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Abstract

Background Context—Neuroforaminal stenosis is one of the key factors causing clinical 

symptoms in patients with cervical radiculopathy. Previous quantitative studies on the 

neuroforaminal dimensions have focused on measurements in a static position. Little is known 

about dimensional changes of the neuroforamen in the cervical spine during functional dynamic 

neck motion under physiological loading conditions.

Purpose—To investigate the in vivo dimensional changes of the neuroforamen in human cervical 

spine (C3-C7) during dynamic flexion-extension neck motion.

Study Design—A case-control study.

Methods—10 asymptomatic subjects were recruited for this study. The cervical spine of each 

subject underwent magnetic resonance image (MRI) scanning for construction of three 

dimensional (3D) vertebrae models from C3 to C7. The cervical spine was then imaged using a 

dual fluoroscopic system while the subject performed a dynamic flexion-extension neck motion in 

a sitting position. The 3D vertebral models and the fluoroscopic images were used to reproduce 

the in vivo vertebral motion. The dimensions (area, height and width) were measured for each 

cervical neuroforamen (C3/C4, C4/C5, C5/C6 and C6/C7) in the following functional positons: 

neutral positon, maximal flexion and maximal extension. Repeated measures ANOVA and post-

hoc analysis were used to examine the differences between levels and positions.

Results—Compared with the neutral position, almost all dimensional parameters (area, height 

and width) of the sub-axial cervical neuroforamen decreased in extension and increased in flexion, 
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except the neuroforaminal area at C5/C6 (P=0.07) and the neuroforaminal height at C6/C7 

(P=0.05) remained relatively constant from neutral to extension. When comparisons of the overall 

change from extension to flexion were made between segments, the overall changes of the 

neuroforaminal area and height revealed no significant differences between segments, the width 

overall change of the upper levels (C3/C4 and C4/C5) was significantly greater than the lower 

levels (C5/C6 and C6/C7) (P<0.01).

Conclusions—The dimensional changes of the cervical neuroforamen showed segment-

dependent characteristics during the dynamic flexion-extension. These data may have implications 

for diagnosis and treatment of patients with cervical radiculopathy.
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Introduction

Although the pathophysiology of cervical radiculopathy is not completely understood, 

mechanical compression of nerve roots combined with inflammatory changes is often 

thought of the key factor leading to pain and neurologic dysfunction [1]. The cervical 

neuroforaminal zone is the most common region associated with nerve roots impingement as 

degenerative changes such as disc herniation and osteophyte formation can lead to 

neuroforaminal stenosis [2, 3]. Clinically, symptoms associated with radiculopathy may be 

intensified by cervical extension, and relived by cervical flexion [4]. It is therefore believed 

that changes in dimensions of the neuroforamen during neck motion could cause 

impingement of the nerve root within the cervical neuroforamen in patients with cervical 

radiculopathy. Therefore, understanding the geometric characters of the neuroforamen is 

critical to the understanding of the pathophysiology of cervical radiculopathy.

Many in vitro studies have reported significant decreases in neuroforamen dimensions from 

flexion to extension of the neck using cervical cadaveric specimens [5-7]. In vivo studies 

have also indicated position-dependent changes of the neuroforaminal dimensions at 

different flexion-extension postures using oblique radiographs, sagittal reconstructed 

computed tomography (CT) images [8] and magnetic resonance imaging (MRI) [9]. While 

these studies have greatly improved our knowledge of cervical neuroforaminal dimensions, 

most of the data were obtained from static measurements using standard modalities of 

radiograph, CT and MRI. Furthermore, in these studies, the subjects usually are not in an 

upright weight bearing position during the CT and MRI scanning. Therefore, the dynamic 

changes of the neuroforaminal dimensions under physiological loading conditions remain 

unclear. Few data has been reported on the differences in neuroforaminal changes at segment 

levels.

Recently, model-based three dimensional (3D) imaging techniques via high-speed biplane 

radiography have been developed for non-invasive measurements of 3D, dynamic 

intervertebral kinematics of the cervical spine during functional neck flexion and extension 

[10-13]. This technique makes it possible to determine dynamic dimensional changes of the 

neuroforamen in the sub-axial cervical spine. Therefore, the objective of this study was to 
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quantitatively determine the changes of area, height, and width of the cervical neuroforamen 

using a validated 3D dual fluoroscopic imaging technique [14]. Specifically, we compared 

the neuroforaminal dimensions at different segment levels during dynamic neck flexion-

extension motion of living human subjects.

Materials and Methods

Study populations

Ten asymptomatic subjects (6 males, 4 females, average age: 40.3±10.9 years, average BMI 

24.6±3.2 kg/m2) were recruited from a single academic center. The presence of any spinal 

disorders, symptoms, or anatomic abnormalities were used as exclusion factors from the 

study. Approval by our institutional review board was obtained prior to the initiation of this 

study. Informed consent was obtained from each patient before any testing was performed.

Dual fluoroscopic imaging technique

The cervical spine of each subject underwent an MRI scan using a 3 Tesla scanner 

(MAGNETOM Trio, Siemens, Germany) with a spine surface coil and a proton density 

weighted sequence. The subject was scanned in a supine, relaxed position. Parallel digital 

images with a voxel size of 0.625 × 0.625 × 1.500 mm3 and a resolution of 282 × 384 pixels 

were obtained. The MR images were then imported into solid modeling software (3D Slicer) 

[15] to construct 3D models of the C3, C4, C5, C6 and C7 vertebrae.

Following MRI scanning, the cervical spines of the subjects were imaged using a dual 

orthogonal fluoroscopic system. Two fluoroscopes (BV Pulsera, Phillips, Bothell, WA) were 

positioned with their image intensifiers perpendicular to each other in order to capture 

images of the segments at different postures from two orthogonal directions simultaneously. 

The subjects were asked to sit on a chair with the trunk stabilized and position their cervical 

spines within the views of the two fluoroscopes. After the images of the cervical spine in a 

static neutral position were obtained, the kinematics of C3-C7 were captured as the subjects 

performed a neck flexion-extension motion. The fluoroscopes captured the dynamic spinal 

positions at 30 frames per second with an 8 ms pulse. During fluoroscopic imaging, the 

subject was protected by lead skirts and vests below their cervical spines to minimize 

radiation exposure.

The geometry of the dual fluoroscopic system was recreated in solid modeling software 

(Rhinoceros, Robert McNeel & Associates, Seattle, WA). After calibration, the pair of the 

fluoroscopic images were imported into the software and placed in virtual orthogonal planes 

to simulate the positions of the intensifiers. The 3D models of the cervical vertebrae were 

introduced into the virtual system and were independently translated and rotated in 6DOF, 

until their silhouettes matched those captured on the two orthogonal fluoroscopic images. 

Thus, the in vivo positions of the cervical vertebrae along the dynamic flexion-extension 

motion path were reproduced. The mean accuracy of our image-matching technique in 

determining intervertebral kinematics has been shown to be less than 0.4mm, and the 

repeatability was less than 0.3 mm in translation and less than 0.7° in orientation [14].
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Measurements of the cervical neuroforamen

The neuroforamen of the cervical spine is bounded superiorly and inferiorly by the pedicles 

of the adjacent vertebrae. In the solid modeling software (Rhinoceros), we subdivided the 

sub-axial cervical spine into four segment levels: C3/C4, C4/C5, C5/C6 and C6/C7. For each 

segment level, we adjusted the viewing angle until the upper and lower pedicles on one side 

of the neuroforamen were superimposed representing a true “axial” view of the foramen 

between the two vertebrae of interest. The actual spatial relationships of the two vertebrae at 

each segment level remained unchanged in the process of viewing adjustment.

The central line along the long axis of ipsilateral upper and lower pedicles was then defined 

at the plane on which both pedicles overlapped completely. We cut the pedicles along the 

central line perpendicular to this plane using Section tool in the software. The oblique 

sagittal plane passing through the long axis of both pedicles which composed the 

neuroforamen was then set up (Figure 1). The border of the neuroforamen were formed by 

the inferior edge of the upper pedicle, the posterior uncovertebral joint, the superior edge of 

the lower pedicle, the anterior margin of the pars interarticularis and the superior articular 

process.

The neuroforaminal dimensions of each segment were measured in the neutral, full flexion 

and full extension positions along the dynamic motion path (Figure2). Dimensional 

parameters included the neuroforaminal area, the neuroforaminal height and the 

neuroforaminal width. The neuroforaminal area was calculated according to the 

neuroforaminal bony outline. The neuroforaminal height was defined as the longest distance 

between the borders of the upper and lower pedicles. The neuroforaminal width was defined 

as the shortest distance between the posterior-inferior corner of the upper vertebra and the 

anterior border of the superior articular process of the lower vertebra. The neuroforaminal 

dimensions of each segment were averaged from both sides of the neuroforamen.

Statistical analysis

After acquiring the geometrical parameters of each segment level in different positions, the 

changes of neuroforaminal area, height and width at flexion and extension positions were 

calculated with the data at the neutral position as references. The overall changes of the 

neuroforaminal area, height and width were calculated using the data at flexion to minus the 

data at extension positions. A repeated-measures analysis of variance (ANOVA) was used to 

compare the neuroforaminal area, the neuroforaminal height, and the neuroforaminal width 

of C3/C4, C4/C5, C5/C6 and C6/C7 in the following functional positions: neutral positon, 

full flexion, and full extension. The level of significance was set at P < 0.05. When a 

significant difference was detected, a Newman-Keuls post hoc test was performed. The 

statistical analysis was performed using Statistica software (StatSoft, Tulsa, Oklahoma).

Results

Neuroforaminal Area

In the neutral position, the neuroforaminal area at C3/C4, C4/C5, C5/C6 and C6/C7 was 

50.1±7.5mm2, 51.4±12.3mm2, 48.6±10.7mm2 and 53.1±7.7mm2, respectively. Compared 
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with the neutral position, the neuroforaminal area at C3/C4, C4/C5, C5/C6 and C6/C7 

decreased by 4.5mm2 (9%, P=0.045), 6.0mm2 (12%, P<0.001), 3.8mm2 (8%, P=0.068) and 

3.9mm2 (7%, P=0.022) in extension, and increased by 9.1mm2 (18%, P<0.001), 9.9mm2 

(19%, P<0.001), 4.8mm2 (10%,P=0.022) and 6.2mm2 (12%, P<0.001) in flexion (Figure 3). 

In the same position, there were no significant differences in the neuroforaminal area 

between segment levels. C4/C5 had the greatest overall area change (31%), followed 

subsequently by C3/C4 (27%), C6/C7 (19%), and C5/C6 (18%) during flexion-extension 

(Figure 4). The overall area changes between segments were not significantly different 

between the segment levels (P=0.169).

Neuroforaminal Height

In the neutral position, the neuroforaminal height at C3/C4, C4/C5, C5/C6 and C6/C7 was 

9.5±1.0mm, 9.6±1.5mm, 9.3±1.4mm and 9.7±1.2mm, respectively. From the neutral 

position to extension, the neuroforaminal height at C3/C4, C4/C5, C5/C6 and C6/C7 

decreased by 0.7mm (7%, P=0.003), 1.1mm (11%, P<0.001), 0.6mm (6%, P=0.006) and 

0.6mm (6%, P=0.052). From the neutral position to flexion, the neuroforaminal height at 

C3/C4, C4/C5, C5/C6 and C6/C7 increased by 1.6mm (17%, P<0.001), 1.4mm (15%, 

P<0.001), 0.9mm (10%, P<0.001) and 1.2mm (12%, P<0.001) (Figure 5). From extension to 

flexion, C4/C5 had the greatest overall height change (26%), followed subsequently by 

C3/C4 (24%), C6/C7 (18%), and C5/C6 (16%). The overall height changes between 

segments were no significantly different (P=0.135) (Figure 6).

Neuroforaminal Width

In the neutral position, the neuroforaminal width at C3/C4, C4/C5, C5/C6 and C6/C7 was 

6.3±0.5mm, 6.3±0.6mm, 6.2±0.5mm and 6.6±0.4 mm, respectively. From the neutral 

position to extension, the neuroforaminal width at C3/C4, C4/C5, C5/C6 and C6/C7 

decreased by 0.7mm (11%, P<0.001), 0.8mm (13%, P<0.001), 0.5mm (8%, P<0.001) and 

0.5mm (8%, P<0.001). From the neutral position to flexion, the neuroforaminal width at 

C3/C4, C4/C5, C5/C6 and C6/C7 increased by 1.1mm (17%, P<0.001), 1.4mm (22%, 

P<0.001), 0.6mm (10%, P<0.001) and 0.7mm (11%, P<0.001) (Figure 7). There were 

significant differences in the overall width changes among segment levels during the flexion-

extension neck motion (P<0.001). The overall width changes at C3/C4 (28%) and C4/C5 

(35%) were significantly greater than at C5/C6 (18%) and C6/C7 (19%) (Figure 8).

Discussion

Accurate knowledge of changes of the cervical neuroforaminal geometry is important for 

elucidating the dynamic factors causing cervical radiculopathy. In this study, we used 3D 

model-based matching technique to investigate the geometric parameters of the cervical 

neuroforamen during neck flexion-extension under physiological weight bearing conditions. 

Our data showed, in general, almost all geometric parameters of the sub-axial cervical 

neuroforamen decreased from neutral to extension, increased from neutral to flexion 

positions, except the neuroforaminal area at C5/C6 and the neuroforaminal height at C6/C7 

remained relatively constant from the neutral position to extension. In comparisons of the 

overall change from extension to flexion between segment levels, the overall changes of the 
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neuroforaminal area and height had no significant differences between segment levels, but 

the overall change of the neuroforaminal width of the upper levels (C3/C4 and C4/C5) was 

significantly greater than the lower levels (C5/C6 and C6/C7).

Our study demonstrated the neuroforaminal dimensions in the cervical spine had a reduced 

tendency from the neutral position to extension and an increased tendency from the neutral 

position to flexion during the in vivo dynamic neck motion under weight-bearing conditions. 

This tendency was similar to published results measured from in vitro cadaveric analyses 

and in vivo imaging studies. Yoo et al [7] reported that the foraminal diameter increased by 

10% and decreased by 13% respectively at 30° of flexion and extension as cadaver cervical 

spines moved under an axial load. The work by Nuckley et al [6] illustrated similar results in 

another in vitro study. Muhle et al [9] used MRI to study changes of the cervical 

neuroforaminal size in 30 healthy volunteers when subjects were lying on the table. They 

found the foraminal area was increased by 31% at 40° of flexion, decreased by 20% at 30° 

of extension compared with the neutral position. Kitagawa et al [8] reported the foraminal 

area increased by 28% from neutral to flexion, and decreased by 17% from neutral to 

extension by using reformatted CT images to evaluate 7 healthy subjects. In our study, the 

average neuroforaminal area changed with 15% of increase at flexion and 9% of decrease at 

extension.

Although previous studies have shown similar trends in neuroforaminal dimensional changes 

as our study, the magnitude of dimensional changes were not consistent between these 

studies. The main factors contributed to this discrepancy were different research subjects and 

their movement modalities in these studies, including passive movement of cadavers under 

an axial load, static posture of living subjects in a supine position, and free movement of 

living subjects in a sitting position. The latter was obviously closer to physiological 

movement of human body. In our study, the subjects were asked to perform a neck maximal 

flexion and extension motion actively, that was different from the static postures reported in 

literature [6, 7, 9]. Another important factor was various technologies for data collection 

used in these studies, such as X-ray, CT, MRI and 3D matching technique. It should be noted 

that we reconstructed the 3D models of the sub-axial cervical spine and accurately defined 

the cross section of each neuroforaminal area. This method was different from sagittal view 

or oblique view of traditional imaging technique [16-18] which assessed all the cervical 

neuroforamen in the same angle. We acquired the individual oblique reconstruction image 

for each cervical neuroforamen by superimposing the upper and lower pedicles composing 

the neuroforamen, to identify variations between different segments and positions and 

represent the actual foraminal view.

The present study showed that the dimensional changes of the neuroforamen were segment-

dependent. Compared with the lower levels (C5/C6 and C6/C7) of the sub-axial cervical 

spine, the upper levels (C3/C4 and C4/C5) had similar overall height change but higher 

overall width change of the neuroforamen. This geometric phenomenon may be associated 

with intervertebral kinematics and the motion path of the instant center of rotation (ICR) in 

the cervical spine. Another study using the same subjects of this study showed C3/C4 and 

C4/C5 had greater the anterior-posterior (AP) movement (4.8mm, 4.8mm, respectively) than 

C5/C6 and C6/C7 (3.7mm, 2.4mm, respectively) during neck flexion-extension, but the 
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superior-inferior (SI) movement of all segment levels was similar (1.7-1.8mm) [19]. During 

in vivo dynamic flexion-extension, the ICRs of all sub-axial cervical spinal segments were 

shown to locate anteriorly to the posterior edges of the vertebral bodies [20, 21]. Anderst et 

al [21] found that the range of the ICR motion in the SI direction was lower than that in AP 

direction, and the range of the ICR motion in the AP direction at C3/C4 and C4/C5 was 

greater than that at C5/C6 and C6/C7. If the rotation angles of different segments were 

similar, more horizontal translation of ICR in a specific segment may lead to higher overall 

change of the neuroforaminal width in this segment.

The neuroforaminal stenosis for patients with cervical radiculopathy is usually evaluated 

clinically using MRI images from the patients in the supine position. These imaging data are 

useful for analyzing the static compression of nerve roots, but might not accurately reflect 

the dynamic relationship between neuroforamen and nerve roots during neck motion. When 

degenerative changes decrease the neuroforaminal height due to disc dessication and narrow 

the neuroforaminal width due to herniated disc and osteophyte formation, this will reduce 

the neuroforaminal space available for the nerve roots during extension of the cervical spine. 

Therefore, detection and assessment of dynamic impingement of the nerve root caused by 

dimensional changes of the neuroforamen become a key factor for accurate diagnosis and 

effective treatment of cervical radiculopathy. Furthermore, because the extent of dimensional 

changes varies from segment to segment, neck motion can bring varying effect on nerve 

compression at different segment levels even if magnitude of neuroforaminal stenosis is 

similar. Thus, individual treatment protocols should be made according to the pathological 

levels and degrees.

Several limitations to this study should be considered. First, the analysis of the cervical 

spinal neuroforamen was limited to the sub-axial cervical spine. The neuroforamen of C1/C2 

and C2/C3 was not included because of the obstruction of the images of the C1 and C2 

vertebrae by the mandibular and occipital bones in certain postures along the flexion-

extension motion path. Second, we used 3D vertebral models without soft tissues due to the 

difficulties of specifying soft tissue boundaries around the neuroforamen area. So the effect 

of ligament folding and disc bulging on the neuroforaminal dimensions was not included in 

the neuroforaminal measurements. Finally, we only investigated 10 asymptomatic subjects 

with an age range of 30–59 years. Future studies should recruit more normal and 

symptomatic patients with cervical spondylosis to clarify the effects of age and degenerative 

change on the dimensions of the cervical neuroforamen.

In summary, this study investigated the changes of dimensional parameters of the 

neuroforamen in the sub-axial cervical spine during dynamic a flexion-extension motion of 

the neck. The upper levels of the sub-axial cervical spine had larger changes in 

neuroforaminal dimensions than the lower levels during the dynamic neck flexion-extension 

motion, especially on the overall width change of the neuroforamen. These data may be 

instrumental for improved understanding of physiological and pathological mechanism of 

cervical radiculopathy, thus provide implications for improvement of diagnoses and 

treatments of cervical radiculopathy.
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Figure 1. 
A. By changing the point of view, the upper and lower pedicles on the right side of the 

neuroforamen at C3/C4 were adjusted to overlap completely. The central line along the long 

axis of the pedicles was defined on this plane. The pedicles were then cut along the central 

line perpendicular to this plane using Section tool.

B. The oblique sagittal plane passing through the long axis of both pedicles which composed 

the right side of the neuroforamen at C3/C4 was set up.
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Figure 2. 
The sagittal planes of C3/C4 in 3 positions (blue line: neutral; green line: flexion; red line: 

extension) were realigned on the same plane according to the superior edge of the lower 

pedicle. The dimensional changes (area, height and width) of the neuroforamen were well 

documented.
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Figure 3. 
Neuroforaminal area of the 4 segments in 3 positions during dynamic flexion-extension. * 

There were significant differences between the neutral position and flexion or extension 

(P<0.05). Error bars represent the standard deviations.
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Figure 4. 
The change percentage of the neuroforaminal area of the 4 segments in flexion and 

extension, compared with the neuroforaminal area in the neutral position. Error bars 

represent the standard deviations.
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Figure 5. 
Neuroforaminal height of the 4 segments in 3 positions during dynamic flexion-extension. * 

There were significant differences between the neutral position and flexion or extension 

(P<0.05). Error bars represent the standard deviations.
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Figure 6. 
The change percentage of the neuroforaminal height of the 4 segments in flexion and 

extension, compared with the neuroforaminal height in the neutral position. Error bars 

represent the standard deviations.
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Figure 7. 
Neuroforaminal width of the 4 segments in 3 positions during dynamic flexion-extension. * 

There were significant differences between the neutral position and flexion or extension 

(P<0.05). Error bars represent the standard deviations.
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Figure 8. 
The change percentage of the neuroforaminal width of the 4 segments in flexion and 

extension, compared with the neuroforaminal width in the neutral position. Error bars 

represent the standard deviations.
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