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Abstract 
Eagle syndrome is a bone disease where elongation of the styloid process leads to throat and neck pain, and in severe cases neurovascular 
symptoms such as syncope and neuralgia. The pathophysiology of Eagle syndrome is poorly understood with various theories having been 
proposed how this elongation is caused. To better understand the pathophysiology, we performed a work-up in 6 patients presenting with 
Eagle syndrome. Patients mainly presented with pain on turning the neck (100%), foreign body sensation (67%), tension in the neck (67%), 
and dysphagia (50%). The typical length of the styloid process ranges from 25 to 30 mm; however, [18F]NaF (sodium fluoride) PET/CT showed 
elongated styloid processes with an average length of 52.1 ± 15.6 mm (mean ± SD) with increased turnover at the base of one of the styloid 
processes. The removed styloid processes were further examined by histology, micro-CT, quantitative backscatter electron imaging (qBEI), 
Fourier transform infrared spectroscopy (FTIR), and circularly polarized light imaging. Histology revealed one case of a fractured styloid process 
healing through callus formation and one case of pseudarthrosis. Bone mineral density and mineralization was similar in the styloid processes 
when compared to cortical bone samples derived from the mandibular bone of different patients. Circular polarized light microscopy showed a 
collagen orientation in the styloid process comparable to the cortical bone samples with a distinct separation of collagen structure between the 
mineralized structure and the surrounding soft tissue with FTIR analysis demonstrating a typical composition of bone. This altogether suggests 
that the elongated styloid processes in Eagle syndrome are mature bone, capable of endochondral repair, possibly growing from the base of 
the process through endochondral ossification, rather than being a form of secondary calcification of the stylohyoid ligament as previously 
postulated. 

Keywords: bone histomorphometry, bone QCT/μCT, Eagle syndrome, matrix mineralization, [18F]NaF PET 

Introduction 
In 1937, Watt Eagle reported 2 cases of styloid process 
elongation in patients who experienced symptoms post-
tonsillectomy. Partial surgical removal of the elongated 
processes successfully relieved symptoms in both patients.1 

Before the publication of Eagle, elongation of the styloid 
process—only found on autopsy reports—was viewed as an 
anatomical curiosity. After Eagle described the elongation of 
the styloid process coinciding with symptoms such as pain in 
the neck, pharynx, or jaw region, restriction of neck rotation, 

sensation of a foreign body in the pharynx, dysphagia and 
increased salivation, it became known as Eagle syndrome.1,2 

The styloid process originates from the petrous part of 
the temporal bone and typically ranges between 25 and 30 
mm long, but anatomical variation in the length is quite 
common.1,3 Elongation of the styloid process is often asymp-
tomatic and seen as an incidental finding on X-rays. The 
reported prevalence of Eagle syndrome varies between stud-
ies.4,5 Eagle himself estimated the prevalence of an elongated 
styloid process in the general population to be 4%, with 4% of
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those causing problems.1,6 More recently, in a survey of 400 
orthopantomograms, 291 patients were identified with a sty-
loid process that was considered elongated of which 9.6% had 
symptoms constituting Eagle syndrome. Other estimates put 
the prevalence of Eagle syndrome between 4% and 10.3%,7 

making this altogether possibly a relatively common disorder, 
insufficiently recognized by clinicians. 

Several mechanisms have been suggested to cause the elon-
gation of the styloid process. The first proposes that the 
elongation of the styloid process is primarily caused by bone 
growth inside the styloid process. This growth can be triggered 
by a local trauma close to the process, such as the tonsillec-
tomy suggested by Watt Eagle himself.1 In a broader sense, 
growth of the styloid process can be induced by the mechan-
ical force exerted by the stylohyoid ligament on the process 
over time, with a traumatic event perhaps exacerbating this 
growth. The second theory proposes that the elongation is 
caused by transformation of the stylohyoid ligament, either 
through secondary calcification of the ligament or by osseous 
transformation of persistent mesenchymal elements derived 
from the Reichert’s cartilage in the stylohyoid ligament.5,8 

Two types of Eagle syndrome have been described based 
on their presenting symptoms. In the classic type, elongation 
of the styloid process causes pain in the neck aggravated by 
chewing and yawning with a persistent foreign body sensation 
in the throat. In the carotid type, elongation of the styloid 
process exerts pressure on the neurovascular structures in the 
neck, causing neurological and vascular symptoms such as 
headaches, syncope, and other related symptoms. A recent 
microcomputed tomography study by Heim et al. attempted 
to define these 2 disease types further, linking the present-
ing symptoms and structural features of 10 Eagle syndrome 
patient biopsies.9 Type I (the classic type) was described as 
an elongation of the styloid process itself, while type II (the 
carotid type) was linked to an ossification of the stylohyoid 
ligament.9 Thus, one type arising from growth at the temporal 
bone of the styloid process (since it exhibits trabecular bone) 
and the other through metaplasia of the stylohyoid ligament 
(without trabecular bone at the thin distal tip of the process). 

We performed an extensive clinical work-up in 6 patients 
with Eagle syndrome, using a [18F]NaF (ie fluorine-18-labeled 
sodium fluoride) PET/CT scan and DXA scan to assess the 
presence of other features possibly related to increased bone 
turnover or high bone mass. After surgery, we performed 
in-depth tissue analysis with micro-computed tomography 
(micro-CT), quantitative backscatter electron imaging (qBEI), 
Fourier transform infrared spectroscopy (FTIR), and circu-
larly polarized light microscopy (CPL) analysis to better char-
acterize the tissue properties of the removed styloid process. 

Materials and methods 
Patients 
After confirmation of Eagle syndrome by CT, patients were 
asked to participate in a more extensive work-up and con-
sented to in-depth analysis of the removed styloid processes 
after surgery. Before the study, approval for the research was 
provided by the Medical Ethical Committee of the Amster-
dam University Medical Centers, location VUmc (Registration 
Number 2017.346). All patients were fully informed and 
signed an informed consent form for the use of their tissue 
and data in the present study. Control samples were sourced 
from a separate study in which mandibular bone biopsies were 
obtained from patients undergoing a dental implant procedure 

with a trephine (Registration Number 2005.128). All methods 
were performed in accordance with the relevant guidelines 
and regulations. 

[18F]NaF PET/CT 
A [18F]NaF PET/CT was performed prior to the surgical 
procedure. Sixty minutes after the injection of 98.3 ± 22.4 
(mean ± SD) MBq of [18F]NaF, patients were scanned on the 
Ingenuity PET/CT scanner (Philips Healthcare). Initially, a 
low-dose CT scan was performed for the purpose of atten-
uation and localization. This was followed by a whole body 
scan (2 min per bed position, 8 bed positions). The Philips 
Ingenuity system uses an iterative reconstruction algorithm 
with rotationally symmetric volume elements ordered subsets 
time-of-flight (blob-os-tf) for the whole body scans.10 The 
maximum standardized uptake value (SUVmax) and maxi-
mum Hounsfield units (HUmax) were measured at the base 
and tip of the styloid process on both sides on the PET/CT 
images. 

DXA scan 
DXA scan (Hologic Discovery A, Hologic Inc.) was used 
to measure the areal bone mineral density in g/cm2 of the 
TH and FN of the non-dominant hip and the LS, measuring 
the first 4 lumbar vertebrae (L1-L4). Calibration scans were 
acquired daily following the International Society for Clinical 
Densitometry guidelines.11 

Histology 
Samples were immediately transferred to a 4% formaldehyde 
solution following the surgical procedure. Following the pro-
tocol as previously outlined,12 the samples were subsequently 
prepared and embedded in an oblique orientation creating 
a longitudinal histological section. All biopsies were then 
embedded in methyl-methacrylate (MMA) and prepared for 
histological examination. In brief, the bone samples under-
went dehydration using an ascending alcohol series and were 
subsequently infiltrated with methyl methacrylate under con-
trolled conditions. After embedding, the samples were sec-
tioned to a thickness of 4 μm using a microtome, and sub-
sequently subjected to von Kossa, toluidine blue, Masson-
Goldner, Safranin-O, and Picrosirius red staining. 

Microcomputed tomography analysis 
During the elective surgical procedure, the removed tissue was 
obtained for analysis. Samples were fixed in 70% ethanol. 
Micro-CT analysis was performed to assess the bone compo-
sition. Samples were scanned with a micro-CT system (Micro-
CT 40, SCANCO Medical AG) at a spatial resolution of 
15 μm. The system was calibrated weekly with a standardized 
phantom provided by the manufacturer. Gray values represent 
the local bone tissue mineral density, calibrated to the phan-
tom. Volumes-of-interest were chosen by visual inspection. 
The threshold for tissue evaluation was set to 260 mgHA/cm3. 
Due to its high variability in shape and size, only bone 
tissue mineral density (BMD; mgHA/cm3) was measured. For 
analysis, the manufacturer’s software was used. To provide a 
basis for comparison, we utilized cortical bone samples (n = 6)  
obtained from mandibular biopsies of individuals without 
bone disease but in needing dental implants. 

Quantitative backscattered electron imaging 
Quantitative backscattered electron imaging was used to 
measure the bone mineral density distribution (BMDD) of
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the styloid processes, as described elsewhere.13 Measured 
BMDD of the styloid processes was compared to cortical 
control samples derived from the mandibular bone of separate 
patients. Briefly, polymethylmethacrylate (PMMA)-embedded 
specimens were cut and ground plane-parallel, and then 
coated with a defined carbon layer for further imaging. The 
samples were mounted in a scanning electron microscope 
(Crossbeam 340, Zeiss AG). Imaging was carried out in 
backscatter mode at 20 keV and a constant working distance 
of 20 mm. A magnification level of 200× was chosen for 
acquiring the quantitative images. The resulting images 
were recorded as 8-bit images, with brightness and contrast 
calibrated against aluminum and carbon standards set at 4.8 
and 222, respectively. Image analysis was performed using 
a custom-built MATLAB script,13 with data derived from 
the analysis of the grayscale value distribution. Parameters 
such as total mineral density (TMD), mean calcium con-
centration (Camean), most frequent calcium concentration 
based on calcium peak intensity (Capeak), and mineralization 
heterogeneity (quantified by standard deviation and full width 
at half maximum) were determined. 

Circularly polarized light microscopy 
CPL microscopy was employed to visualize the predominant 
collagen fiber orientation in bone, as previously described.14 

Collagen fibers aligned parallel to the light beam appear 
dark, while those oriented perpendicular to the light beam 
appear bright. Thus, bright areas indicate longitudinal col-
lagen orientation in the direction of the bone, while dark 
regions suggest collagen orientation transverse to the primary 
axis of the dissected samples. An Olympus BX-61 micro-
scope equipped with circular polarizing filters was used for 
the imaging process. Histological sections of 4 μm thick-
ness, stained using toluidine blue prior to analysis, were 
used. For signal enhancement, additional sections were stained 
with picrosirius red staining (images appear yellowish, green-
ish) in comparison to Toluidine blue-stained sections (appear 
blueish). 

Fourier transform infrared spectroscopy 
FTIR spectra were measured at a Spotlight 400 (PerkinElmer) 
in attenuated total reflection-mode (ATR) over a spectral 
range of 4000 to 570 cm−1 wave numbers at a resolu-
tion of 4 cm−1 and with 16 scans per probing. An auto-
mated atmospheric correction (PerkinElmer) and background 
subtraction were applied to the measured samples, ensur-
ing no influence from atmospheric factors such as water 
vapor, etc. Five of 6 samples were probed, since one sam-
ple did not exhibit sufficient material left after histologic 
processing. 

Statistical analysis 
Results are presented as mean ± SD. TMD, CaMean, CaPeak, 
CaLow, CaHigh, StdDev were also compared between the sty-
loid process samples and cortical control samples through a 
standard Student’s t-test. Similarly, SUVmax at the base and 
tip of the affected styloid process was compared to the uptake 
on the contralateral side through a standard student’s t-test. 
Linear regression was used to study the possible correlation 
between SUVmax at the base of the process and the length of 
the process. 

Figure 1. 3D reconstruction from CT image, sagittal [18F]NaF PET/CT 
images, and microscopic detail image of patient 2. The styloid process was 
elongated bilaterally (A) with the right styloid process causing symptoms. 
Increased [18F]NaF uptake was observed at the base of the styloid process 
(B, C) with a pseudoarthrosis being visible in the histological detail of the 
styloid process (D). 

Results 
Patient characteristics 
Six patients were referred to the hospital with suspicion of 
Eagle syndrome. Symptoms of the respective patients are listed 
in Table 1. All patients reported pain when turning the neck. 
Other common symptoms were a foreign body sensation in 
the throat, dysphagia, and increased saliva production. One 
patient reported a tonsillectomy in their patient history, which 
was performed when the patient was still a child. All patients 
reported a decrease or even complete relief of their symptoms 
after surgery. 

Radiology 
Patients underwent DXA scan and [18F]NaF PET/CT prior 
to surgery. Table 2 lists the DXA scan results, the length of 
the styloid process measured from the base attached to the 
petrous part of the temporal bone to the tip on the sagittal CT 
images, and the uptake and density of the process at the base 
and tip as measured on the PET/CT. DXA scan (mean ± SD) 
Z-scores were −0.96 ± 1.4 at the LS, Z-score of the TH was 
0.12 ± 0.50, while the FN was at 0.08 ± 0.79. 

The mean SUVmax at the base of the styloid process on 
the affected side was 3.88 (± 4.6) with a mean SUVmax of 
1.74 (±0.50) on the contralateral side (p=0.33). The mean 
SUVmax at the tip of the styloid process on the affected side 
was 1.31 (± 0.84) with a mean SUVmax of 1.04 (± 0.48) on the 
contralateral side (p=0.53). Figure 1 shows a 3D rendition of 
the styloid process in one patient, combined with an example 
of a PET/CT scan, demonstrating increased uptake at the base 
of the styloid process together with the histological sample. 
The SUVmax measured at the base of the styloid process 
showed only a low correlation with the length of the styloid 
process (r = 0.46). 

Structural and compositional tissue analysis 
Overview histology 
The removed styloid processes were composed of compact 
bone with a marrow space (Figure 2). Among these sam-
ples, 3 exhibited indications of previous fractures, as evi-
denced by the presence of pseudarthrosis and callus formation 
(Figure 3). In the marrow cavity of the styloid, trabecular 
structures were evident (Figures 2 and 3, Figure S1). No 
regions of abnormal bone growth were visible (Figure 2). In 
the case of callus formation, an increased styloid width was
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Table 1. Patient characteristics and presenting symptoms constituting Eagle syndrome. 

1 2 3 4 5 6 Total 

Gender ♀ ♂ ♀ ♀ ♂ ♂
Age 44 Y 57 Y 42 Y 54 Y 37 Y 36Y 
Side of elongation Right Right Bilateral Left Left Left 
Tonsillectomy Y (1/6) 16% 
Tooth extraction Y Y (2/6) 33% 
Tension in the neck Y Y Y Y (4/6) 67% 
Pain on turning head Y Y Y Y Y Y (6/6) 100% 
Limited jaw opening Y Y (2/6) 33% 
Swelling neck Y Y Y (3/6) 50% 
Foreign body sensation Y Y Y Y (4/6) 67% 
Dysphagia/odynophagia Y Y Y (3/6) 50% 
Dysphonia Y Y Y (3/6) 50% 
Sialorrhea Y Y Y (3/6) 50% 
Neurological symptoms Y Y (2/6) 33% 
Auditory symptoms Y Y (2/6) 33% 

Y, yes (symptom present); ♀, female; ♂, male. 

Table 2. Length and uptake of the styloid processes as measured on the [18F]NaF PET/CT reconstructed images. 

Patient 1 2 3 4 5 6 

Symptomatic side Right Right Bilateral Left Left Left 
LS 
T-score/Z-score 

−0.5/−0.1 −1.6/−1.1 NA 1.2/1.4 −1.2/−1.2 −2.7/−2.7 

TH 
T-score/Z-score 

0.5/−0.2 −0.6/−0.2 NA 0.5/1 −0.1/0 −0.1/0 

FN 
T-score/Z-score 

−1.2/−0.8 −1.5/−0.6 NA 0.1/1 −0.3/0.1 0.3/0.7 

Right side 
Length (mm) 28.1 44.8 73.6 45.6 43.1 66.3 
HUmax (base-tip) 795-325 1433-486 1523-648 913-670 941-614 1454-854 
SUVmax (base-tip) 2.30-1.83 2.17-0.84 14.23-2.78 1.61-0.72 1.13-0.67 1.45-0.77 
Left side 
Length (mm) 14.1 30.6 70.3 47.2 49.6 51.7 
HUmax (base-tip) 807-358 1455-535 1641-987 879-409 1431-685 1499-923 
SUVmax (base-tip) 2.27-1.80 2.24-1.23 2.77-1.79 1.43-0.81 1.36-0.59 2.87-0.56 

NA, not available; HU, Hounsfield unit; SUV, standardized uptake value. 

observed with bone marrow and trabecularization evident 
( Figure 2C–D, I–J, and O–P, Figure 3). One case exhibited a 
pseudarthrosis (Figures 2D, J, and P, and  3C and D). In the 
case of pseudarthrosis, cartilage tissue was visible and showed 
the typical restructuring in the CPL (Figures 2P and 3D). 
Additionally, one sample (Figure  2A, G, and  M) did exhibit 
signs of cartilaginous remnants in the bone volume of the 
sample. These remnants correlate with the highly mineralized 
tissue volumes seen in μCT imaging (Figure 4C–E). This was 
only evident for one sample. Safranin-O staining did indicate 
a fibrous tissue surrounding the tip of one sample (Figure 2L) 
that was slightly saturated with proteoglycans, as evidenced 
by a faint reddish staining. 

Circular polarized light microscopy analysis 
CPL imaging revealed no significant deviations in the collagen 
alignment in the samples imaged (Figure 2M–R, Figure S2). 
Collagen arrangement was respecting the osteonal plywood 
structure. Bright areas of the CPL images indicate the collagen 
to be oriented in the osteonal direction of the longitudinal axis 
of the styloid in picrosirius red staining. Importantly, at the 
tip, an interface was visible (see Figure S2), indicating a dis-
tinct separation of collagen structure between the mineralized 
structure and the surrounding soft tissue. This suggests that 
the styloid process exhibits bone collagen alignment rather 

than a partially mineralized ligamentous structure. Moreover, 
there is no gradual transition of structures from the process 
to the surrounding soft tissues; instead, a surrounding fibrous 
tissue appears unstructured. Collagenous restructuring was 
observed in the case of pseudarthrosis (Figure 3C and D). 

Micro-computed tomography-analysis 
Detailed tissue analysis using micro-computed (μCT)-imaging 
indicated a distinct similarity between the styloid process 
and control skull bone samples with no differences in TMD 
(Figure 4A) for the whole available bone volume compari-
son. Notably, micro-CT imaging revealed volumes of highly 
mineralized tissue in the styloid processes (Figure 4C–E) for  
the aforementioned sample, with inclusion of Safranin-O red 
positive areas. Correlative imaging indicates high mineral 
content within the region of Safranin-O positive red staining. 
Due to the high variability in shape and size of the styloid 
processes, no evaluation of structural parameters was valid. 

qBEI analysis 
The mineralized structure of the styloid processes appeared 
cortical bone-like with an evenly distributed matrix min-
eralization (Figure 5A and B). A clear edge of mineralized 
bone tissue was visible at the distal tip of the styloid 
process (Figure 5A). In the area of pseudarthrosis, there
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Figure 2. Microscopic images of full biopsies generated for each sample 
after Masson-Goldner staining (A–F). Bars for scale are 500 μm. No 
epiphysis is visible, which indicates no abnormal site of bone growth. In 
addition, Safranin-O staining revealed remnants of cartilaginous tissue in 
one sample (G), while the other samples (H-L) showed no evidence of 
cartilage within the bone tissue, except for one sample (J) exhibiting carti-
lage formed at a pseudarthrosis, possibly following a fracture of the styloid 
process. One sample exhibited reddish staining (L) in the surrounding soft 
tissue, which may be a sign of proteoglycans or inflammation. Picrosirius 
red staining (M–R) was utilized to enhance the circularly polarized light 
(CPL) signal for imaging collagen alignment. In all samples, a plywood-like 
structure, including osteonal structures, was observed. 

was subchondral hypermineralization visible in the qBEI 
( Figure 5C). Structures of osteonal bone in a plywood 
arrangement were evident in qBEI imaging (Figure 5D and E). 
Additionally, signs of bone remodeling were evident in qBEI 
(Figure 5D) as evidenced by secondary osteons (Figure 5D). 
Furthermore, areas of woven bone structure were evident in 
qBEI imaging, and osteocyte lacunae were uniformly present 
throughout the samples, as illustrated in Figure 5E and F. This  
distribution is consistent with normal bone morphology, 

indicative of bone tissue. Consistent with the TMD in micro-
CT analysis, qBEI showed no differences in mean mineral-
ization parameters compared to control skull bone samples 
(Figure 5G–L), although there was a large variation among 
the Eagle syndrome tissue samples compared to the control 
group. 

FTIR spectroscopy analysis 
FTIR analysis (Figure 6) confirmed the typical tissue composi-
tion of bone, marked by the presence of collagen (as indicated 
by the amide I and amide II peaks) and hydroxyapatite (as 
highlighted by the phosphate and carbonate peaks). Spectra 
were measured across a radius of 1.25 mm. The minor peak 
at 1700 cm−1 corresponds to the PMMA embedding medium. 

Discussion 
Eagle syndrome remains a condition with an unclear underly-
ing pathophysiology. We performed a comprehensive clinical 
investigation of 6 patients with Eagle syndrome followed by 
structural and compositional tissue analyses of the styloid 
processes after surgical removal demonstrating the styloid 
process to be mature bone with functional bone metabolism. 
The mineralization patterns observed in the styloid process 
are similar to those found in cortical control samples. Fur-
thermore, the collagen orientation within the bone of the 
styloid processes aligns longitudinally with the orientation 
of the styloid process and exhibits osteonal structures. These 
findings suggest that the growth occurring in the styloid 
process follows a coordinated process rather than resulting 
from secondary mineralization of ligamentous tissues. 

Different theories about the pathophysiological process of 
styloid elongation and categorization have been discussed in 
literature1,8,15 including trauma to be a triggering factor.16 

In our series, 3 of the 6 patients reported no history of 
neck trauma or surgery, with 2 patients reporting (multi-
ple) dental extractions and one patient reporting adenoidec-
tomy as a child. Because an overlong process could be inter-
preted as excessive bone growth, the possibility was con-
sidered that individuals with Eagle syndrome might exhibit 
other characteristics of high bone mass conditions, such as 
osteopetrosis or conditions associated with other benign bony 
outgrowths such as multiple osteochondromas. One patient 
showed intense [18F]NaF uptake and extraskeletal ossifica-
tion around the vertebrae, but this was more likely due to 
degenerative arthrosis. Additionally, the bone density was 
found to range from osteopenic to normal and none of 
the patients presented high bone mass. Genetic analysis was 
also considered to identify variants possibly contributing to 
the development of Eagle syndrome. Coincidentally, a whole 
exome sequencing was performed in one patient without 
yielding any relevant variants. In short, no manifesting signs of 
a systemic change in bone metabolism were found, suggesting 
that the elongation of the styloid causing Eagle syndrome may 
result from local factors during the individual’s lifetime rather 
than systemic bone affective metabolic reasons. 

Several classifications of the Eagle syndrome have been 
proposed, either through presenting symptomology or by 
suspected underlying pathophysiology.9 Upon examination of 
the presenting symptoms of our cohort, most patients reported 
symptoms linked to the classic type (pain in the neck when 
chewing or yawning and a foreign body sensation) but some
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Figure 3. Details of the full biopsies after Masson-Goldner staining (A, C, E) and CPL microscopic imaging (B, D). Bars for scale are 500 μm. Signs of 
past fractures with callus formation (patient 3; A and B, E) and formation of a pseudarthrosis are visible (patient 4; C and D). Within the region of callus 
formation, trabecular bone is evident (A, C, E). 

Figure 4. Micro-CT analysis. No difference was detected between the groups with respect to TMD (A). A full 3D representation of a sample (patient 2) is 
shown in (B). In this sample, highly mineralized volumes were found (matching the sample with remnants of cartilage in safranin-O staining), as depicted 
in a fused image (C) depicting highly mineralized cores in light gray and inner marrow cavities. (D) Depicts the volume of highly mineralized tissue, also 
presented in cross-sectional view (E). 

simultaneously reported neurovascular symptoms (syncope, 
auditory symptoms, dysphonia, dysphagia). As for classifica-
tion, all biopsies exhibited structures of a central bone marrow 
space and trabeculae ( Figure 2), yet to a significantly different 
extent (Figure 2A, D, and F vs Figure 2B, C, and E). 

Our tissue analysis demonstrates that the tissue formed 
in Eagle syndrome comprises mature bone with its char-
acteristic structures and osteocytes, rather than a form 
of secondary mineralized ligament (Figure 2). Histological 
analysis additionally revealed cortical structures, including 
osteonal assemblage. Furthermore, the presence of osteocyte 
lacunae throughout the bone further confirms the presence of 
mature bone tissue. Safranin-O staining revealed one sample 
incorporating cartilaginous tissue (Figure 2G), corresponding 
to the volumes of highly mineralized tissue presented in 
Figure 4C–E. However, this tissue is integrated into the 
bone volume and is not located at the tip. Therefore, it is 
indicative of non-remodeled bone. Additionally, the presence 
of proteoglycan content at the soft tissue around the tip of one 
sample may suggest inflammation, which has been discussed 
as partially responsible for heterotopic ossifications.17 

Fibrous tissue at the tip of the samples may reflect the 
growth into soft tissue. Furthermore, histological analysis 
revealed evidence of past fractures with signs of fracture 
healing as evidenced by callus formation with a widened bone 
diameter and marrow space (Figure 3), indicating a functional 
bone metabolism (Figure 3), as well as one case exhibiting 

pseudarthrosis following a fracture, characterized by the 
development of a joint and the formation of subchondral, 
highly mineralized bone (Figure 5C). Therefore, our results 
suggest that the previously described types9 are not mutually 
exclusive, with anatomical localization of the styloid process 
primarily causing any differences in presenting symptoms. 

Micro-CT analysis further revealed that the bone tissue of 
the styloid process is comparable to cortical control bone 
samples regarding tissue mineral density (Figure 4). Remnants 
of highly mineralized bone tissue were also observed in the 
micro-CT analysis in one specific case (Figure 4C–E). These 
remnants are possibly leftover pieces of primary bone,18 not 
resorbed during growth or remodeling. 

Analysis of the BMDD with respect to heterogeneity and 
mean calcium concentration is in accordance with the micro-
CT results (Figure 4). The mean calcium content between con-
trol samples and Eagle biopsies was not significantly different, 
indicating the composition of the processes being similar to 
skeletal bone tissue (Figure 5). An interface boundary can 
be distinguished in all samples between mineralized bone 
tissue and the surrounding tissue, indicating no subsequent 
or partial mineralization of ligamentous structures (Figures 2 
and 5A). The samples show osteonal structures with lamellar 
configuration,19 osteocyte lacuna, and even bone mineraliza-
tion. Hypermineralization with respect to neighboring non-
bony collagen/ cartilage was only visible in a case with pseu-
darthrosis (Figure 5C) in the subchondral bone, in line with
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Figure 5. Quantitative backscattered electron imaging: The bone structure generally appears normal and comparable to cortical bone (patient 1; A and B). 
Within the inner volume of the tip, the trabecular structures are visible (A) as well as a defined edge marks the end of the mineralized tissue, indicating 
a clear boarder between bone and soft tissue. No mineralization gradient can be seen between center and outer volumes (A and B). Some areas of one 
sample exhibit highly mineralized bone, specifically in the subchondral region of the pseudarthrosis (patient 4; C), as known from the subchondral bone 
plate in other joints (also depicted in Figures 2D, J, and P and 3C and D). The tissue volume resembles typical structures of cortical bone, as seen in D and 
E. Osteocytes are present all over the bone tissue (patient 1; F), white arrows point to osteocyte lacuna. No differences with respect to mineral content 
were found in the Eagle samples compared to mandibular cortical control samples, measured by qBEI (CaMean, CaPeak, CaLow, CaHigh, StdDev). However, 
a far more heterogeneous distribution of the mean values per specimen is present in case of the eagle specimens (G-L). No density gradient was seen 
ranging from the outer surface toward the center of the styloid process, as seen in C and the lower left of D. ns = not significant, Camean = calcium mean 
content, FreqPeak = frequency, StdDev = standard deviation, Capeak = calcium peak, Calow = calcium low, Cahigh = calcium high. 
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Figure 6. FTIR-spectroscopic composition analysis: all measured samples 
display a characteristic bone spectrum with prominent carbonate and phos-
phate peaks, indicating the presence of hydroxyapatite, which primarily 
comprises calcium and phosphate. Additionally, the presence of amide 
I and amide II peaks suggest the presence of the collagenous matrix. 
Therefore, it can be concluded that the primary constituent of the samples 
is bone tissue. 

previous reports. 20 In addition, enclosed areas of woven bone 
show the originality of the bone and its formation. Spectro-
scopic analysis confirms the compositional similarities of the 
mineralized tissue in the styloid being comparable to typical 
bone tissue in other skeletal sites.14,21 Taken together, this 
indicates the styloid process to be mature bone capable of a 
functional bone metabolism (including fracture healing) and 
not being primarily a consequence of secondary mineraliza-
tion of a ligament. 

During the embryonic period, most of the flat bones of 
the cranium are developed through intramembranous ossifi-
cation; the temporal bone can be viewed as an exception. The 
tympanic ring and squamous portion of the temporal bone are 
formed through intramembranous ossification, whereas the 
petrous and styloid portions are formed through endochon-
dral ossification.22 As already mentioned, the presence of cal-
lus formation after a fracture in some samples demonstrates 
that the bone repair in the styloid process occurs through 
endochondral ossification. Given remnants of hypermineral-
ized bone, this may indicate endochondral ossification where 
bone develops through a hyaline cartilage intermediate, which 
is infiltrated by chondroclasts and osteoblasts which start 
creating the bone shape by resorbing and replacing of the min-
eralized hyaline cartilage.23 The specific region from which 
the styloid process originates remains unclear. In a histological 
analysis, Kim et al. showed increased expression of 70 kilodal-
ton heat shock protein (HSP-70) and Heme-oxygenase 1 (HO-
1), both cellular markers of mechanical stress, in the tip of the 
styloid process.24 The tip of the styloid process simultaneously 
showed an increased expression of the bone turnover markers 
BMP-2, RANKL, osteonectin, and osteocalcin.24 Based on the  
cellular morphology and Safranin-O staining in the present 
samples, no chondrocytes were identified at the tip of the 
styloid except one very small area in one sample (Figure 2G). 
The increased expression of these markers may be caused by 
the mechanical stimulation of the elongated bone and/or the 
attachment of the ligament transferring loads during motion, 
thus provoking a biochemical reaction of the bone and driving 
the primary elongation process. On the other hand, one 
[18F]NaF PET/CT showed substantially more uptake at the 
base of the styloid process than at the tip, inferring that 
the growth might instead originate at the base pushing the 
styloid further out. In this sense, growth of the styloid process 

may be similar to growth in unilateral condylar hyperplasia, 
where growth at the base of the condyle causes a protrusion 
leading to mandibular asymmetry.25,26 An alternative mecha-
nism could be mechanical overstimulation at the base through 
the long lever of an extended processes, which stimulates 
the mechanoreactive bone and its metabolism. The styloid 
process exhibiting increased uptake at the base also revealed 
pseudarthrosis inferring this mechanical stimulation on the 
styloid process in vivo (Figure 1). A comprehensive analysis 
of the surrounding soft tissue at the tip was not feasible, as it 
was not removed during the surgical procedure and remained 
with the patient. Regrowth of the styloid process has not 
been reported after surgery, although a long-term radiological 
follow-up is lacking in Eagle syndrome. 

Although this research provides valuable insights into 
the pathophysiology of Eagle syndrome, certain limitations 
should be acknowledged. First, the sample size was relatively 
small. We analyzed 6 patients, finding that all elongated 
styloid processes to be mature bone. It is possible that the 
previously proposed “secondary” mineralizing form is less 
common than the ossifying form, and therefore was simply 
missed in this sample size. Second, we only observed the 
patients presenting with Eagle syndrome for a short period 
and assessment of the bone metabolism through [18F]NaF 
PET/CT was only performed once. Should bone metabolism 
in the styloid process vary over time, this could be missed 
by the [18F]NaF PET/CT. A longer period of follow-up, 
ideally combined with radiological imaging, could establish 
the growth of the styloid process over time, whether or not 
the styloid process is capable of regrowth after surgery and 
from which region the styloid process grows. 

In conclusion, our structural and compositional analysis of 
the elongated styloid process in 6 Eagle syndrome patients 
shows that the tissue in styloid processes is composed of 
mature bone. The elongated bony outgrowth represents 
mature bone, which is capable of endochondral ossification 
upon fracturing. The lack of a predisposition toward increased 
bone turnover in these patients and a normal bone density 
in DXA measurements points to a localized mechanism 
underlying the pathological styloid elongation rather than 
a systemic process. 
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