component of the transverse atlanta ligament, including the 
superior longitudinal band and inferior longitudinal band undergoes slight deformation [24]. The ipsilateral alar ligaments signifi-
cantly lengthen, while the contralateral alar ligaments are compressed. The contralateral accessory ligaments significantly lengthen, 
while the ipsilateral accessory ligaments are compressed. 

3.4. The application of DFIS in pathological conditions 

The data from these studies on the intradiscal motion of pathological cervical spine are of significant reference value for assessing 
surgical quality, predicting patient prognosis, and guiding postoperative rehabilitation. Previous studies on the adjacent segment 
motion after cervical spine surgery typically used full flexion and extension X-ray images for clinical assessment [53–55]. However, 
research has shown that static images cannot represent the dynamic cervical spine kinematics [25]. Therefore, applying DFIS tech-
nology to study the biomechanics of the cervical spine before or after surgery helps analyze the reasons for adjacent segment 
degenerative changes. 

3.4.1. Biomechanical characteristics after ACDF surgery 
ACDF is a surgical procedure that combines spinal decompression and spinal fusion and is the most common surgical method for 

treating radiculopathy of the cervical spine. The success rate of this surgery exceeds 90 % and has a good short-term prognosis. 
However, studies have shown that degeneration of the vertebral bodies adjacent to the surgical segment often accelerates post-
operatively [56–58]. Fusion may lead to increased motion in adjacent vertebrae, which is one of the causes of degenerative changes in 
adjacent segments [59–61]. Adjacent segment degeneration (ASD) refers to the degenerative changes that occur in the adjacent 
intervertebral discs or vertebrae following spinal fusion surgery. This includes degenerative deformities, reduced intervertebral disc 
height, and osteophyte formation. These are generally considered as one of the outcomes of postoperative cervical spine kinematic and 
biomechanical alterations. Stephen et al. found that approximately 25 % of patients will experience symptomatic ASD within 10 years 
after ACDF surgery and will require further surgery [35]. Postoperative segmental kyphosis and intervertebral disc distraction have the 
strongest correlation with the development of ASD [62]. 

Previous studies have shown that following C5–C6 ACDF surgery, there was no change in the total ROM of adjacent vertebral 
bodies, but there was a change in the motion pattern [13,44,25,26,27]. The increased posterior shift in motion of the two adjacent 
segments, with the largest percentage change in motion contribution observed at the C6–C7 motion segment (8.9 %), followed by the 
C4–C5 segment (5.1 %). This suggests that there is a more significant potential mechanical mechanism for adjacent segment degen-
eration at C6–C7 following C5–C6 joint fusion surgery [27]. This is consistent with epidemiological study results [59,27]. The impact 
of surgery on adjacent segment motion is primarily in the middle of the motion [31]. Additionally, the C4–C5 segment exhibited a 
trend of more extension and less flexion motion [27]. The impact on the intervertebral disc is a compression-traction pattern change in 
the disc above the fused segment, while there is no impact below the fused segment [26]. According to the research by LeVasseur et al., 
after ACDF surgery, there is a significant increase in the ROM within the adjacent segments, and this effect is exacerbated by two-level 
joint fusion surgery [39]. Additionally, when assessing early changes in adjacent segment motion following cervical spine fusion 
surgery, mid-ROM appears to be more useful than long-term ROM [39]. 

After fusion surgery, the deformation of the fused segment and the adjacent facet joints significantly decreases during the extension 
motion but not as significant in the flexion direction [29]. Overall, the average ICR position and the change in ICR position in the 
asymptomatic group did not differ significantly compared to the fusion group [25]. This can be interpreted as the motion quality of the 
adjacent segments not being affected. However, there are also studies showing that the ROM and angles of adjacent segments after 
ACDF surgery do not significantly differ from preoperative values [35]. The surgery itself does not significantly increase the motion of 
adjacent segments [35]. This inconsistency in results may be related to sample size, age range of subjects, and surgical techniques. The 
changes in motion of adjacent segments after surgery are complex. When evaluating the impact of fusion surgery on the motion of 
adjacent facet joints and segments, differences in different motion directions and symptomatic groups need to be considered. Further 
research is needed to better understand the impact of surgery on the biomechanics of the cervical spine. 

3.4.2. Biomechanical characteristics after ADR surgery 
With advancements in technology, artificial disc replacement surgery (ADR) has been developed as an alternative treatment 

method [63]. ADR involves the replacement of a pathological intervertebral disc with an artificial one, avoiding the need for additional 
bone grafting and the use of titanium plates for anterior cervical fixation. It is designed to avoid the drawbacks of ACDF surgery and 
theoretically reduce adjacent segment degeneration. Previous reports have indicated that ADR surgery can reduce degeneration in 
adjacent segments, resulting in a lower rate of secondary surgeries in adjacent segments postoperatively [64]. Some studies suggest 
that ADR does not significantly reduce the incidence of postoperative complications [65]. 

In order to investigate the potential biomechanical differences between ACDF and ADR surgeries, kinematics of postoperative 
patients were measured using DFIS technology. The conclusion indicates that two years postoperatively, there was no difference in the 
total cervical ROM during neck rotation and extension between the two surgical methods. However, the ACDF group exhibited higher 
mobility in the non-operated segments compared to the ADR group [30,32], particularly at the C6–C7 level. It is worth noting that 
there was considerable variability in the motion performance of the operated segment at C5–C6 disc replacement among subjects [30]. 
This suggests that the retained motion after disc replacement may not fully replicate the in vivo motion of the original disc. At 6.5 years 
postoperatively, Azad et al. found a decrease in the variability of the foraminal area of the adjacent segment after ACDF surgery and a 
slight increase after ADR surgery [33]. Meanwhile Yeni et al. found minimal differences in the ROM between the two surgical 
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procedures [41]. Post-ACDF, cervical motion exhibited a greater range of flexion and lateral bending angles, while post-ADR patients 
exhibited a larger range of rotational angles [41]. 

Changes in the geometric shape of intervertebral foramen and ROM in adjacent segments were observed. Following ACDF surgery, 
the width of the intervertebral foramen in the fused and adjacent segments decreased, whereas such changes were not observed in the 
ADR group. However, an increase in the height range of the intervertebral foramen in the caudal adjacent segments was noted in the 
ADR group. Intervertebral disc height showed no differences in surgical approach, time points, or interactions. The authors pointed out 
that cervical extension is a more sensitive test for detecting surgery-related changes in intervertebral foramen motion [33,34]. The 
latest research suggests that the cervical motion pattern in the cervical fusion group is more rigid, while the cervical motion pattern in 
the ADR group is closer to the physiological pattern of normal cervical motion [41]. 

4. Perspectives 

4.1. Individual differences 

There are partial variations in studies involving healthy individuals. These differences may arise from various factors such as 
different physiological curvatures of the cervical spine, variations in participant age (reflecting different degrees of degeneration) [16], 
and differences in participant gender [24]. Scholars suggest that age and gender significantly impact cervical spine anatomy and 
kinematics [66]. In future research, it is essential to recruit participants of diverse ages and genders to elucidate the influence of 
individual variables on the anatomical and kinematic aspects of cervical spine structures. 

4.2. Motion design for assessment 

Various participant positioning (supine vs. sitting) [19,26,40], motion speed during data collection (potential differences in muscle 
forces applied to the vertebrae), initial head position at the start of motion, and variations in applied loads during motion [26] can all 
have varying degrees of impact on study results. 

Additionally, current research is confined to single-plane movements such as flexion and extension, lateral bending, and axial 
rotation and has not yet extended to more complex combined head movements [44]. The scope or limitations of the DFIS in terms of 
the ROM it can capture may restrict researchers’ choices when it comes to selecting specific motions for their studies. Apart from 
intricate head movements, activities occurring at the distal ends of the limbs may also influence cervical spine kinematics. However, 
DFIS has limited capture range. During data acquisition, capturing certain movement phases may exceed the imaging range. This can 
result in the loss of partial target information, reducing the accuracy of the registration process. 

Therefore, there is a need for further research into a variety of motion designs considering different factors. Simultaneously, when 
making comparisons between different populations, it is crucial to ensure consistency in body position, speed, load, and limb 
movements to minimize errors. 

4.3. Radiation safety 

DFIS technology possesses non-invasive and high-precision characteristics, playing an irreplaceable role in monitoring cervical 
spine in vivo movements. However, since its imaging relies on X-ray imaging technology, there is a possibility of subjecting partici-
pants to a certain dose of ionizing radiation during the measurement process (0.08–4 ms). These places higher demands on researchers 
to accurately calculate sample sizes and optimize experimental designs, including the number of collections and total duration, while 
ensuring radiation safety. 

4.4. Clinical applications and technical challenges 

Cervical spine motion measurements can enhance understanding of cervical spine structure and function. These studies serve as a 
benchmark for postoperative spinal kinematics, guide patient rehabilitation, prevent hazardous activities, and inform the design of 
artificial intervertebral discs. In clinical guidance, Anderst et al. proposed that the C6–C7 motion segment continues to have a greater 
impact near the end of the ROM [44]. Clinicians can advise patients to avoid end-range positions to reduce the demand on the 
intervertebral discs in the lower motion segments [44]. However, the equipment required for DFIS is unique, with limited commercial 
availability and fewer institutions possessing the corresponding hardware. Future research in the technology should focus on 
improving the acquisition range of the device as well as improving its ease of use. 

Research on cervical spine pathology is currently focused on post-ACDF and post-ADR, conservative treatment, with relatively 
fewer studies on other surgical techniques. At the same time, there is a lack of preoperative kinematic data and symptom presentation 
in studies of cervical spine patients. Some authors have pointed out that this lack of information is due to the high variability in 
preoperative ROM caused by pain, thus reducing the reference value of such data [54,27]. Additionally, most authors have not 
differentiated patients based on preoperative symptoms, time interval from surgery to measurement, postoperative rehabilitation, or 
other postoperative care factors. Epidemiological reports indicate a higher prevalence of postoperative complications in patients 
undergoing multi-level fusion [67]. Furthermore, the differences in research results may be attributed to variations in the age and 
pathological characteristics of the study population. Therefore, when studying the postoperative kinematic characteristics of the 
cervical spine, it is important to comprehensively consider multiple factors such as age, preoperative pathology, and surgical approach. 
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5. Limitation 

This study has the following limitations. Firstly, despite meticulous search and screening, there remains an issue of limited scope 
and low consistency of evaluated indicators in the retrieved studies. As a result, meta-analysis could not be conducted, thus restricting 
the evidence level of this review. Secondly, due to variations in the principles of different evaluation methods and inconsistent 
evaluation indicators. This paper did not directly compare other assessment methods of cervical spine motion with DFIS. However, the 
study still included 30 relevant studies, providing a preliminary analysis and review of the research methods and application outcomes 
of DFIS in the cervical spine from various perspectives. This can be used as a reference for relevant researchers. 

6. Conclusions 

DFIS offers a novel solution for accurately capturing in vivo cervical spine motion, preliminarily meeting both clinical and research 
needs. This technology can be applied to various joints in the human body, particularly advantageous for the cervical spine, which 
features rich soft tissue and complex internal skeletal structures. In research, DFIS has been utilized to quantify the kinematics of 
intervertebral discs, intervertebral foramina, and zygapophyseal joints during motion. Furthermore, DFIS has been employed in 
further analyses to determine the kinematic characteristics of joint structures such as transverse processes, intervertebral discs, and 
ligaments. Particularly in recent years, scholars have utilized DFIS to assess the biomechanical features of cervical spines after ACDF 
and ADR surgeries. This has provided a basis for evaluating the effects of surgery on adjacent joints and differences between surgical 
methods. Future applications may consider employing DFIS to further explore cervical spine motion in different populations and 
pathological conditions. To provide evidence for assessing surgical indications, evaluating surgical outcomes, and predicting long-term 
prognosis of cervical spine issues. Future technological research could consider improvements to DFIS to enhance its user-friendliness 
in clinical settings. 
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