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Background: Cervical spondylosis is the degeneration of cervical spine often associated with aging and
neck pain. As the degenerative changes are coupled with altered osteoblastic activity, imaging modalities
sensitive to such molecular changes could be valuable for clinical assessment, disease prophylaxis, and
monitoring early therapy response. In this study, we examined the role of "*F-sodium fluoride-positron
emission tomography/computed tomography (‘*F-NaF-PET/CT) in detecting age-associated changes in the
cervical spine of an adult population with broad age spectrum.

Methods: In this retrospective cross-sectional study, we analyzed "*F-NaF-PET/CT scans of 88 control
volunteers (43 females, 45 males) with age ranging from 21 to 75 years (mean =44.6, standard deviation, 14.0)
divided into younger (21-45 years) and older (4675 years) age groups. A semi-automated global assessment
technique was used to measure "*F-NaF uptake in C2-C4 and C5-C7 vertebrae of the subjects. Furthermore,
a CT-based scoring system was devised to measure the degree of structural degeneration.

Results: There was a significant difference in ""F-NaF uptake of the younger and older groups at the C5-
C7 vertebrae for both females (younger: mean =4.13, 95% CI: 3.72-4.55; older: mean = 4.80, 95% CI: 4.40—
5.20; P=0.005) and males (younger: mean =3.66, 95% CI: 3.24-4.09; older: mean =4.22, 95% CI: 3.80-4.64;
P=0.009), but not at the C2-C4 vertebrae. Furthermore, there was a positive correlation between the degree
of degeneration and "*F-NaF uptake at both C2-C4 and C5-C7 spinal segments of both sexes.
Conclusions: Aging is associated with increased '"F-NaF uptake in the cervical spine, which may be
associated with osteoblastic activity coupled with degeneration. Our study alludes to the potential role of

¥F-NaF-PET/CT in evaluating age-related degeneration and osteoarthritis of the spine.
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Introduction

Degenerative cervical spondylolysis, or cervical arthritis,
is the deterioration of the cervical spine and its associated
structures with increasing age (1). While cervical
degeneration can be asymptomatic, symptomatic cervical
spondylosis can present as chronic neck pain and/or
neurological abnormalities that can seriously undermine
quality of life (2). The cervical level with greatest incidence
of abnormal findings and deterioration is the C5-C6
vertebrae, followed by C6-C7 (3-5). While magnetic
resonance imaging (MRI) has been the imaging modality of
choice for assessing neck pain and age-related degenerative
changes in the spine, incorporation of additional imaging
modalities may enhance clinical correlation, prompt
diagnoses for disease prophylaxis, and monitoring of early
therapy response (6,7).

"F-sodium fluoride (NaF)-positron emission tomography
(PET) is an emerging molecular imaging modality with
potential to evaluate neck pain and degenerative changes
in the spine (8-11). Specifically, "*F ions are incorporated
into hydroxyapatite present in osseous or calcifying parts
of the body, reflecting regional blood flow and osteogenic
activity. "F-NaF binds minimally to protein and clears
rapidly in the plasma, allowing for the precise and fast
acquisition of image with low background uptake already
within 45 to 60 min after administration (12,13). The role
of ""F-NaF-PET in diagnosis and clinical management of
malignant bone diseases, benign osseous conditions, and
atherosclerosis has been well-studied previously (14-16).
While "*F-NaF-PET has been employed to assess the
sources of neck pain (8), its use for measuring age-related
degenerative changes in the spine has not been fully
explored.

In this study, we examine the potential of "F-NaF-PET/
CT for monitoring age-associated changes in the cervical
spine of an adult population with broad age spectrum.
We hypothesize that increased '"F-NaF uptake may be
observed with aging at the cervical spine, especially the
C5-C7 segment given its susceptibility to wear-and-tear
degeneration. Using a semi-automated global assessment
technique to calculate the global mean standardized uptake
value (SUVmean), we measure and compare '"F-NaF uptake
in the C2-C4 and C5-C7 vertebrae levels with respect to
age and sex. Additionally, we investigate the relationship
between the degree of structural vertebrae degeneration
visible in CT scans and the association of the degeneration
with "*F-NaF uptake. We present the following article in
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accordance with the STROBE reporting checklist (available
at https://qims.amegroups.com/article/view/10.21037/
qims-21-1174/rc).

Methods
Subjects

This is a retrospective cross-sectional study examining
the age-related changes of the cervical spine in an adult
population with broad age spectrum. The CAMONA study
was conducted from 2012 to 2016 in accordance with the
Declaration of Helsinki (as revised in 2013) and approved
by the Danish National Committee on Health Research
Ethics, registered at Clinical Trials.gov (NCT01724749). All
study participants provided written informed consent. All
participants provided written informed consent. Specifically,
we analyzed and measured the ""F-NaF standard uptake
value (SUV) in the C2-C7 segments of control subjects
from the study Cardiovascular Molecular Calcification
Assessed by “F-NaF PET CT (CAMONA) performed
at the Odense University Hospital (OUH), Denmark
(NCT01724749).

To describe briefly, the CAMONA study enrolled total
of 139 subjects—S50 subjects with history of cardiovascular
diseases (CVD) and 89 control volunteer subjects to explore
molecular calcification using "*F-NaF PET/CT. Age was
recorded as part of the study. Enrollment as a control
volunteer required no history of CVD, immunodeficiency,
autoimmune diseases, history of alcohol or drug abuse,
history of malignant cancer, indication for mental illness,
active smoking, and pregnancy. A diverse age spectrum
from 20-29, 30-39, 40-49, 50-59, and 60 years older
were recruited in both male and female cohorts to ensure
balanced representation of all ages and eliminate selection
bias that could arise from the overrepresentation of certain
age groups. Information on neck pain, previous neck
trauma, skeletal issues, or occupation was not recorded as
part of our study.

In total, our cross-sectional study examined scans of 88
control volunteers with age ranging from 21 to 75 years;
one control volunteer scan was excluded because the
"F-NaF-PET/CT images with appropriate time point was
unavailable in our research center data base (Figure 1A4).
Additionally, 50 subjects with CVDs were excluded to
eliminate any potential confounding bias and variables that
may arise from the possible association of degenerative
changes with CVD risk factors. In addition to linear
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Figure 1 Study design, methodology, and ROI. (A) Flow chart delineating the selection of eligible study subjects for the data analysis.
(B) Sagittal CT, fused "*F-NaF-PET/CT, and PET scans (left to right) of the region of interest in the cervical spine dilatated in dashed
rectangle. (C) Transverse CT, fused “F-NaF-PET/CT, and PET sections (top to bottom) showing the semi-automated CT-based
segmentation on the ROI of cervical spine. NaF, sodium fluoride; PET, positron emission tomography; CT, computed tomography; ROI,

region of interest.

regression analysis, we divided the patients into two groups
based on their age (younger: 21-45 years, older: 46-75 years)
to best assess the degree to which ""F-NaF uptake changes
with aging. Age of 45 years was determined as the designated
boundary to compare younger and older because the
menopausal status of women was unknown and to ensure
comparable number of subjects between the groups (17).

Study design and image analysis

"F-NaF PET/CT scans of the subjects were performed on
integrated PET/CT scanners (Discovery 690/710, STE,
VCT and RX; GE Healthcare, Chicago, Illinois, USA)
with comparative resolutions at OUH following protocol
previously outlined by Blomberg er /. (18). To summarize,
PET scans were acquired 90 min after intravenous
administration of 2.2 MBq of ""F-NaF per kilogram of
body weight. Whole-body PET images were obtained
in 3-dimentional mode, and an iterative reconstruction
algorithm (VUE Point; GE Healthcare) was used to generate
coronal, transverse, and sagittal slices. Corrections were
performed for attenuation, scatter, random coincidence, and
scanner dead time. Low-dose CT imaging was performed to
correct attenuation. The design of our imaging protocol was
constructed in accordance with the practice guidelines of the
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Society of Nuclear Medicine (19).

OsiriX software version 12.0 (Pixmeo, Bernex,
Switzerland) was used to define regions of interest (ROIs)
and perform analysis (Figure 1B). We identified the ROIs
with 3D maximum intensity projection of the CT images
and then used the scissor tool to exclude areas outside the
ROI. For the analysis of C2-C4 vertebrae, the superior
border was defined as the superior articular facet of C2 and
the inferior border as the lower end plate of C4 vertebral
body and its spinous process. Similarly for the analysis of
C5-C7 vertebrae, the superior border was defined as the
upper endplate of C5 vertebral body and its spinous process
while the inferior border as the lower end plate of C7
vertebral body its spinous process.

Hounsfield unit (HU) threshold-based segmentation
algorithm on OsiriX, with lower and upper thresholds of
150 and 1,500 HU, respectively, was used to segment the
vertebrae. A morphological closing algorithm was applied
to extend the ROI to the entirety of the vertebral bodies.
Our ROI included vertebral structures such as the spinal
and transverse processes, vertebral body, and lamina as well
as vertebral and transverse foramina (Figure 1C). Global
SUVmean was calculated as the average standardized uptake
value (SUV) of all voxels included in each ROI defined on
the fused PET/CT image.
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Table 1 Study group demographics
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Characteristics Female (n=43) Male (n=45) P value Total (n=88)
Age group
20-45 years (younger) 21 25 46
46-75 years (older) 22 20 42
Mean + SD (years) 44.7+14.3 44.5+13.8 0.95 44.6+14.0
BMI (kg/m?), mean + SD 25.5+3.22 27.6+5.18 0.03 26.5+4.43
BP (mmHg), mean + SD
Systolic 129.9+18.7 130.8+17.9 0.82 130.4+18.2
Diastolic 77.8+9.6 78.3+9.2 0.82 78.0+9.4
Smokers (n)
None 17 26 43
Former 21 16 37
Current 5 3 8

SD, standard deviations; BMI, body mass index; BP, blood pressure.

Degeneration score system

To determine the severity of the cervical degeneration,
we devised a scoring system based on the structural
changes visible on CT images, which have been reported
in previously published literature (20-23). Specifically, we
scored the spine based on the degree of degeneration seen
at the vertebral body and facet joints using sagittal, coronal,
and transverse views at the individual levels from C2-C3 to
C6-C7 vertebrae. For the vertebral body, 0 point was given
if the vertebral body contained no osteophytes, no endplate
sclerosis with normal disc height; 1 point for vertebral
body with mild osteophytosis and endplate sclerosis with
normal disc height; 2 points for given vertebral body with
a moderate degree of osteophytosis and endplate sclerosis
with mild loss of intervertebral disc height; 3 points for
vertebral body with severe osteophytosis, endplate sclerosis
with severe loss of intervertebral disc height. For the facet
joint, 0 point was given for normal joint without narrowing
or osteophytosis; 1 point for mild narrowing and joint
surface irregularity; 2 points for moderate narrowing and
joint surface irregularity with osteophytosis; 3 points for
severe narrowing and osteophytosis. Points derived from
the vertebral body and facet joints scores were combined
to derive the Degeneration Score with minimum and
maximum values of 0 and 6, respectively. Average scores of
C2-C3 and C3-C4 were used to investigate the relationship
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between the Degeneration Score and *F-NaF uptake at the
C2-C4 level. Similarly, average of C5-C6 and C6-C7 scores
were used to derive association with '*F-NaF uptake at the
C5-C7 level.

Statistical analysis

All statistical tests were performed using GraphPad Prism 8
(San Diego, CA, USA). Mann-Whitney test was performed
to compare the "*F-NaF uptake between younger and older
groups each at the level of C2-C4 or C5-C7 vertebrae by
sex. To determine the correlation between global SUVmean
and age or Degeneration Score, Spearman correlation test
was performed. P value less than 0.05 (P<0.05) was taken
as statistically significant. Graph bars represent the mean,
and the 95% confidence interval (CI) and plus-minus signs
indicate values of standard deviations (SD).

Results

In total, 88 subjects (43 females and 45 males), mean age
44.6+14.0 years and body mass index (BMI) 26.5+4.43 kg/m’
were analyzed (7able 1). The results of the key data are
summarized in Table 2.

In females, there was no difference in the '"F-NaF uptake
between younger (20-45 years) and older (46-75 years)
groups at the C2-C4 vertebrae (younger: mean =3.59, 95%
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Table 2 Correlation of "*F-NaF-SUVmean and with age in females and males

Female Male
Variables
SUVmean (95% ClI) P value Spearman R SUVmean (95% ClI) P value Spearman R
C2-C4 3.84 (3.58-4.10) 0.06 0.29 3.34 (3.05-3.63) 0.04 0.31
C5-C7 4.48 (4.18-4.77) 0.002 0.47 3.91 (3.61-4.21) 0.0003 0.52
NaF, sodium fluoride; SUVmean, mean standardized uptake value; Cl, confidence intervals.
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Figure 2 Comparison of "*F-NaF uptake in the C2-C4 and C5-C7 vertebrae in females. (A) While there is no difference in '*F-NaF uptake
between younger and older age groups in the C2-C4 vertebrae, (B) older group exhibits greater uptake in the C5-C7 vertebrae. (C) 3D

Maximum intensity projections of BMI matched females, highlighting greater differential "*F-NaF uptake in the cervical spine ROI (black)

of a 66 years old subject than in that of 30 years old subject. NaF, sodium fluoride; SUVmean, mean standardized uptake value; BMI, body

mass index; ROI, region of interest.

CI: 3.27-3.90; older: mean =4.08, 95% CI: 3.67-4.50;
P=0.07; Figure 24). However, the older group displayed
greater '*F-NaF uptake than the younger group at the C5-
C7 vertebrae (younger: mean =4.13, 95% CI: 3.72-4.55;
older: mean =4.80, 95% CI: 4.40-5.20; P=0.005; Figure
2B,2C). The results were similar for males, with no
significant difference at the C2-C4 vertebrae (younger:
mean =3.24, 95% CI: 2.80-3.69; older: mean =3.46,
95% CI: 3.10-3.83; P=0.14; Figure 34) but a significant
difference at the C5-C7 vertebrae (younger: mean =3.66,
95% CI: 3.24-4.09; older: mean =4.22, 95% CI: 3.80-4.64;
P=0.009; Figure 3B,3C). Additionally, linear correlation
revealed a stronger positive correlation between age and
"F-NaF uptake at the C5-C7 vertebrae than the C2-C4
in both females (C2-C4: P=0.06, r=0.29; C5-C7: P=0.002,
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r=0.47; Figure 44) and males (C2-C4: P=0.04, r=0.31; C5-
C7: P=0.0003, r=0.52; Figure 4B).

The analysis of structural deterioration using CT
images (Figure 5) revealed highest Degeneration Score
at the C5-C6 (females: mean =1.28, 95% CI: 0.83-1.73;
males: mean =1.24, 95% CI: 0.76-1.73) level followed by
Co6-C7 (females: mean =1.12 , 95% CI: 0.71-1.53; males:
mean =0.96, 95% CI: 0.55-1.36) and then C4-C5 (females:
mean =0.70, 95% CI: 0.39-1.01; males: mean =0.69, 95%
CI: 0.36-1.02) in both females (Figure 5A4) and males
(Figure 5D). There was a positive correlation between the
Degeneration Score and '"F-NaF uptake at both C2-C4
(female: P=0.02, r=0.35; Figure 5B; males: P=0.04, r=0.31;
Figure SE) and C5-C7 (females: P=0.0009, r=0.49; Figure
5C; males: P=0.0007, r=0.49; Figure 5F) in both sexes, with
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Figure 3 "*F-NaF uptake in the C2-C4 and C5-C7 by age group in males. (A) The older age group has '*F-NaF uptake in the C2-C4 spinal
segment comparable to that of the younger group, (B) but has greater uptake in the C5-C7 level. (C) 3D maximum intensity projections of
BMI matched males, highlighting greater difference in '*F-NaF uptake between C2-C4 and C5-C7 segments (in black) of a 64 years old

subject than in that of 32 years old subject. NaF, sodium fluoride; SUVmean, mean standardized uptake value; BMI, body mass index.
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Figure 4 ""F-NaF uptake increases with age in the cervical spine. Positive linear correlation between age and '*F-NaF uptake in the cervical

spine in both (A) females and (B) males at the C5-C7 vertebrae. NaF, sodium fluoride; SUVmean, mean standardized uptake value.

stronger associations at the C5-C7 vertebrae.

Discussion

In our study, we found significantly greater '"F-NaF
uptake in the older group than the younger at the level of
C5-C7 vertebrae, but not at C2-C4, suggesting that the
most vulnerable parts of the cervical spine exhibit greater
"F-NaF accumulation indicative of age-related degenerative
changes. High ""F-NaF uptake may correspond to increased
osteoblastic activity within osteoarthritic lesions (Figure 6)
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such as that seen in osteophyte formation (24,25). This
finding may allude to the common observation that the
lower region of the cervical spine is at the greatest risk for
deterioration (26). For example, a study examining MRI
images of patients with neck pain revealed that degenerative
findings were most common at levels C5-C6 and C6-C7
and increased with age, which remain consistent with our
findings from the analysis of cervical degeneration (5). A
case-control study radiographically examining the cervical
spine of people who carried loads on their head similarly
revealed most degeneration at the level C5-C6, followed by
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intensity projection of "F-NaF-PET scan. (B) Transverse and (C) coronal projections of CT, fused '"F-NaF-PET/CT, and ""F-NaF-PET

scans of the corresponding lesion. NaF, sodium fluoride; PET, positron emission tomography; CT, computed tomography.
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Figure 7 Proposed schematic model for the basis of using '"F-NaF-PET imaging in detecting age-related degeneration in the cervical

spine. Cervical degenerations are associated with abnormal structural changes such as osteophyte formation, which is preceded by increased

osteoblastic activity that can be identified with molecular imaging. Black arrow indicates to focal NaF uptake within the vertebrae. The

figure was created with BioRender.com. NaF, sodium fluoride; PET, positron emission tomography.

C6-C7 and C4-C5 (27).

Our study suggests that increased "F-NaF uptake in the
lower cervical spine could be a common, benign finding
in a general adult population of broad age spectrum. In
fact, occurrence of degenerative changes in the cervical
spine without any symptoms is well known (28). While the
relationships between age, ""F-NaF uptake, degenerative
changes, and neck pain remain to be further explored,
the potential of ""F-NaF-PET in assessing neck pain has
also been previously reported. A retrospective study of 58
patients with neck pain found that in 49 cases, “F-NaF-
PET/CT scans were clinically helpful by either confirming
or identifying areas of pain (8).

Our finding of an increased ""F-NaF uptake in the older
adults also highlights the importance of recognizing false-
positive and non-specific findings in "*F-NaF-PET. It has
been previously emphasized that high ""F-NaF uptake in
spinal segments prone to degenerative changes is a common
benign finding in cancer patients who undergo "*F-NaF-
PET for the assessment of skeletal metastases (29,30). Our
work further expands on the fact that '*F-NaF-avid lesions
may be prevalent in the lower regions of the cervical spines
from C5 to C7 in older adults regardless of sex, which is
important to be aware of when interpreting "*F-NaF-PET
images in older subjects (Figure 7).

Additionally, our study alludes to the potential of
"F-NaF-PET in monitoring therapeutic progress in the
treatment of bone diseases, including arthropathies (15).
For instance, SUV values and index scores derived from
PF-NaF-PET/CT scans has been shown to correlate with
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treatment responses in patients with ankylosing spondylitis
(31,32). In studies examining metabolic bone diseases such
as osteoporosis, therapy with bisphosphonates has been
shown to significantly decrease '*F-NaF uptake and plasma
clearance of "F-NaF to the bone (33,34). Further similar
investigation on whether therapeutic interventions for
osteoarthritis could correlate with decreases "*F-NaF uptake
associated with spinous degeneration could be the crucial
next step in harnessing "*F-NaF-PET as a biomarker of
treatment efficacy.

We found positive linear correlations between age
and ""F-NaF uptake in the cervical vertebrae. This study
contradicts with previous *F-NaF-PET studies by Win
et al. (35) and Ayubcha et al. (36) finding no association
between age and '"F-NaF uptake in the cervical spine.
However, analysis protocol by Win ez al. excluded areas
with degenerative changes, and the number and age range
of subjects they examined were limited with total of 11
patients in the range of 42 to 89 years old (35). As our
study aimed to examine the potential of *F-NaF-PET
in detecting age-related changes including degenerative
ones, we examined all regions of the cervical spine with
a larger number of subjects (n=88) and wider age range
(21-75 years old). Meanwhile, Ayubcha ez a/. excluded
transverse processes as part of the ROI, used different lower
threshold for segmentation (85 HU), and combined all the
cervical spines (C1-C7) together for analysis (36). Since
we sought to explore the potentially heterogenous effect
of aging on the cervical spine, we separately analyzed the
cervical spine from C2-C4 and C5-C7 including transverse
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processes, which may explain the differing result.

We found that the Degeneration Score of the cervical
spine statistically correlated with the corresponding "*F-NaF
uptake in our study population, especially at the C5-C7
spinal intervals, highlighting the potential role of ""F-NaF
in quantifying and serving as a biomarker of the degree of
structural deterioration. Regardless, implementation of
PF-NaF-PET/CT in clinical settings will require studies
that directly correlates "F-NaF uptake with the degree of
pain, structural degeneration, and early therapy response.
Indeed, our own study revealed subjects that received
low Degeneration Score despite having a relatively high
"F-NaF uptake and vice versa, indicating that the tracer
uptake does not always correlate with the degree of cervical
degeneration. Regions of low degeneration with high
"F-NaF uptake may reflect areas of increased bone turnover
that have not yet undergone degenerative changes, while
regions of high degeneration with low "*F-NaF uptake may
denote areas that have already completed degenerative
processes.

In our study, we used SUVmean instead of SUVmax
because SUVmean better reflects heterogenous changes
within a ROI rather than SUVmax, which only reflects the
value of the hottest voxel and therefore does not reflect
information from multiple lesions within the same ROI.
Furthermore, SUVmax is known to exhibit decreased
accuracy, caused by a higher sensitivity to noise and
tendency to overestimate activity in areas of heterogeneous
uptake (37). Future studies examining degenerative
processes of the spine could explore the possibility of
thresholding areas of focally increased uptake, thereby
excluding areas of the vertebral body that would be subject
to metabolic phenomena and would otherwise influence the
SUVmean calculated by including the uptake in both the
vertebral body and vertebral processes.

Our study has several limitations. First, it was not
designed to prospectively assess degenerative changes in
the spine; therefore, we do not have relevant MRI images
or pertinent information on the history of neck pain.
Furthermore, we only examined the cervical spine, but there
may be other regions of the body with similar age-related
changes in ""F-NaF uptake that warrant investigation. For
example, degenerative changes in weight bearing levels
of lumbar spine such as L4-L5 and L5-S1 are commonly
associated with aging (38,39). Lastly, we did not record
the post-menopausal status of women subjects as a part of
the study; it would have been elucidating to compare the
"F-NaF uptake of pre-menopausal and post-menopausal

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

women to assess the effect of estrogen deficiency on the
cervical bone metabolism.

Conclusions

Using a semi-quantitative approach, we found an increased
"F-NaF uptake at the cervical spine with age, particularly
at the C5-C7 level, in an adult population of broad age
spectrum. Increased "F-NaF uptake may reflect age-related
deterioration and associated changes in bone turnover.
Our study suggests that "*F-NaF-PET/CT may have the
potential to serve as a biomarker of changes associated with
age and degeneration. Further investigation on the direct
relationship of '""F-NaF uptake with structural degeneration,
age, and presence of neck pain will be a critical next step for
the incorporation of "F-NaF-PET in the management of
neck pain and degenerative bone disorders.
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