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Purpose:Purpose: Cervicogenic headache (CGH) is pain referred to the head/ face from the structures 
in vicinity of upper cervical spinal nerves via trigeminocervical pathway. Ponticulus Posti-
cus (PP) and Elongated Styloid Process (ESP) are anatomical structures that cause compres-
sion of vasculature present around upper cervical nerve plexus. Recently, computational 
fluid dynamics (CFD) has shown to play an essential role in identification of these high-
pressure zones in the brain. The aim of this research is to study the association of ESP and 
PP in patients with CGH and to develop a hypothesis by CFD to analyse vertebrobasilar 
insufficiency as a contributing factor in occurrence of CGH. 

Methods:Methods: Retrospective analysis of 4500 full skull CBCT scans was done for the presence 
of partial or complete PP and length of Styloid Process (SP). Research was divided into two 
phases; In first Preliminary Phase, 150 scans that showed the presence of PP and ESP were 
analysed, and only 134 patients gave consent to fill the questionnaire containing 96 ques-
tion items pertaining to symptoms associated with CGH. In the second phase, simulation 
of Vertebral and Carotid Artery was done using Fluent 14.5 Software and by CFD, pressure 
distribution on arteries was obtained that helped to identify high pressure regions. 

Results:Results: Both PP and ESP showed a statistically significant association with CGH (p<0.001). 
By CFD analysis, both steady and transient phases of simulation showed drop in pressure 
due to constriction of internal carotid and vertebral artery by ESP and PP respectively and 
were found to decrease the volume of blood reaching the brain, 0.12 /0.13 mL and 0.06 mL 
respectively.

Conclusions:Conclusions: Our analysis proves ESP and PP as contributing factors towards CGH. Hence 
for proper diagnosis and management of headache disorders, clinicians should have ad-
equate knowledge about these anatomical structures and their resulting clinical symptoms.

Key Words:Key Words: Blood flow; Cervicogenic headache; Computational fluid dynamics; Ponticulus 
posticus; Styloid process; Vertebral artery
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INTRODUCTION

Headache is common and most disabling disorder affect-

ing more than 66% of the world’s population, but is of-

ten misdiagnosed and not treated properly [1]. According 

to World Health Organisation, headache is one of the top 

ten causes of disability and more commonly manifests in 

women with a stressful lifestyle at home and at work place 

[2]. According to International Headache Society (IHS) there 

are 2 basic categories of headaches, i) primary headaches of 

vascular (cluster and migraine headaches) and muscular or-

igin (tension-type headaches), ii) secondary headaches that 

occur because of another health condition [2]. Norwegian 

physician Sjaastad and Bakketeig [3] coined the term, “cer-

vicogenic headache” (CGH) in 1983, a type of secondary 

headache as it originates from the atlanto-occipital and up-

per cervical vertebrae and perceived in one or more regions 

of head. The prevalence rate of CGH is 2.5% to 4.1%, which 

is comparatively lower than tension-type headache (38%), 

migraine (10%), and chronic daily headache (3%). However, 

it is most distressing of all, affecting daily routine activities 

and causes serious impact on the quality of life of patients [3].

The characteristic features of CGH given by the IHS also 

known as “Red Flags” include i) headache associated with 

neck pain and stiffness; ii) unilateral headaches starting 

from one side of the posterior head and neck, migrating 

to the front, and sometimes associated with ipsilateral arm 

discomfort; iii) deep, nonthrobbing, moderate to severe pain 

which may be continuous or intermittent lasting for hours 

to days; iv) Pain triggered by neck movement, abnormal 

neck postures, exertion, coughing, and by applying digital 

pressure around upper cervical C1-C3 or occipital areas [4]. 

There could be a possibility that cases of CGH could be mis-

diagnosed as primary headache disorders such as migraine 

or tension type headache due to overlapping features like 

nausea, dizziness, ipsilateral neck, shoulder or arm pain, ra-

diating to forehead, temples, orbital region, vertex or ear, 

ipsilateral blurred vision, and lacrimation leading to im-

proper treatment without patient relief.

Recently researchers have found that abnormalities in ce-

rebral blood flow due to increased pressure from anatomical 

structures like ponticulus posticus (PP) and elongated sty-

loid process (ESP) may result in CGH [5-10]. PP also known 

as “little posterior bridge”, “Kim merle variant”, “foramen 

arcuale” is an anomalous bony bridge formed between su-

perior articular process and posterior arch of atlas. It is re-

garded as a simple anatomical variant formed by complete 

or incomplete ossification of the posterior atlanto-occipital 

membrane over the vertebral groove that results in devel-

opment of arcuate foramen containing vertebral artery and 

C1 spinal nerve (Fig. 1A-C) [10]. Fig. 2 illustrates partial 

and complete PP on three-dimensional (3D) printed mod-

els. Compression of these structures has been found to re-

sult in severe headache in 56% to 96% of patients [10-12]. 

Styloid process (SP) is an elongated conical projection of 

the temporal bone, present anteriorly to the mastoid pro-

cess. The normal SP length is approximately 20-30 mm and 

is considered elongated if it is longer than 30 mm (Fig. 1D). 

Symptoms due to ESP are seen rarely, prevalent in 4% to 

10% of population [13]. Compression of neurological struc-

tures such as glossopharyngeal nerve and vascular struc-

tures such as external and internal carotid artery by ESP 

or medial or lateral deviation of SP results in “stylocarotid 

syndrome” which is characterized by neck pain aggravated 

40.0 mm 40.9 mm

A B C D

Fig. 1.Fig. 1. Cone beam computed tomography scan depicting ponticulus posticus, (A) absent; (B) partial; (C) complete (D) elongated styloid process. 
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by rotation of neck, decreased blood flow to brain, and 

headache . Impingement of internal carotid artery causes 

supraorbital pain and parietal headache whereas impinge-

ment of external carotid artery results in pain radiating to 

infraorbital region [14].

Panoramic radiography, computed tomography (CT) and 

magnetic resonance imaging (MRI) have been found to have 

limited role in diagnosis of anatomical or vascular struc-

tures as a cause of CGH, they could be used as a primary 

imaging modalities to suspect underlying secondary cause 

of headache [15,16]. Nowadays three-dimensional cone 

beam computed tomography (3D CBCT) has been shown to 

have high diagnostic accuracy in demonstration and mea-

surement of both anatomical structures; ESP and PP but 

has limited ability in detection of vascular structures [6]. 

Recently, computational fluid dynamics (CFD) algorithms, 

image processing and geometry reconstruction techniques 

has been reported to have high diagnostic performance in 

computing for neurovascular disorders [17]. CFD is two 

types–static/steady and transient state, the basic difference 

is that unlike static, transient CFD simulates time-dependent 

changes in the motion of fluid and is more accurate.

By this research we tried to develop hypothesis by adop-

tion of computational methods to analyse if anatomi-

cal structures; ESP and PP could result in fluid dynamic 

changes [17]. Therefore, to elucidate this concept, research 

was conducted in the Department of Oral Medicine and 

Radiology to prove the association of ESP and PP with 

CGH. Our research was divided into two phases; i) In the 

first preliminary phase CBCT scans were retrospectively 

analysed for the presence or absence of ESP and PP. Then, 

validated questionnaire adapted from Fritsche et al. [18] and 

Hong et al. [19] was given to patients after their informed 

consent to evaluate CGH symptoms; ii) In the second phase 

a real life like simulation was performed with the help of 

CFD to analyse vertebrobasilar insufficiency due to ESP or 

PP.

MATERIALS AND METHODS

1. Preliminary Research
1) Evaluation of CBCT Images

A retrospective study was conducted in the Department 

of Oral Medicine and Radiology, M.S. Ramaiah Dental 

College, Bangalore on CBCT (Carestream 9300; Carestream 

Health, Rochester, NY, USA) images of patients who have 

been referred for CBCT examination for various problems 

of maxillofacial region such as partially edentulous area as-

sessment requiring implants, for the assessment of maloc-

clusion, temporomandibular joint disorders, etc. Exclusion 

criteria comprised inadequate image quality due to arti-

facts; low resolution; and patient movement during expo-

sure. CBCT images showing presence of neoplastic tumour, 

congenital anomalies such as cleft lip and palate, and sys-

temic abnormalities involving the craniofacial region were 

excluded. Analysis was done for 4500 CBCT full skull scans 

using Dell liquid crystal display screen with a resolution of 

1,280×1,024 pixels. Images were adjusted for contrast and 

brightness by software tools and reconstructed into 3D im-

ages. Out of 4500 full skull scans, 150 scans demonstrat-

ing PP and SP were retrieved and analysed visually under 

adequate illumination by 10 year experienced radiologist 

for the length and angulations of SP as well as for the pres-

ence of complete or partial PP. It was found that out of 150 

scans of the subjects, ESP was present in 142, PP was pres-

ent in 60 and both ESP and PP were present in 52 scans. SP 

was analysed in three planes i.e. axial, coronal and sagittal 

planes for following parameters:

Fig. 2.Fig. 2. Three-dimensional printed 

models (A) partial ponticulus posticus 

(PP) C1 vertebra (B) complete PP 

vertebra.
A B
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(1) Length: It is distance between the base of the SP and 

the tip of the ossified stylohyoid complex. SP with length 

≥30 mm [20] was considered as elongated (Fig. 1D).

(2) Mediolateral angulation: Measured by the angle of in-

tersection of the line connecting both bases of the SP and 

the longitudinal axis of stylohyoid complex on anteropos-

terior view (Fig. 3A) [20]. 

(3) Horizontal anteroposterior angulation: A vertical line 

was passed from the cranial base of the process, vertical to 

Frankfort plane (a line passing horizontally from the superi-

or border of external auditory meatus to the inferior border 

of orbit). Anterior angulation is measured as the angle be-

tween this vertical line on lateral skull X-ray and the body 

of the process (Fig. 3B) [20]. 

(4) Vertical anteroposterior angulation: Anteroposterior 

angle was defined as the vertical line passing from the cra-

nial base of the process, which was vertical to the Frankfort 

plane (a line passing horizontally from the superior border 

of the external auditory meatus to the inferior border of or-

bit) on the lateral view. The angle between this vertical line 

and the body of the process was measured (Fig. 3B) [20].

(5) Lateral or medial curvature: The angle between the 

base of the SP and the tip of the stylohyoid complex at the 

level of the bending point on skull base views (Fig. 3C) [20].

2) Questionnaire

CBCT analysis was followed by customized question-

naire [adapted from Fritsche et al. [18] and Hong et al. [19] 

that was given for validation to i) two (2) senior profes-

sors having 20 years of experience in oral medicine, ii) two 

(2) senior professors having 20 years of experience in oral 

radiology, and two (2) senior professors having 20 years 

of experience in otorhinolaryngology. Specialists’ opin-

ions were included and questionnaire was further validated 

with Cronbach’s alpha with a value of 0.85 which is quite 

reliable. 

Questionnaire consisted of 96 question items given to 150 

subjects with an age range of 15 to 86 years, it consisted of 

both open and closed ended questions pertaining to CGH 

symptoms, that is its nature, type, intensity and duration, 

any associated symptoms, vision abnormalities, itchiness or 

watery discharge from eyes, or any abnormalities in the ear. 

150 subjects whose CBCT scans showed presence of ESP, 

that is ≥30 mm or presence of partial or complete PP were 

distributed questionnaire through telephone interviews, by 

mail, online, or through direct physical distribution after 

obtaining informed consent. Patients who presented with 

history of suspected diagnosis or treatment of neoplastic tu-

mour, congenital and systemic abnormalities of craniofacial 

region formed the exclusion criteria. Based on selection cri-

teria and on patients consent, out of 150 distributed ques-

tionnaires, only 134 respondents including 86 males (64.2%) 

and 48 females (35.8%) filled the questionnaire. Thereafter, 

completed questionnaires were analysed in relation to asso-

ciation of CGH symptoms with ESP length, anteroposterior 

(horizontal and vertical) angulations, mediolateral angula-

tions and medial or lateral curvature as depicted on their 

respective CBCT images. 

3) Statistical Analysis 

Data collected was statistically analyzed using SPSS 

Statistics for Windows, Version 16.0 (SPSS Inc., Chicago, IL, 

Fig. 3.Fig. 3. Elongated styloid process (A) mediolateral angulation, (B) anteroposterior angulation (horizontal & vertical), (C) medial or lateral 

curvature.

A B C

61 66

111.9 mm
70.9 mm

75.5 mm

2020

67
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USA). Contingency table was formulated to display the fre-

quency distribution of 134 subjects that showed presence of 

ESP, PP, or both on CBCT images and presence or absence 

of CGH based on responses as mentioned in questionnaire. 

A chi-square test was applied to analyze the association be-

tween the anatomical structures and CGH. Association of SP 

parameters i.e length, mediolateral angulation, anteroposte-

rior angulation (horizontal & vertical) and lateral or medial 

curvature with CGH was done by Pearson’s correlation test. 

A p<0.05 was considered as statistically significant.

2. Phase II Hypothetical Model and Analysis: CFD 
simulation
CT angiography (arterial) image of patient diagnosed with 

haemangioma of lip, extending from the arch of aorta up to 

the brain was retrieved from the archives of Department of 

Radiodiagnosis, M.S. Ramaiah Medical Hospital (Fig. 4A)

CFD was performed in five basic steps i) medical image 

registration, ii) automatic segmentation and reconstruc-

tion of the radiographic images using open end software 

3D Slicer version 4.6.2 (Slicer Community, Boston, MA, 

USA; http://www.slicer.org) [21] that converted medical im-

age from .dcm to .stl format to form in-silico model (Fig. 

4B). Further refining of the model was done using software 

Meshmixer version 3.0 (Open end software, Oakland, CA, 

USA) so as to crop the region of interest to be used in sim-

ulation (Fig. 4C) by ten-year experienced radiologist. This 

entire procedure took approximately 4-5 hours, iii) meshing 

or spatial discrimination i.e. model clean-up was done and 

required geometry was extracted using Mimics software 

20.0 (Materialise NV Company, Leuven, Belgium) (Fig. 5A). 

This entire process of conversion took approximately 1-2 

days, iv) boundary conditions were applied and v) finally 

CFD simulation. Final model was made up of approximate-

ly 20 lakh grid cells across the whole artery. Fig. 5B depicts 

final geometries used for simulation. 

1) Simulation of Blood Flow and Pressure Changes

For simulating blood flow and pressure changes caused 

due to the presence of ESP and PP on internal carotid and 

vertebral artery, respectively the cross-sections of both the 

arteries were modified by giving constriction around the 

point that was designated as ESP1 and PP2. This was con-

sidered as the location of probable ESP and PP respective-

ly (Fig. 6A, B), that is there is high chance or likelihood of 

compression of vasculature by anatomical structures, this 

assumption was verified by performing steady and tran-

sient state simulation . At this location, SP is in close prox-

imity to external and internal carotid arteries, and PP is 

in close relation to vertebral artery. Blood is considered as 

A B C

Fig. 4.Fig. 4. Model construction (A) computed 

tomography-angiography arterial 

phase, (B) conversion of image from 

.dcm to .stl by open end software, 

three-dimensional Slicer 4.6.2, and (C) 

meshmixer 3.0 (Open end software, 

Oakland, CA, USA) cropped region of 

interest.

Fig. 5.Fig. 5. (A) Extraction of required geometry using mimics software. 

(B) Final geometries used for simulation. 

A B
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Newtonian fluid with density of 1,060 kg/m3 and viscosity 

of 0.035 kg/m-s. Thus, the final model comprised of one in-

let and four outlets (Fig. 7). 

CFD simulation was done in both static steady and tran-

sient state. For static steady state, simulation was performed 

under normal physiological condition and in situation 

where vasculature was compressed by ESP and PP as under:

(1) Static steady state simulation: For static simulation in-

let was considered as pressure inlet and outlet as pressure 

outlet. The CFD software used for steady state simulation 

was United States based open end software Ansys Fluent 

Solver version 14.5 (Ansys Inc., Canonsburg, PA, USA). 

Simulation was done under normal physiologic conditions 

under inlet pressure of 120 mm (normal systolic pressure) 

and 60 mm of Hg (normal diastolic pressure) at the arch of 

aorta which was taken as reference point (Fig. 8A). Drop-in 

Fig. 6.Fig. 6. (A) Modification on cross-section on carotid artery at the 

site of probable elongated styloid process. (B) Modification on 

cross-section on vertebral artery at the site of probable ponticulus 

posticus.

Pressure application
Section

A B

Outlet 1
Inlet

Outlet 3

Outlet 4

Outlet 2

Wall

Fig. 7.Fig. 7. Shows final model composed of one inlet and four outlets 

by United States based open end software, Ansys Fluent Solver 

version 14.5.

A

120 mm of Hg

117 mm of Hg

114 mm of Hg

112 mm of Hg

110 mm of Hg

16003.40

15919.03

15834.66

15750.29

15665.92

15581.55

15497.18

15412.81

15328.44

15244.07

15159.70

15075.33

14990.96

14906.59

14822.22

14737.85

14653.48

14569.11

14484.74

14400.37

14316.00

Contours of static
pressure in pascals

119.96

119.12

118.27

117.43

116.58

115.74

114.89

114.05

113.20

112.36

111.51

110.67

109.82

108.98

108.13

107.29

106.44

105.60

104.75

103.91

103.06

B

PP2

ESP1

Fig. 8.Fig. 8. Steady state simulation using United States based open end software, Ansys Fluent Software 14.5 (A) inlet pressure at 120 mmHg 

under normal physiologic conditions (B) inlet pressure at 120 mmHg after constriction of vasculature by ESP and PP. ESP, elongated styloid 

process; PP, ponticulus posticus; ESP1, pressure point at location of probable ESP; PP2, pressure point at location of probable PP.
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pressure was measured from arch of aorta and upwards till 

the point of constriction of vasculature i.e. till ESP1 and 

PP2 (Fig. 8B).

(2) Transient state simulation: Since steady state simu-

lation could not predict time dependent variation of pres-

sure as well as changes in the blood volume, hence to 

be more accurate and specific we moved one step ahead 

i.e. towards transient simulation. The CFD software used 

for transient state simulation was Semi Implicit Method 

for Pressure Linked Equation, developed by Prof. Brian 

Spalding, London, United Kingdom. Inlet was kept as mass 

flow inlet calculated based on the velocity as a function of 

time and outlet as pressure outlet. The total number of time 

steps solved were 80 in a total time of 0.8 seconds i.e. one 

cardiac cycle and maximum and minimum flow velocity of 

blood was 0.9 m/s and 0.05 m/s, respectively. 

For transient simulation range of blood pressure varied 

from 90/60 mm of Hg till 120/90 mm of Hg and variation 

in blood pressure as well as volume was measured for 0.8 

seconds. Variation of blood pressure and flow was measured 

from arch of aorta up to the three points for 0.8 seconds i.e. 

p1, p2 and p3 on both internal carotid artery and vertebral 

artery. p1 was considered as the point just before constric-

tion by ESP and PP; p2 was the point of constriction and 

p3 was the point after constriction (Fig. 9).

Descriptive statistics was used to summarize the numeri-

cal values showing variation in blood pressure and volume 

on simulation.

RESULTS 

1. Results: Preliminary Research 
On summation of analysis it was found that out of 134 

subjects, comprising of 86 males (64.2%) and 48 females 

(35.8%) with an age range of 15 to 86 years, 114 showed 

the presence of ESP (102 bilateral & 12 unilateral ESP) and 

48 had PP (27 bilateral & 21 unilateral PP). Out of 114 ESP 

subjects, 47 subjects (41.2%) presented with headache and 

67 subjects (58.8%) did not. Among 48 subjects with PP, 

46 subjects (95.8%) had headache and 2 subjects (4.2%) did 

not. Thus, the results showed a significant association of in-

dividual osseous structures with headache (p<0.001) (Table 

1). Individual SP parameters i.e length, mediolateral angu-

lation, anteroposterior angulation (horizontal & vertical) 

and lateral or medial curvature demonstrated no statisti-

cally significant association with CGH (Table 2). To simulate 

this hypothesis in a real-life situation we took a step for-

ward towards CFD. This was done to analyse how ESP and 

PP can cause pressure changes in the vascular structures of 

head and neck region resulting in vertebrobasilar insuffi-

ciency ultimately leading to CGH. 

2. Results: CFD Simulation
1) Steady State Simulation

(1) Normal physiologic conditions: Results showed that 

under normal physiologic conditions there was a significant 

Large blockage
side

Small blockage
side

p1 p2

p3

p3

p2

p1

Fig. 9.Fig. 9. Points specified to observe 

pressure changes under transient 

simulation.

Table 1.Table 1. Table shows association of ESP and PP with headache 

Parameter
Total no. of subjects  

with ESP or PP    

Total no of subjects  

having headache

ESP 114 (98.22) [2.54]a 47 (62.78) [3.97]

PP 48 (57.35) [1.52] 46 (36.65) [2.38]

Both ESP+PP 32 (38.43) [1.09] 31 (24.57) [1.69]

ESP, elongated styloid process; PP, ponticulus posticus.
aObserved count (expected count) [chi square χ2 statistic], χ2 value 

13.1698.

Statistically significant difference (p=0.001).
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pressure drop from arch of aorta towards ESP1 and PP2 at 

120 mm of Hg and 60 mm of Hg pressure. When the inlet 

pressure was 120 mm of Hg the pressure at ESP1 was 114 

mm of Hg and at PP2 was 110 mm of Hg. Thus from the 

reference point i.e. arch of aorta the drop in pressure oc-

curred by 6 mm of Hg at ESP1 and 10 mm of Hg at PP2. 

Similar results were found when the inlet pressure was 60 

mm of Hg (Table 3). From the arch of aorta the pressure re-

duced to 58 mm of Hg at ESP1 and 51 mm of Hg at PP2. 

(2) Vasculature constriction: After constriction of inter-

nal carotid artery by ESP and vertebral artery by PP, it was 

found that when inlet pressure was 120 mm of Hg, pres-

sure at ESP 1 reduced to 112 mm of Hg and by 104 mm of 

Hg at PP2. From arch of aorta, drop in pressure occurred by 

8 mm of Hg at ESP1 and by 16 mm of Hg at PP2 (Table 4). 

Similar results were observed for inlet pressure 60 mm of 

Hg, from the arch of aorta pressure at ESP1 reduced to 56 

mm of Hg and at PP2 it was 48 mm of Hg.

2) Transient State Simulation

(1) Variation in blood pressure: Firstly, simulation was 

done keeping the blood pressure as 90/60 mm of Hg and 

under normal physiologic conditions it was found that from 

the arch of aorta up to the internal carotid artery the pres-

sure at p1, p2, p3 was 69 mm of Hg, 68.6 mm of Hg, 68.4 

mm of Hg respectively and after constriction of internal ca-

rotid artery by ESP the variation of pressure at p1 was 69.5 

mm of Hg, at p2 the pressure reduced to 67.8 mm of Hg and 

at p3 it was 67.6 mm of Hg. Similarly from the arch of aor-

ta up to the vertebral artery the pressure at p1, p2, p3 under 

normal physiologic conditions was 71.8, 71.2, 71.2 mm of 

Hg respectively and after constriction of vertebral artery by 

PP the pressure changes at p1, p2, p3 was 77.8, 69, and 67 

mm of Hg respectively (Table 4). Likewise simulation was 

Table 2.Table 2. Association of CGH with ESP length, anteroposterior (horizontal & vertical) angulations, mediolateral angulations and medial or 

lateral curvature

ESP parameter CGH  Mean Standard deviation Standard error mean p-value

Right ESP length (mm) Present

Absent

37.58

38.33

13.99

15.60

2.04

1.85

0.33

Left ESP length (mm) Present

Absent

35.97

38.70

13.51

15.44

1.99

1.83

0.34

Right ESP anterior vertical angle (°) Present

Absent

30.87

31.54

7.10

7.58

1.03

0.89

0.42

Right ESP anterior horizontal angle (°) Present

Absent

62.20

61.70

5.67

6.02

0.83

0.71

0.96

Left ESP anterior vertical angle (°) Present

Absent

31.14

31.19

6.76

7.35

0.98

0.67

0.89

Left ESP anterior horizontal angle (°) Present

Absent

62.65

62.40

6.14

5.95

0.90

0.70

0.65

Right ESP medial angle (°) Present

Absent

66.51

69.06

5.27

4.54

0.76

0.60

0.79

Left ESP medial angle (°) Present

Absent

69.06

66.92

4.54

8.93

0.66

1.06

0.28

CGH, cervicogenic headache; ESP, elongated styloid process.

Table 3.Table 3. Steady-state simulation at 120 & 60 mm of Hg inlet pressure at arch of aorta

Vascular structures
Pressure under normal 

physiologic conditions

Pressure after constriction 

by osseous structures

At 120 mm of Hg inlet pressure at arch of aorta

   ESP1 (pressure point at the location of ESP) 114 mm of Hg 112 mm of Hg

   PP2 (pressure point at the location of PP) 110 mm of Hg 104 mm of Hg

At 60 mm of Hg inlet pressure at arch of aorta

   ESP1 (pressure point at the location of ESP) 58 mm of Hg 56 mm of Hg

   PP2 (pressure point at the location of PP) 51 mm of Hg 48 mm of Hg

ESP, elongated styloid process; PP, ponticulus posticus.
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done at the blood pressure of 120/90 mm of Hg, under nor-

mal physiologic conditions the pressure from arch of aorta 

till internal carotid artery at p1, p2, p3 was 103 mm of Hg, 

102.6 mm of Hg, 102.5 mm of Hg respectively and from 

arch of aorta till vertebral artery the pressure values were 

105.8, 105.2 and 105.2 mm of Hg at p1, p2, p3 respectively. 

The variation in pressure caused due to constriction of in-

ternal carotid artery by ESP at p1, p2, p3 was 103.5, 101.9 

and 101.7 mm of Hg and constriction of vertebral artery by 

PP caused pressure variation of 112, 103 and 101 mm of Hg 

at p1, p2, p3 respectively (Table 4). Results showed that at 

p2 which was the point of constriction there was significant 

pressure drop in both cases i.e. at 90/60 mm of Hg the re-

duction in pressure caused by ESP and PP was 0.8 and 2.2 

mm of Hg respectively (Table 4). When the pressure was 

120/90 mm of Hg the drop in pressure was 0.7 and 2.2 mm 

of Hg due to ESP and PP respectively (Table 4). Thus more 

or less similar variation of pressure was found in both the 

cases. 

(2) Variation in blood volume: With the help of pressure 

variation values, corresponding variation in the volume of 

blood was also calculated. It was found that ESP caused a 

reduction of 0.13 mL of blood to the brain when the blood 

pressure was 90/60 mm of Hg and this reduction was 0.12 

mL at a pressure of 120/90 mm of Hg. The reduction in 

amount of blood reaching the brain caused by the presence 

of PP was 0.06 mL for both 90/60 and 120/90 mm of Hg 

(Table 5). All these changes were calculated for one cardiac 

cycle i.e. 0.8 seconds. On further calculating the reduction 

in amount of blood reaching the brain due to ESP and PP 

in a day i.e. 24 hours it was found to be approximately 14 

litres which was quite significant. 

DISCUSSION

Headache disorders are often under diagnosed, and con-

sidered as conditions of low medical importance and they 

could be a symptom of serious underlying disorder [1]. 

Most often the clinicians fail to diagnose the condition pre-

cisely, thereby depriving the patient from appropriate treat-

ment which further worsens the condition and could seri-

ously affect the patient’s quality of life both professionally 

and socially. In a recent study done on 90,000 adults to 

analyse the capabilities of health professionals in accurate-

ly diagnosing the headache, the researchers showed that 

Table 4.Table 4. Pressure variation in transient Simulation due to ESP and PP at 90/60 mm of Hg & at 120/90 mmHg

90/60 mm of Hg p1 p2 p3

Due to ESP 

   Normal case 69 mm of Hg 68.6 mm of Hg 68.4 mm of Hg

   Constriction at internal carotid artery by ESP 69.5 mm of Hg 67.8 mm of Hg 67.6 mm of Hg

Due to PP

   Normal case 71.8 mm of Hg 71.2 mm of Hg 71.2 mm of Hg

   Constriction at vertebral artery by PP 77.8 mm of Hg 69 mm of Hg 67 mm of Hg

   120/90 mm of Hg p1 p2 p3

Due to elongated styloid process

   Normal case 103 mm of Hg 102.6 mm of Hg 102.5 mm of Hg

   Constriction at internal carotid artery by ESP 103.5 mm of Hg 101.9 mm of Hg 101.7 mm of Hg

PP

   Normal case 105.8 mm of Hg 105.2 mm of Hg 105.2 mm of Hg

   Constriction at vertebral artery by PP 112 mm of Hg 103 mm of Hg 101 mm of Hg

ESP, elongated styloid process; PP, ponticulus posticus.

p1 point just before constriction by ESP and PP; p2 point of constriction and p3 point after constriction.

Table 5.Table 5. Pressure and volume variation in transient simulation due 

to ESP and PP at 90/60 & 120/90 mm of Hg

Parameter 90/60 mm of Hg 120/90 mm of Hg

ESP 

   Pressure changes 0.8 mm of Hg 0.7 mm of Hg

   Volume 0.13 mL in 0.8 s 0.12 mL in 0.8 s

   Changes 14 L in 24 h 13.7 L in 24 h

PP

   Pressure changes 2.2 mm of Hg 2.2 mm of Hg

   Volume 0.06 mL in 0.8 s 0.06 mL in 0.8 s

   Changes 10 L in 24 h 10 L in 24 h

ESP, elongated styloid process; PP, ponticulus posticus.
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approximately 70% of the patients were under diagnosed, 

24% were diagnosed as primary, and 6% as secondary 

headaches thus reflecting the lack of optimum knowledge 

among general practitioners in diagnosing such conditions 

[1,2].

Cervical spine is an unexplored area, often overlooked by 

the specialists in identifying the cause of headache. CGH 

is pain referred to unilateral temporal, occipital and fron-

tal regions from the cervical structures innervated by upper 

three cervical spinal nerves via trigeminocervical nucleas [5]. 

CGH is aggravated by neck movements and by applying 

digital pressure over the tender points in the cervical region 

[14]. Diagnostic features of this headache are limited, and 

are often misdiagnosed as migraine or tension headache 

which could result in persistent head and neck pain affect-

ing daily activities of the patient.  Etiopathogenesis of CGH 

is a debatable topic. Of all chronic headaches, it is most dis-

tressing unilateral headache, four times more common in 

middle aged females and patient in most cases gives his-

tory of whiplash injury, head and neck trauma and may oc-

cur due to musculoskeletal dysfunction of neck [6]. Watson 

and Trott [8], in 1993 first noted that forward head posture 

could aggravate the symptoms of CGH as it increases stress 

on the upper cervical segments. Over a few years, clini-

cal researchers have implied that structures centred on C1, 

C2, and C3 spinal levels can be the source of referred pain 

to head. Trigeminocervical nucleus that descends from the 

spinal cord to level of C3/4 is in anatomical and functional 

continuity with dorsal grey columns of these segments and 

is considered as widely accepted mechanism by which pain 

is directly referred to head [6,9]. According to Bogduk [5], 

there is convergence of nociceptive afferents from the upper 

three spinal nerves C1 to C3 and the trigeminal nerve locat-

ed in trigeminocervical nucleus . Due to this convergence, 

there is bidirectional referral of painful sensations between 

receptive fields present in upper cervical segments and the re-

ceptive fields of trigeminal nerve innervating head and face.

Researchers have implicated that anatomical bony struc-

tures in the head and neck region mainly ESP and PP could 

result in CGH [6,7,9]. Arcuate Foramen is least understand-

able anatomical anomaly of the atlas vertebrae, first de-

scribed by Kimmerle in 1930. Variety of synonyms exist 

for arcuate foramen in the literature such as PP, foramen 

retroarticulare superior, canalis vertebralis, retroarticular 

vertebral artery ring, retroarticular canal and retrocondy-

lar vertebral artery ring [11]. Several controversial theories 

have been proposed for the origin of PP, some believe it 

to be an congenital or genetic trait, or it may be the result 

of an ossification caused by age or presence of an exter-

nal mechanical factors such as carrying heavy loads on the 

head could lead to development of this bony bridge. It has 

been hypothesized that this PP could compress the calibre 

of the vertebral artery resulting in cerebral ischemia and 

chronic headache symptoms provoked by neck rotation [20]. 

Similarly another osseous structure studied to compress the 

vasculature is ESP, described by Eagle in 1937 as “styloca-

rotid syndrome” in which stylohyoid complex exerts pres-

sure on the external and internal carotid arteries, thus stim-

ulating the sympathetic nerve fibres lying in vicinity of ca-

rotid arteries resulting in unilateral headache, orbital pain, 

and recurrent syncope triggered by movement or rotation 

of neck [13,14]. 

Literature studies have demonstrated significant associa-

tion of ESP and PP with CGH [7,12,15]. They have sug-

gested that close proximity of SP to carotid artery and PP 

to vertebral artery, causes compression of these vascular 

structures resulting in vertebrobasilar insufficiency and cer-

vicofacial pain /or headache. Wight et al. [12] studied the 

relationship of PP and headache symptoms, and significant 

association was found between PP and unilateral headache. 

PP is closely attached to the atlanto-occipital membrane 

which is further attached to the dura. Thus any mechani-

cal trauma at the atlanto-occipital joint could cause trac-

tion of the dura, resulting in onset of unilateral headache. 

Tambawala et al. [15] found overall prevalence of CGH in 6% 

of patients and suggested PP as a cause of unexplainable 

headache, neck pain and other associated symptoms. In a 

case study by Chuang et al. [6] CT and angiography of the 

neck showed ESP abutting the left internal carotid artery, 

resulting in cerebral ischemia of the left side. Apart from 

the length, improper angulation of the SP can also cause 

cervicofacial pain/headache. Oztunc etal [7] corroborated 

that reduced medial angulation of SP resulted in significant 

orofacial pain although the length of SP was normal. 

Complete history followed by clinical and neurologi-

cal examination is required to diagnose the patients with 
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orofacial pain symptoms. Clinician should examine the pa-

tient with unilateral cephalgia with neck pain according to 

diagnostic criteria proposed by IHS. Laboratory evaluation 

may be done to rule out any systemic disease that may ad-

versely affect bone, joint and muscles. In addition, anaes-

thetic nerve blockade is considered as a confirmatory test, 

but could not identify the underlying cause of headache 

such as compression of neurovascular structures by the 

both osseous structures i.e. ESP and PP [22,23]. Oral radiol-

ogists can play a valuable role by diagnosing these both os-

seous structures by radiographic examination, but conven-

tional radiographs such as panoramic, lateral cephalogram, 

Towne view provide limited diagnostic information due to 

magnification and superimposition of anatomical struc-

tures. Diagnostic modalities such as two-dimensional CT 

scan, MRI could not reveal exact position of the anatomi-

cal structures and also overestimates the exact length of SP. 

Our study used 3D CBCT images that demonstrates anatom-

ical relationships of osseous structures in the head and neck 

region like ESP and PP with higher accuracy, but CBCT has 

limited ability in differentiation of soft tissue structures like 

blood vessels etc [24]. Over few years, CFD, is gaining pop-

ularity as new diagnostic modality for neurovascular dis-

orders. Therefore, we elucidated this concept by performing 

CFD which showed that both of these structures could cause 

compression of vasculature resulting in decreased cerebral 

blood flow and symptoms of severe headache and neck 

pain. 

CFD is a well-established tool used by bioengineers to 

study complex physiological blood flows and to build com-

plex computer representations (in silico models) of the car-

diovascular system in health and disease [25]. Studies have 

revealed that CFD has been used in various research areas 

such as investigation of blood flow in the external carotid 

artery and its branches, and provides functional imaging 

of the arteries of heart [17,26]. To our knowledge this is a 

first study conducted which can be a foot forward in prov-

ing the clinical association of different osseous and neu-

rovascular structures with CGH and significant association 

of ESP and PP was observed with CGH (p=0.001) Results 

of CFD simulation suggested that there is decrease in blood 

pressure and volume from the reference point i.e arch of 

aorta due to constriction of vertebral and carotid artery by 

ESP and PP respectively, in both steady and transient phas-

es of simulation. These pressure and volume variations re-

sult in decreased cerebral blood flow and subsequent CGH.

Preventive and therapeutic measures can be initiated at 

an early stage in such patients to improve their quality of 

life. Since inappropriate use of non-prescribed self-medi-

cations can cause more harm than good as patients usu-

ally develop tolerance to these medications, hence there is 

a strong need to modify therapeutic modalities from phar-

macologic to non-pharmacologic measures [27]. Spinal ma-

nipulative therapy to the cranio vertebral articulation is an 

effective alternative treatment, other non-pharmacologic 

means include strengthening exercises of the cervical spine, 

thrust to thoracic spine, forward posture correction etc [28]. 

A study by Jull and Stanton [29] reported that a six-week 

physiotherapy program including manual therapy and ex-

ercise interventions was an effective treatment option for 

reduction of CGH symptoms and decreasing medication in-

take in both short term and at one year follow-up.

For CFD applications it is unclear how detailed the clini-

cal data needs to be in terms of geometry (segmented from 

medical images) and parameterisation (variability described 

by the model and the tuning of patient-specific boundary 

conditions. Model accuracy is determined by model de-

sign and quality of input data. Model parameterisation is 

more challenging, because it requires detailed knowledge 

of physiological metrics in the proximal and distal circula-

tions which may be inaccessible and variable in health and 

in disease [30].

In conclusion, the present is a hypothetical research 

in which we tried to elucidate the concept that anatomi-

cal structures; ESP and PP towards the etiopathogenesis of 

CGH with the help of real-life simulation. Our analysis by 

CFD proves both ESP and PP as contributing factors in the 

occurrence of CGH symptoms; preventive and therapeutic 

strategies should be initiated timely for CGH patient to im-

prove their quality of life. CFD has been sparsely used by 

medical professionals; therefore, further researches should 

be encouraged in this domain to validate the presented 

hypothesis.
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