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Abstract

Purpose Patients with cervical spondylosis commonly

present with neck pain, radiculopathy or myelopathy. As

degenerative changes progress, multiple factors including

disc height loss, thoracic kyphosis, and facetogenic chan-

ges can increase the risk of neural structure compression.

This study investigated the impact of cervical deformity

including forward head posture (FHP) and upper thoracic

kyphosis, on the anatomy of the cervical neural foramen.

Methods Postural changes of 13 human cervical spine

specimens (Occiput-T1, age 50.6 years; range 21–67) were

assessed in response to prescribed cervical sagittal

malalignments using a previously reported experimental

model. Two characteristics of cervical sagittal deformities,

C2–C7 sagittal vertical alignment (SVA) and sagittal angle

of the T1 vertebra (T1 tilt), were varied to create various

cervical malalignments. The postural changes were docu-

mented by measuring vertebral positions and orientations.

The vertebral motion data were combined with specimen-

specific CT-based anatomical models, which allowed

assessments of foraminal areas of subaxial cervical

segments as a function of increasing C2–C7 SVA and

changing T1 tilt.

Results Increasing C2–C7 SVA from neutral posture

resulted in increased neural foraminal area in the lower

cervical spine (largest increase at C4–C5: 13.8 ± 15.7 %,

P\ 0.01). Increasing SVA from a hyperkyphotic posture

(greater T1 tilt) also increased the neural foraminal area in

the lower cervical segments (C5–C6 demonstrated the

largest increase: 13.4 ± 9.6 %, P\ 0.01). The area of the

cervical neural foramen decreased with increasing T1 tilt,

with greater reduction occurring in the lower cervical

spine, specifically at C5–C6 (-8.6 ± 7.0 %, P\ 0.01) and

C6–C7 (-9.6 ± 5.6 %, P\ 0.01).

Conclusion An increase in thoracic kyphosis (T1 tilt)

decreased cervical neural foraminal areas. In contrast, an

increase in cervical SVA increased the lower cervical

neural foraminal areas. Patients with increased upper tho-

racic kyphosis may respond with increased cervical SVA as

a compensatory mechanism to increase their lower cervical

neural foraminal area.

Keywords Cervical spine deformity � Radiculopathy �
Forward head posture � Neck pain � Sagittal vertical

alignment
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CT Computed tomography

FHP Forward head posture

SVA Sagittal vertical alignment

3D Three-dimensional

MR Magnetic resonance
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Introduction

Cervical spine degenerative disease is a common problem

in our aging population, which can lead to substantial pain

and functional disability [1]. As degeneration progresses

over time, there are multiple factors that distort the normal

anatomy of the cervical spine. As a patient’s discs lose

height, the facets hypertrophy, and bony spurring may

occur. It has been previously shown that these common

degenerative changes may negatively impact the size of the

cervical neural foramen [2]. However, the impact of cer-

vical deformity on the size of the neural foramen has not

been thoroughly studied.

Abnormal neck alignment, or cervical deformity, can be

quantified by multiple radiographic techniques. One com-

mon measure is the sagittal vertical alignment (SVA) of C2

vertebra relative to C7 (C2–C7 SVA). The SVA is calcu-

lated as the horizontal distance from a C2 plumb line to the

C7 vertebral body (Fig. 1) [3, 4]. A second measure is the

T1 sagittal angle (T1 tilt) [5]. This calculates the angle

between a horizontal line and the superior endplate of T1.

The T1 tilt is a surrogate for the degree of thoracic

kyphosis. Previously, our laboratory reported an ex vivo

biomechanical cervical model that can be used to evaluate

the biomechanical consequences of cervical neck defor-

mity by modifying these two key variables [6]. The cer-

vical model serves as a platform to evaluate how these

components of deformity impact the biomechanics of the

cervical spine. We used reconstructed three-dimensional

(3D) computed tomography (CT) modeling, to evaluate the

impact of deformity on the nerve root foramen.

The dimensions of the cervical neural foramen have

never been previously quantified in relation to the SVA or

T1 tilt. In this study, we report neural foraminal areas of the

cervical segments with varying C2–C7 SVA and T1 tilt,

obtained through dynamic specimen-specific CT exami-

nations of cadaveric specimens.

Methods

Specimen preparation

The experiments were performed using 13 fresh-frozen

cadaveric cervical spine specimens (occiput-T1) of adult

donors (median age 56 years; range 21–67; 9 males, 4

females) (Table 1) from an age range with a high incidence

of cervical radiculopathy symptoms [7]. Specimens were

thawed and stripped of the paraspinal musculature while

preserving the discs, facet joints, and osteoligamentous

structures. Each disc was scored with a five-point disc

degeneration scale based on MRI findings [8]. Grades 1–3

were considered normal to low level of degeneration, while

grades 4–5 were considered moderate to severe level of

degeneration.

Specimen-specific anatomic model

Radiopaque spheres (fiduciary markers) were rigidly

attached to each vertebral body prior to CT imaging. After

obtaining an axial fine-slice (0.63 mm) CT scan (Light-

Speed VPT, GE Medical Systems), three-dimensional (3D)

A Asymptoma�c Control B Forward Head Posture

C2-C7 
SVA

T1 tilt°

T1 tilt°

Fig. 1 Cervical sagittal alignment measurements in an asymptomatic

patient (a) and a patient with forward head posture (b). C2–C7 SVA is

defined as the distance from the posterior superior corner of C7 to a

plumb line drawn from the center of the C2 vertebral body. T1 tilt is

defined as the angle between a horizontal line and the superior end

plate of T1
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specimen-specific anatomical model of each vertebral body

were reconstructed using the Mimics software package

(Materialise, Inc., Plymouth, MI) (Fig. 2).

Test apparatus

Specimens were mounted in an apparatus that allowed

independent adjustment in the sagittal plane of the hori-

zontal offset distance between the head center of mass and

T1 (C0-T1 SVA) and T1 tilt (Fig. 2a). Previous literature

has defined SVA as ‘‘Sagittal vertebral axis’’. In this

manuscript we redefined the term SVA as sagittal vertical

alignment, which is a measure of the vertical alignment

between vertebrae with units of millimeters (mm).

The T1 vertebra was anchored in cement and was

attached to the tilting and translating base of the test

apparatus. A 5 kg mass was attached to the occiput to

mimic the weight of an average head [9]. The sagittal tilt of

Table 1 Specimen

demographics
Specimen Age (years) Sex Height (inches) Weight (lbs) Cause of death

1 59 F 67 181 Cardiac arrest

2 56 M 73 125 Lung cancer

3 56 M 74 325 Sepsis

4 57 F 65 110 Breast cancer

5 67 F 64 220 Colon cancer

6 63 M 66 135 Multiorgan failure

7 40 M NA NA NA

8 21 M 70 120 CHF

9 21 M 70 140 Drug overdose

10 50 M 72 205 CAD

11 59 M NA NA NA

12 57 F NA NA NA

13 52 M NA NA Respiratory distress syndrome

Mean (SD) 50.6 (14.6) 9 M/4 F 69 (3.7) 173.4 (68.9)

B Experiment C Foraminal Area Calcula�on
A Test 

Apparatus

Fig. 2 Dynamic 3D specimen specific anatomical model. The dynamic model includes the following steps: a test design, b experiment and

c neural foraminal area calculation
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the occiput was fixed to remain consistent with horizontal

gaze regardless of sagittal imbalance [10].

Given that the specimens contained the occiput and not

the entire skull, the determination of horizontal gaze was

made based on the orientation of the foramen magnum.

Been et al. previously demonstrated that the foramen

magnum is oriented to the horizontal plane by 10.2� ± 6.7�
(facing caudally and slightly anteriorly) [11]. Other studies

have reported values ranging from 3.4� ± 6.5� to

8.2� ± 6.5� [4, 12]. In the present study we used fiduciary

markers attached to the occiput to determine the inclination

of the foramen magnum. The foramen magnum was then

defined in relation to the fiduciary markers in the recon-

structed CT model. During experimentation, the

radiopaque marker locations were used to orient the occi-

put relative to the horizontal plane.

3D optoelectronic motion measurement targets (Op-

totrak, Certus, Northern Digital Inc., Waterloo, ON,

Canada) were rigidly attached to each vertebral body to

record their motion during the experiments (Fig. 3).

Specimens were initially placed in a neutral posture (C0-

T1 SVA = 20 mm, T1 angle = 23�), which was based

on normative data from asymptomatic subjects [5, 12,

13]. Specimen-specific adjustments to the values of the

C0-T1 SVA, T1 tilt, and sagittal tilt of the foramen

magnum were necessary to keep the moment values in

the specimen’s neutral posture below a threshold of

±0.2 Nm.

Posture III

Posture V

Posture I

Posture IV

Posture II

Posture VI

A B

Fig. 3 A spine specimen in various postures created by varying the SVA and T1 tilt. a Digital fluoroscopy images of the specimen in the

different combinations of malalignment postures. b Specimen specific CT anatomical model of the same specimen and postures
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Test parameters and protocol

Tests were performed with various malalignment combi-

nations (Table 2). Sagittal malalignment was achieved by

varying the following independent variables: C2–C7 SVA

(the horizontal offset distance between the C2 plumb line

and C7 vertebral body) and T1 tilt (in the sagittal plane the

angle that the T1 superior endplate makes with the hori-

zon). One variable was kept constant while varying the

other (Table 2) [6]. The T1 tilt was set to three values:

hypokyphosis, baseline (specimen’s neutral posture) and

hyperkyphosis. The C2–C7 SVA, which is also a measure

of forward head posture (FHP), was set to two values:

baseline and severe FHP.

Starting with the baseline posture of the specimen, the

magnitude of C0-T1 SVA was increased and changes in

angular and translational alignments of C1–C7 vertebrae

were measured using optoelectronic sensors. While the head

was constrained to horizontal gaze, the cervical segments

accommodated the increasing anterior head offset. The test

was stopped when the moment measured by the load-cell

placed beneath T1 reached a limit of 3 Nm. This stopping

criterion was used to minimize the risk of soft tissue damage

that may occur due to repeated testing [14, 15]. The effect of

T1-tilt on postural realignment was then assessed by

changing the T1-tilt angle until the test stopping criterion

was met. The response of the spine to combinations of the

two independent variables was studied (Table 2).

Specimen-specific kinematic model

In this step, the specimen-specific 3D CT-based anatomic

model was animated using the vertebral motion data

recorded by the optoelectronic targets. To combine the

motion data and 3D anatomic model, the fiduciary markers

were registered in relation to the optoelectronic target,

which were attached to their respective vertebral bodies.

This registration provided the ability to track the fiduciary

markers throughout the specimens’ range of motion. This

process resulted in a computer generated 3D representation

of the specimen’s CT reconstruction moving through its

range of motion in response to the changing SVA and T1

tilt (Fig. 3). Details of this methodology can be found in a

prior published study, Havey et al. [16].

Foraminal area measurement

The left and right foraminal boundaries of each motion

segment were defined by identifying points on the 3D

anatomic model, which included: the pedicle and pars

interarticularis superiorly, the facet joint posteriorly, the

pedicle and posterior wall of the vertebra below inferiorly,

the intervertebral disc and posterior wall of vertebra above

anteriorly (Fig. 2c). The tracings of the neural foramen

were done manually for the neutral posture. The oblique

angle that provided the largest view of the neural foramen

area was utilized for defining the neural foramen bound-

aries. The tracing was projected onto a plane which was

orthogonal to the above referenced oblique direction. As

the vertebrae moved in response to a prescribed sagittal

malalignment, the relationship between the bony land-

marks that defined the cranial and caudal neural foramen

boundaries changed, affecting the neural foraminal area,

which was calculated using the specimen-specific kine-

matic model. Two investigators independently agreed upon

the tracings of each neural foramen boundary and viewing

angle that corresponded to the maximum neural foraminal

area.

Table 2 Standard test protocol for each specimen

T1 tilt C2-C7 SVA

1 Baseline T1 tilt -10�
[Thoracic hypokyphosis]

(fixed) Baseline SVA ? Baseline SVA ?40 mm

[Baseline FHP ? Severe FHP]

(varied)

2 Baseline T1 tilt

[Baseline thoracic kyphosis]

(fixed) Baseline SVA ? Baseline SVA ?40 mm

[Baseline FHP ? Severe FHP]

(varied)

3 Baseline T1 tilt ?10�
[Thoracic hyperkyphosis]

(fixed) Baseline SVA ? Baseline SVA ?40 mm

[Baseline FHP ? Severe FHP]

(varied)

4 Baseline T1 tilt -10� ? Baseline T1 tilt ?10�
[Thoracic hypokyphosis ? thoracic hyperkyphosis]

(varied) Baseline SVA

[Baseline FHP]

(fixed)

5 Baseline T1 tilt -10� ? Baseline T1 tilt ?10�
[Thoracic hypokyphosis ? thoracic hyperkyphosis]

(varied) Baseline SVA ? 23 mm

[Severe FHP]

(fixed)

Each specimen has different baseline values: mean baseline (C2–C7) SVA = 21.7 ± 7.5 mm, mean baseline T1 angle = 25.3� ± 7.2�
The amount of flexion moment at the base was not allowed to exceed 3.0 Nm
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Error estimation

Root mean square accuracy of measuring 3D motion of

anatomical features was determined to be ±0.44 mm. Error

in translation due to the dynamic tracking of points was

0.14 mm, while the error due to probe registration of

anatomical points was 0.40 mm. This was primarily lim-

ited by the CT scan voxel size of

(0.29 9 0.29 9 0.625 mm). While the specimen was kept

stationary, the RMSE (root mean square error) of the

recorded segmental angle of a sample segment, C6–C7,

was ±0.006� and, the RMSE of the calculated neural

foraminal area of the same segment was ±0.08 mm2

(Figs. 4, 5). The RMSE of the neural foraminal area as the

specimen posture changed in response to increasing SVA

was ±0.1 mm2 (Fig. 6).

Statistical data analysis

All data were analyzed to obtain descriptive statistics and a

repeated-measures analysis of variance was performed to

compare the foraminal sizes for different values of inde-

pendent variables. The neural foraminal areas were pro-

cessed to obtain the percent change in area relative to the

neutral posture, unless otherwise stated.

The native sagittal alignment and tissue stiffness of each

specimen influenced the maximum SVA that could be

achieved before the stopping criterion of 3 Nm was

reached. For example, the maximum attainable SVA (be-

fore reaching the stopping criteria) ranged from 31 to

68 mm for a neutral T1 tilt value. The native segmental

alignment also influenced the neural foraminal areas in the

neutral posture of the specimen and the magnitude of

changes in neural foraminal areas caused by changing SVA

and T1 tilt. The variability in native alignment and tissue

stiffness are reflected in the variability of the results pre-

sented in the study. All samples were able to demonstrate

an increase of 16 mm in C2–C7 SVA, and therefore this

point was utilized for further statistical analysis.

Results

Biomechanical model characteristics

As explained in ‘‘Methods’’, degenerative changes in the

discs were graded based on MRI scans. In our samples, the

grade ranged between 2 and 3, indicating mild degenera-

tive changes in the discs.

In neutral posture, the average neural foraminal area

ranged from 33.0 to 55.5 mm2 and the mean neural foraminal

Fig. 4 Root mean square (RMS) error of segmental angle in static

posture

Fig. 5 RMS error of neural foraminal area in static posture

Fig. 6 RMS error of neural foraminal area throughout the increasing

SVA experiment on a representative specimen
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area of all cervical segments was 43.2 mm2 (±15.6 mm2).

The mean neural foraminal area for each level was C2–C3:

54.2 mm2 (±13.5 mm2) C3–C4: 41.9 mm2 (±17.7 mm2),

C4–C5: 39.1 mm2 (±11.6 mm2), C5–C6: 33.0 mm2

(±12.9 mm2), C6–C7: 33.7 mm2 (±12.2 mm2) and C7-T1:

55.5 mm2 (±9.7 mm2) (Fig. 7; Table 3).

Area of the cervical neural foramen decreases

with increasing T1 tilt

There was an inverse relationship between the neural

foraminal areas and T1 tilt angle changes. As the T1 tilt

increased from the neutral position, a decrease in the neural

foraminal area was observed in all samples at all segments

(Fig. 8a). During hyperkyphosis, peak neural foraminal

area narrowing occurred at the lower cervical spine,

specifically at C5–C6 (P\ 0.01) and C6–C7 (P\ 0.01)

(Table 4; Fig. 9a). In contrast, there was minimal change in

the upper cervical segments.

When the T1 tilt was decreased from the neutral posi-

tion, a progressive increase in the neural foraminal area

was observed in all samples at all segments. At T1 tilt of

13� the C5–C6 segment demonstrated the largest increase

from neutral position (P\ 0.01) (Table 4).

Area of the subaxial cervical neural foramen

increases with increasing C2–C7 SVA

Increasing the C2–C7 SVA from the neutral position had

different effects on lower and upper cervical neural

foraminal areas (Table 4). Increases in the neural foraminal

areas of mid-to-lower cervical segments were observed.

Representative changes in C6–C7 foramen in relation to

change in C2–C7 SVA are shown in Fig. 8b for an SVA

change of up to 30 mm. In contrast, a minimal change was

observed in the upper cervical segments.

All specimens were able to withstand an increase of

16 mm in C2–C7 SVA, therefore this point was utilized for

statistical comparative analysis. The C4–C5 segment

demonstrated the largest increase in neural foraminal area

for an increase in C2–C7 SVA of 16 mm from neutral

position (P\ 0.01) (Fig. 9b). We also evaluated neural

foraminal areas for specimen-specific maximum SVA

values corresponding to the maximum flexion moment

(3 Nm) for all specimens, instead of using a fixed value of

SVA increase (16 mm) for each specimen. The comparison

0 20 40 60

C7-T1

C6-C7

C5-C6

C4-C5

C3-C4

C2-C3

Neural Foraminal Area (mm^2) 

Cervical Neural Foraminal Area 
in Neutral posture

Fig. 7 Mean neural foraminal areas of cervical segments in the

neutral posture of all specimens (n = 13). Neutral posture is depicted

as posture III in Fig. 3

Table 3 Mean cervical neural foraminal areas measured in the

neutral posture (n = 13)

Level C2–C3 C3–C4 C4–C5 C5–C6 C6–C7 C7–T1

Mean (mm2) 55.5 33.7 33.0 39.1 42.0 54.2

SD 9.7 12.2 12.9 11.6 17.7 13.5
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Fig. 8 Representative neural foraminal area vs. a T1 tilt and b
changes in C2–C7 SVA on a specific cervical neural foramen. Please

see Fig. 3 and Table 2 for illustrative depiction of the various

postures tested

Eur Spine J (2016) 25:2155–2165 2161

123



showed that both criteria yield similar patterns of changes

in neural foraminal area at all segments (Fig. 10).

Increasing SVA from a thoracic hyperkyphotic T1

posture also increased the neural foraminal area in the mid-

to-lower cervical segments (Fig. 9c; Table 4). In this case,

the C5–C6 segment demonstrated the greatest increase in

neural foraminal area from the neutral posture (P\ 0.01).

Discussion

Cervical degenerative disc disease can often lead to the

development of cervical deformity. These patients will

frequently have co-existing symptoms of nerve root

compression. While radiographic measurements of cervical

deformity, C2-C7 SVA and T1 tilt, have been shown in

recent retrospective studies to correlate with clinical out-

come scores [3, 5, 17], the impact of these variables on the

anatomy of the neural foramen remains unknown. It is

important to understand how the neural foramen change in

deformity as this will help us identify anatomical drivers of

a patient’s symptoms, informing both our understanding of

prognosis and treatment [18–20]. In this study, we found

that thoracic kyphosis had a negative impact on the size of

the neural foramen. As thoracic kyphosis (T1 tilt)

increased, the neural foramen decreased in size. Con-

versely, as the C2–C7 SVA increased (a more forward head

posture), the neural foramen size increased. These changes

Table 4 Summary of percentage changes in foraminal area from a posture to another posture

Initial posture Neutral (posture III) Neutral (posture III) Neutral (posture III) Hyperkyphosis (posture V)

Final posture Hyperkyphosis

(posture V) (%)

Hypokyphosis

(posture I) (%)

Forward head posture

(posture IV) (%)

Hyperkyphosis and forward

head posture (posture VI) (%)

Level C2–C3 0.1 ± 0.5 0.9 ± 1.8 -0.3 ± 1.0 -0.4 ± 1.0

C3–C4 -0.4 ± 1.0 4.5 – 2.4 0.1 ± 2.3 -0.9 ± 3.7

C4–C5 -2.7 – 2.2 9.2 – 3.3 13.8 – 15.7 3.4 – 3.6

C5–C6 -8.6 – 7.0 9.4 – 8.7 9.6 – 4.2 13.4 – 9.6

C6–C7 -9.6 – 5.6 2.0 ± 4.1 5.2 – 4.0 11.4 – 7.9

C7-T1 -1.6 ± 3.2 0.0 ± 0.7 2.0 ± 2.8 4.3 ± 4.8

Bold values: P value\0.01, italic values: P value\0.05. Figure 3 depicts the different posture numbers

*

**

**

**

-10 0 10 20 30

*

**

**

**

-10 0 10 20 30 40

**

**

**

-20 -10 0

C7-T1

C6-C7

C5-C6

C4-C5

C3-C4

C2-C3

C Effect of increase in SVA
on Neural Foraminal Area
in the presence of 
increased T1 Tilt

B
Effect of increase in SVA

on Neural Foraminal Area

% Change in Foraminal Area
# From: Posture III
# To: Posture V

A

*   P<0.05
** P<0.01

Effect of increase in T1 �lt
on Neural Foraminal Area

% Change in Foraminal Area
# From: Posture III
# To: Posture IV

% Change in Foraminal Area
# From: Posture V
# To: Posture VI

Fig. 9 Relative percent

changes in neural foraminal area

with varying a T1 tilt only,

b cervical SVA only or c T1 tilt

and cervical SVA. See Fig. 3

and Table 2 for illustrative

depiction of the various postures

tested
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were most prominent in the lower cervical spine, a com-

mon site of clinical symptoms.

While symptoms of deformity can exist in isolation,

patients with severe degenerative changes often will have

symptomatic nerve root compression. It is important to

note that imaging findings do not always correlate with

radicular symptoms [21] and the potential impact of cer-

vical sagittal alignment on the neural foraminal spaces is

not well understood. In our study, when the specimen was

placed in a posture of significantly increased thoracic

kyphosis, the neural foraminal area of the lower cervical

spinal segments decreased in size. When the specimen

underwent an increase in SVA, the neural foraminal area

increased in size. This change may be indicative of a

compensatory mechanism, wherein a patient’s forward

head posture is a compensatory mechanism to relieve

radicular symptoms (opens a constricted neural foramen).

In the current study, variations in T1 tilt and cervical SVA

led to larger changes in the neural foramen of the lower

cervical region (C5–C7). In theory, this places the lower

cervical roots at higher risk for compression [7].

In our biomechanical model, the greatest average

change in the neural foraminal area in relation to high

thoracic kyphosis was observed at C4–C5. This is an

interesting finding given the presence of C5 palsy after

some spinal operations [20]. The pathophysiology of C5

palsy is multifactorial and poorly understood, with the most

common theory being posterior migration of the spinal

cord causing traction on the C5 nerve root [22]. The C5

nerve root is the shortest cervical nerve root, further con-

tributing to its risk for injury. Importantly, the C4–C5

neural foramen are also smaller than most of the other

subaxial cervical neural foramen in neutral posture

(Fig. 7). Panjabi et al. also demonstrated in an ex vivo

cadaveric model with lateral radiographs that peak neural

foraminal area narrowing occurs at C4–C5 in extension

postures [23]. Thus, the combination of a small neural

foramen as well as its reduction in size with regional

deformity, may place the C5 nerve root at highest

anatomical risk.

Previous techniques used to evaluate cervical neural

foraminal dimensions included direct measurement with

blunt probes [24], foramen occlusion transducers [25], and

measurements with CT or MR imaging in static postures

[26–28]. Yoo et al. investigated the neural foraminal areas

of C5–C7 in cadaveric specimens with blunt probes. Their

findings showed that neural foraminal areas significantly

increased during flexion and decreased during extension

[24]. Nuckley et al. investigated the foramen integrity by

recordings from transducers in the neural foraminal space.

The integrity of the neural foramen space was compro-

mised with extension [25]. Humphreys et al. investigated

changes in the foraminal space at C5–C6 in cadaver

specimens during flexion and traction with CT imaging.

The authors demonstrated a significant increase in neural

foraminal area during flexion [26–28].

The neural foraminal area changes during flexion and

extension were also confirmed in healthy subjects with MR

imaging [28] and CT imaging [27, 29]. Muhle et al.

assessed flexion–extension in the cervical spine of 30

healthy persons using kinematic MR imaging [28] and

demonstrated a significant difference between flexion and

extension, where flexion caused a widening of the foram-

inal space (?30 %) and extension caused narrowing

(-19 %). Specifically, Muhle et al. noted C4–C5 neural

foraminal area increased by 18 % and by 30 % in lower

cervical segments with maximum flexion. With maximum

extension, the neural foraminal area of C4-T1 similarly

decreased by *19 %. Kitagawa et al. acquired CT images

of seven healthy volunteers at neutral position, maximum

extension, and maximum flexion. The authors recon-

structed the images in the oblique plane perpendicular to

the long axis of each neural foramen from C3 to C7 but did

not discuss the segments independently. Flexion signifi-

cantly increased the neural foraminal area (?28 %) and

extension significantly decreased the neural foraminal area

(17–22 %). Overall, Kitagawa et al. and Muhle et al.

observed similar values of neural foraminal areas when

compared to our ex vivo model (Fig. 11). Results from

Panjabi’s ex vivo study also corroborated these values [23].

Together, these findings demonstrate that the morphologic
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changes in the cervical neural foramen in vivo are com-

parable to ex vivo cadaveric studies.

The main scientific contribution of our study is that we

investigated the effects of cervical spinal imbalance (in-

creasing C2-C7 SVA and T1 tilt) on cervical neural

foraminal areas of cervical segments from C2 to C3 to C7-

T1. Previous studies have assessed neural foraminal space

primarily during flexion–extension motions of the neck.

The results of the present study describing the effects of

cervical sagittal malalignment on neural foraminal space

provide data that has not been previously reported in the

literature.

This study is not without limitations. We acknowledge

the study is limited by its ex vivo nature. However, the

utilization of an ex vivo model provided a controlled

environment which is highly reproducible. Variables of

deformity cannot be modified with precision in the clinical

setting. The lack of paraspinal musculature may also be

considered a limitation. However, comparing our ex vivo

data to findings of in vivo studies suggest that the neck

musculature may not play a predominant role in the pattern

of neural foraminal changes. Lastly, our specimen specific

CT model focuses solely on the bony anatomy of the neural

foramen. It is well established that soft-tissue structures,

namely the disc and ligaments, play a critical role in nerve

root compression. Further studies are needed to incorporate

the role of these soft-tissue structures.

Conclusions

In an ex vivo biomechanical model with specimen-specific

CT images, the size of the subaxial neural foramen can be

calculated in simulated positions of cervical deformity.

With increasing upper thoracic kyphosis, the dimensions of

the cervical neural foramen decrease in size. This is most

pronounced in the lower cervical spine. In contrast, an

increase in cervical SVA increases the area of the neural

foramen. These findings may imply that a forward head

posture is a compensatory mechanism to provide sufficient

space for the neural structures as thoracic kyphosis

progresses.
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