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Osteophytes are frequently observed in elderly people and most commonly appear at the anterior
edge of the cervical and lumbar vertebrae body. The anterior osteophytes keep developing and

will lead to neck/back pain over time. In clinical practice, the accurate measurement of the anterior
osteophyte length and the understanding of the temporal progression of anterior osteophyte growth
are of vital importance to clinicians for effective treatment planning. This study proposes a new
measuring method using the osteophyte ratio index to quantify anterior osteophyte length based on
lateral radiographs. Moreover, we develop a continuous stochastic degradation model with time-
related functions to characterize the anterior osteophyte formation and growth process on cervical
and lumbar vertebrae over time. Follow-up data of anterior osteophytes up to 9 years are obtained
for measurement and model validation. The agreement test indicates excellent reproducibility for
our measuring method. The proposed model accurately fits the osteophyte growth paths. The model
predicts the mean time to onset of pain and obtained survival function of the degenerative vertebrae.
This research opens the door to future quantification and mathematical modeling of the anterior
osteophyte growth on human cervical and lumbar vertebrae. The measured follow-up data is shared
for future studies.

The spine is a crucial human body component that degenerates over time'. One of the most critical indicators of
spinal degeneration is osteophyte formation, which is reported to be found in 20-30% of the elderly population
and requires proper diagnosis and in-time interventions in clinical practice®*.

Osteophytes most commonly appear at the anterior edges of the cervical and lumbar vertebral bodies®®. They
are not symptomatic early but would keep growing as the patient ages’. The anterior osteophytes that continu-
ously protrude would result in neck/back pain at the point where they mechanically compress the spinal nerve
roots or soft tissue structures®®. In clinical practice, the oversized anterior osteophyte is a significant concern®”.
For patients with anterior osteophyte growing on the spine, lateral radiographs are mainly used for osteophyte
length evaluation and diagnosis*. The accurate measurement of the anterior osteophyte length on lateral radio-
graphs and the understanding of the temporal progression of anterior osteophyte growth are of vital importance
to clinicians to develop effective treatment plans.

To date, two categories of measuring methods have been proposed to quantify the anterior osteophyte length
on lateral radiographs. The first category'®!! records the measured data directly without processing while the
second category'? uses an index to represent the osteophyte length. Regression models are mainly used to charac-
terize the osteophyte growth process. Watanabe et al."® use a linear regression model to describe the relationship
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between the osteophyte index and age. Gender'*, weight and BMI'®, bone mass'®, etc. are found to be the affecting
factors of the osteophyte growth process.

The previous studies contribute to the understanding of the biology of osteophyte growth and may facilitate
clinical prevention. However, they have the following three limitations. Firstly, existing methods of measur-
ing anterior osteophyte length are not fully applicable in clinical practices since (i) the measurement steps are
not well-defined and (ii) the proposed indicator cannot be applied to radiographs with different scale plates.
Secondly, the previously used regression models fail to predict the time-related progression of the osteophyte
growth process and the time to onset of pain (TTOOP) under uncertainties. Thirdly, to date, most of the studies
on osteophytes are cross-sectional, where data is collected only once for each patient. Few longitudinal studies
are available for understanding the temporal progression of osteophyte growth over an extended period.

The osteophyte formation and growth process is subject to uncertainties and may undergo significant vari-
ations. The specific degeneration initiation time is not a constant value but rather follows a distribution as it
differs among the population due to factors such as incorrect posture and acute spinal injuries'. In addition,
uncertainties exist during the osteophyte growth process since the biological effects may affect the growth rate
of the osteophyte'® and there are person-to-person variations due to their genetic and lifestyle differences'.
Compared to the commonly used regression model, stochastic models that incorporate the temporal uncertain-
ties and random factors are suitable for capturing the evolution of osteophyte formation and growth over time?.

Currently, a variety of stochastic models have been implemented in degradation analysis®!. The survival func-
tion and the TTOOP can be obtained and the corresponding condition-based maintenance plans are scheduled
for the systems subject to degradation to reduce the pain risk*%. Despite their straightforward physical interpreta-
tions and tractable mathematical properties, the applications of stochastic models in characterizing the human
spine degeneration process are still at their early stages.

In this study, a robust measuring method for anterior osteophyte length on lateral radiographs is proposed,
which can be applied to spine degeneration quantification in clinical studies. Furthermore, we develop a sto-
chastic model to characterize and predict the temporal progression of osteophyte formation and growth with
high accuracy, validity and interpretability. Considering that the actual lifetime data are usually censored and
aperiodic, the maximum likelihood estimation (MLE) method is used to estimate the parameters. The model
is validated using long-term follow-up data. This work contributes not only to the understanding of the osteo-
phyte growth process, but also to the survival assessment and prognostic care for degenerative spinal vertebrae
in clinical practice.

Results

Agreement of measurements

In this study, we use the osteophyte ratio index (ORI) to quantify the anterior osteophyte length on lateral
radiographs. A robust measuring method is proposed as shown in Fig. 7b legend. Four observers with different
ages and experiences are included in the agreement tests to compare the robustness of the measuring methods
proposed in this study and Walraevens et al.'”s study. The results of agreement tests for the two measuring
methods are shown in Table 1.

Validation of the osteophyte formation and growth process model

The results of ORI measurements of the 23 cervical vertebrae samples and 74 lumbar vertebrae samples are shown
in Figs. 1a and 2a respectively, where the x-axis represents the ages of patients, and the y-axis represents the
corresponding ORIs. Based on the MLE functions described in Eq. (6) the parameters of the Weibull distribu-

tion are estimated as { a = 52.5216, h=>5. 7469} and {a = 54.9779, b = 2.3443 \ for cervical and lumbar ver-

tebrae respectively. The actual osteophytes formation time of samples and the probability density function (PDF)
of the fitted Weibull distribution for cervical and lumbar vertebrae are shown in Figs. 1b and 2b respectively.

Based on MLE functions described in Eq. (7), the parameters of the Wiener process are estimated as
{[L = 0.0145553, 6 = 0.01 13259} and{ﬂ = 0.012836, 6 = 0.024040} for cervical and lumbar vertebrae respec-
tively. Based on the parameters, the 95% confidence interval and the mean path of the predicted ORI of cervical
and lumbar vertebrae are shown in Figs. 1c and 2c respectively, where the x-axis represents the duration since
the osteophytes are formed, and the y-axis represents the corresponding ORIs.

Based on Eq. (2) and the estimated parameters, the mean and 95% confidence interval of the osteophyte length
are obtained and shown in Figs. 1d and 2d for cervical and lumbar vertebrae respectively. The degeneration data
are plotted in blue lines with asterisk markers.

Validation of the survival metrics
To validate the proposed survival metrics, we collected the X-ray image series datasets obtained at discrete time
instants during the patients’” follow-up visits, where the ORI value of 0.08 is of the highest count over the 23
cervical vertebrae samples’ ORI series and the value of 0.15 is of the highest count over the 74 lumbar vertebrae
samples’ ORI series. For illustration purposes, we assume that the pain threshold values are 0.08 and 0.15, which
also conforms to the principles of statistics. The ages when the ORIs reach the pain thresholds are treated as
the actual TTOOP values. Compared to other ORI values which only have one or two samples, the counts of
0.08 and 0.15 are higher and thus are more suitable to be used as the pain threshold values. Therefore, without
loss of generality, we assume pain thresholds of 0.08 and 0.15 for cervical and lumbar vertebrae respectively to
validate the survival metrics.

The theoretical survival curve of cervical/lumbar vertebrae under the pain threshold (i.e., the maximum
clinically-acceptable osteophyte size) of 0.08/0.15 is obtained based on Eq. (4) and shown in Figs. le and 2e by
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Observer I and IT
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. 0 MAVA —=U. . 0 VA —U.
ICc? 0.970 (95% CI: 0.941-0.984) 0.388 (95% CI: 0.110-0.606)
Observer I and III
PD® 4.8% 16.8%
.948 (95% CI: 0.910-0.971 . 5% CI: 0.00-0.5
ICcc? 0.948 (95% CI: 0.9 970 0.332 (95% CI: 0.00-0.588
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Inter-observer
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Observer II and I1I
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Observer Il and IV
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Table 1. Agreement of measurements. *Intra-class correlation coefficient (ICC)*: above 0.90—excellent;

between 0.75 and 0.90—good; between 0.50 and 0.75—moderate; below 0.50—poor. ®Percentage difference
(PD) =|difference between two values/the baseline value| ¥*100%?*: a smaller PD value indicates a lower
difference and thus higher agreement. “‘Osteophyte ratio index (ORI) =length of the osteophyte/width of the
vertebra body under the proposed measuring steps.

a blue line. As this study involves survival data, Kaplan-Meier (KM) survival analysis is conducted and the cor-
responding KM curve of cervical/lumbar vertebrae is shown in Figs. le and 2e by a red line, which reflects the
actual survival probability of cervical/lumbar vertebrae. The shaded pink region represents the 95% confidence
interval of the KM curve.

The PDF of the TTOOP of cervical/lumbar vertebrae under the pain threshold of 0.08/0.15 is estimated
based on Eq. (3) and shown in Figs. 1f and 2f by a blue line. The actual TTOOP is shown in Figs. 1f and 2f with
red asterisk markers.

Based on Eq. (5), the mean time to onset of pain (MTTOOP) of the cervical/lumbar vertebra given the pain
threshold of 0.08/0.15 are obtained. The theoretical and actual MTTOOP for cervical vertebra are 54.11 and
53.76 years respectively (percentage difference =0.65%). The theoretical and actual MTTOOP for the lumbar
vertebra are 60.40 and 60.66 years respectively (percentage difference =0.43%).

Discussion
Figures 1b and 2b indicate that the Weibull distribution can accurately characterize the osteophyte formation
time of a cervical and lumbar vertebra. Note that all of the test ORI data of each cervical and lumbar vertebra
after the censor time (i.e., the data series on the right of the red line) fall into the predicted confidence intervals in
Figs. 1c and 2c. It shows that the Wiener process can accurately characterize the osteophyte growth of a cervical
and lumbar vertebra. In Figs. 1d and 2d, all the actual data fall into the 95% CI. The large CI is due to the large
variation and uncertainties of the osteophyte formation time and growth process among the population. It can
increase the likelihood that the interval contains the mean response and also contributes to a more accurate and
general prediction of the time to onset of pain for the population with large variations in degeneration perfor-
mance. Figures 1e and 2e show that the theoretical survival curve derived from the proposed model accurately
matches the actual survival curve under the pain-threshold assumption. It is observed from Figs. 1f and 2f that
the distribution of the TTOOP obtained from the proposed model accurately characterizes the actual cases. In
addition, the theoretical MTTOOP calculated from the proposed model fits the actual data precisely (i.e., The
theoretical and actual MTTOOP for cervical vertebra are 54.11 and 53.76 years respectively (percentage differ-
ence=0.65%); The theoretical and actual MTTOOP for the lumbar vertebra are 60.40 and 60.66 years respectively
(percentage difference =0.43%)). Results show that the model is of high accuracy, validity and interpretability.
According to Walraevens et al.'?, there are no detailed guiding principles for finding the middle point on
the irregularly shaped vertebra. As the measurements of osteophyte length are small in magnitude and highly
sensitive to noises, measuring methods with ill-defined instructions may result in inaccurate conclusions and
low repeatability in clinical practice. Thus, it is urgent to propose a novel robust osteophyte length indicator.
In this paper, an indicator ORI (Eq. (1)) with well-defined measuring steps (Fig. 7b legend) is proposed for the
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Figure 1. (a) The osteophyte growth data of the 23 cervical vertebrae. ORI refers to the Osteophyte Ratio Index.
(b) The validation of the Weibull distribution. The actual cervical osteophyte formation time is compared with
the estimated probability density function (PDF). (c) The validation of the Wiener process. The actual cervical
osteophyte growth paths are compared with the predicted confidence interval (CI). (d) The actual and predicted
osteophyte formation and growth process of a cervical vertebra. (e) The comparison of the theoretical cervical
vertebra’s survival function and the Kaplan-Meier (KM) curve of the actual data. (f) The comparison of the
cervical vertebra’s time to onset of pain and the actual data with the estimated PDE
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Figure 2. (a) The osteophyte growth data of the 74 lumbar vertebrae. ORI refers to the Osteophyte Ratio Index.
(b) The validation of the Weibull distribution. The actual lumbar osteophyte formation time is compared with
the estimated probability density function (PDF). (c) The validation of the Wiener process. The actual lumbar
osteophyte growth paths are compared with the predicted confidence interval (CI). (d) The actual and predicted
osteophyte formation and growth process of a lumbar vertebra. (e) The comparison of the theoretical lumbar
vertebra’s survival function and the Kaplan-Meier (KM) curve of the actual data. (f) The comparison of the

lumbar vertebra’s time to onset of pain and the actual data with the estimated PDE.
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quantification of anterior osteophyte length based on lateral radiographs. In the study of Walraevens et al.'>, AB
and CD (Fig. 7c) are measured at the middle of the vertebral body to represent the anteroposterior diameter.
However, as the anterior and posterior vertebra contour is curved, the determination of midpoints A/B/C/D
is subjective. By comparison, parallel and tangent lines are more objective and suitable for measuring curved
structures. In addition, since hg is generally considered as unchanged during the spine degeneration process,
the ratio function (Eq. (1)) that divides the h; by g in the same radiographic image can overcome the scale error
caused by various generations of medical equipment and be applied to radiographs of different sizes to reflect
the osteophyte size. Table 1 shows that the indicator ORI under the proposed well-defined measuring steps has
excellent reliability (i.e., with ICC>0.90 and low PD values). By comparison, the measurement in Walraevens,
et al.'?s study has lower ICC scores and higher PD values. This indicates that our method is more robust and can
be reliably used in clinical practice and in related research to quantify the anterior osteophyte length.

Without an osteophyte growth prediction model for clinical reference, the current treatment plans for degen-
erative vertebrae are mainly made by clinicians and the treatment quality highly depends on their experience
as shown in Fig. 3a’. The treatment plans made by inexperienced clinicians may fail to provide interventions in
time and result in unexpected pain. Studies reported that progressive symptoms caused by anterior osteophytes
are easily missed during the early evaluation”. When severe and unexpected pain develops due to untimely
treatment, surgery is required to remove the osteophyte?. The development of accurate and valid mathematical
models of osteophyte growth is urgently needed to estimate the osteophyte formation time and growth rate,
which can be used as a reference for clinical management in the early stage. In this paper, we develop a stochastic
model to characterize and predict the temporal progression of osteophyte formation and growth under uncer-
tainties. Compared to the existing stochastic models such as the Wiener processes?!, Markov Chains?”’, Gamma
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Figure 3. (a) The existing experienced-based treatment planning framework. (b) The proposed quantitative
and model-based decision support framework.
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processes®® and Inverse Gaussian processes®’, we characterize the initiation time of the osteophyte formation
by Weibull distribution and incorporate it into the stochastic model by convolution. The proposed model with
estimated parameters is especially suitable for characterizing osteophyte formation and growth. Previous studies
mainly discuss the prevalence and symptoms of spinal osteophytes rather than quantitative prediction models
that would assist prophylactic treatments. In this study, survival metrics can be derived from the stochastic
model®. As the mean survival time and the pain risk of diseases are major concerns in clinical practice®, the
derived survival metrics such as MTTOOP and survival function of the degenerated vertebrae can assist clinical
decision-making. This study opens the door to the future application of stochastic models to predict degenera-
tive changes in the human spine.

Our work has implications for clinical practices. As the proposed models incorporate temporal uncertainties,
random factors and person-to-person variation that evolve in the osteophyte formation and growth process,
they can provide population-level inferences for insurance companies to develop proper insurance policies
accordingly for different populations. In addition, we propose a quantitative and model-based decision sup-
port framework with four steps as shown in Fig. 3b. Step 1: patient A takes a radiographic examination and an
osteophyte is detected. Step 2: the indicator ORI is measured to quantify the osteophyte length. Here we assume
that the osteophyte is on patient A’s lumbar vertebra and its ORI value is measured to be 0.15 at that time. Step 3:
based on the parameters estimated from the population data and the measured initial ORI value, the clinicians
can predict how the mean and 95% CI of the patient’s ORI would progress in the future 10 years. Step 4: survival
analysis is performed where the survival curve, the PDF plot of the remaining TTOOP and the mean value of
the remaining TTOOP are available for the clinician’s reference. For instance, we assume that 80% and 50% are
survival probability thresholds for treatment change. The threshold values can be modified by medical profes-
sionals. As the survival curve shows that there is an 80% probability of surviving beyond 2.8 years, clinicians can
put patient A in observation during the future 0 to 2.8 years. Since the survival probability will decrease to 50% at
5.5 years, frequent follow-up and physical therapy can be scheduled for patient A during the future 2.8-5.5 years.
More frequent Follow-up care and medication need to be scheduled during the future 5.5-10 years where the
survival probability is under 50%. Note that the treatment plans can be modified in the next follow-up visit based
on the patient’s remeasured ORI and the corresponding survival-analysis plots. Compared to the experience-
based treatment shown in Fig. 3a, the proposed quantitative and model-based framework in Fig. 3b can provide
quantitative prediction for clinicians to make more personalized treatment plans. The survival-analysis plots in
Fig. 3b are obtained under the assumed lumbar pain threshold of 0.22. In clinical practice, the pain threshold
can be determined based on the criteria provided in the Pain Threshold Definition subsection or modified by
the medical professionals. The corresponding survival-analysis plots can be obtained by running the codes in
Supplementary B on the MATLAB Platform.

Previous studies are mainly cross-sectional in design and use point datasets to investigate the correlation of
osteophyte length with age. For instance, in Chanapa et al.*s study, five age groups (15-35, 36-60, 61-75, 76-85,
and > 85 years old) are used and the mean osteophyte length on the vertebral body of patients in each group is
obtained as shown in Fig. 4a. There is only one data point for each patient that reflects the osteophyte growth level
in that group. However, the progressive changes in osteophyte length of the same patient’s vertebrae are unknown.
In the study of*"*2, although 2-3 years of follow-up data are collected, they are rather short periods considering
the slow and progressive osteophyte growth process. As a result, little change in osteophyte growth is observed
during the short periods of the studies®. With discrete-time datasets or short-term follow-up data, there is a
lack of historical data for model fitting and validation. Long-term follow-up data are crucial for understanding
osteophyte growth and developing predictive models. In this study, we obtained long-term time-series follow-up
radiographs as illustrated in Fig. 4b. To the best of the authors’ knowledge, it is relatively new to apply time-series
osteophyte data for the progression assessment of osteophyte growth. It helps to understand the temporal pro-
gression of osteophyte growth over an extended period and to develop models for osteophyte growth prediction.

In previous studies, deterministic models such as linear and logistic regression models are typically used in
clinical analysis to predict the development of osteophyte-related diseases®~*”. Compared to that, we used the
stochastic process model which provides a range of estimates rather than point estimates. The range of estimates
that, each of which is associated with a probability, can characterize the randomness and the temporal uncertain-
ties associated with the evolution of the degeneration process. The uncertainties originate from both observable
and unobservable factors including the variability of patients, the differences in medicine interventions, etc. The
model uses variables to incorporate the random effects of those factors on the osteophyte growth process and
therefore, is more appropriate to characterize and predict the osteophyte growth process than the deterministic
models that only provide a certain value and neglect the person-to-person variation. Figure 4c demonstrates the
osteophyte growth progression modeled by the stochastic model—the Wiener process. The ORIs at a fixed time
instant are normally distributed and the distribution of the ORI keeps evolving over time. The black-dashed line
represents the most probable ORI growth path. When the pain threshold is 0.15 (indicated with the red-solid
horizontal line in Fig. 4c, the value is for illustrative purposes), the corresponding survival probability (i.e.,
survival function), which is the probability that the ORI is smaller than the pain threshold, keeps decreasing
over time, as shown in Fig. 4d-i. The distributions of the ORI in the future can be obtained based on the Wiener
process. The medical professionals can provide more reasonable advice regarding the possible consequences and
the corresponding probabilities given the current situation. To the best of the authors’ knowledge, it is relatively
new to apply stochastic models to predict osteophyte growth progression and obtain evaluation metrics that can
provide valuable information for clinical decision-making.

Some limitations should be noted in our study. Firstly, the dataset includes the osteophyte formation and
growth data of twenty-three cervical vertebrae and seventy-four lumbar vertebrae. Although the sample size is
enough for parameter estimation and model validation, a larger quantity of data should be enrolled in future stud-
ies for more robust validation and more accurate estimation of the general population parameters. Secondly, this
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Figure 4. (a) Point dataset in Chanapa et al.¥s study. (b) Time-series dataset in our study. (c) The evolution of
the PDFs of the ORI over time, assuming that the ORI at the current state is 0.05 and the pain threshold is 0.15
for illustration purposes. Survival probabilities of the vertebra at the first, third, fifth, seventh, ninth and eleventh
year are shown in Figures (d), (e), (f), (g), (h) and (i), respectively.

study proposes a basic model where the osteophyte formation and growth process are considered independent
and the growth process is homogeneous. However, other behaviors, such as disc height reduction®®, may occur
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simultaneously or successively with the osteophytes during the cervical and lumbar vertebrae degeneration and
are reported to affect the osteophyte formation time and growth rate®. In addition, Gelse et al.** proposed that
osteophyte growth shows a multi-stage pattern on the cell biological level. Therefore, both its association with
other degenerative behaviors and its multi-stage behavior could be quantitatively investigated and enrolled into
the future model for a more precise description (e.g., a narrower confidence interval) of osteophyte formation
and growth process.

Methods

Figure 5 shows the workflow of our study. We develop a measuring method for the anterior osteophyte length and
conduct an agreement test to show the robustness of our method. In addition, we develop a stochastic model for
characterizing the osteophyte formation and growth process and derive the related survival metrics for clinical
application purposes. Time-series radiographic datasets are obtained from the hospital for model validation.
Based on the robust measuring method and accurate models, we propose a quantitative and model-based deci-
sion support framework for treatment planning of cervical and lumbar osteophytes in clinical practices. The
detailed information is found in the subsequent subsections.

Dataset description

This study focuses on the osteophyte formation time and time-dependent osteophyte growth on both cervical
and lumbar vertebrae. Radiographic osteophyte formation and growth data collected from September 2009 to
September 2021 are obtained from West China Hospital, Sichuan University. As the osteophytes most com-
monly form on the five cervical vertebrae C3 through C7 and rarely on C1 and C2*, we focus on the five levels
C3-C7 to investigate the osteophyte formation and growth behavior. For lumbar vertebrae, as osteophytes are
frequently reported to form on vertebrae L1 through L5%, the five levels are included in the dataset for lumbar
osteophyte investigation. Males and females are reported to show similar patterns in osteophyte development®,
so the gender is not considered in our study.

Figure 6 shows the database organization. Our dataset includes 29 radiographic series of cervical vertebrae
from C3 to C7 (23 with osteophytes and 6 without osteophytes) and 103 radiographic series of lumbar vertebrae
from L1 to L5 (74 with osteophytes and 29 without osteophytes), where each series corresponds to a vertebra
and is collected during the patient’s follow-up visits as shown in Fig. 6. The radiographic series of cervical
and lumbar vertebra osteophytes are collected from 11 (at their first visit: mean age =49.78 + 8.72 years, age
range =29.65-61.62 years) and 33 (at their first visit: mean age =53.07 £ 10.79 years, age range = 38.00-78.63 years)
patients, respectively. One radiograph is taken for the vertebra and shows the osteophyte growth level of the
vertebra during each visit. To protect the privacy of the patients, the specific dates of the radiographic images

Data acquisition Stochastic model development |«
e Time-series radiographs e Considering both the osteophyte
e Long-term follow-up formation time and growth
e Samples with osteophyte formation

¢ 4—| ‘ Pain threshold definition |
\ 4

.| Measuring method : .
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Figure 5. The workflow diagram.
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Figure 6. Database organization diagram.

are not shown in Fig. 6. The mean(max) follow-up time-span of patients with cervical and lumbar osteophytes
are 4.39(6.71) and 6.77(9.13) years, respectively. Each series consists of over 3 follow-up visits. Radiographs are
of high resolution and are viewed by RadiAnt DICOM Viewer.

Measurement of anterior osteophyte length based on lateral radiographs

Measuring methods

In this study, a new indicator Osteophyte Ratio Index (ORI) is proposed as follows:
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(b)

" March, 2012

April, 2021

Figure 7. (a) A normal vertebra (the top one) and a degenerated vertebra (the bottom one) with osteophyte in
the anterior side (lower left-hand corner). Points M and N are the anterior edge points of the normal vertebra
in the lateral view. Point O is the osteophyte tip in the lateral view. (b) Measurement of osteophyte length

and vertebra width. An orange dashed line is drawn along the vertebra contour for illustrative purposes. The
measurement method includes three steps. First, the points M and N are identified and a yellow line connecting
the two points is drawn. A second line (green line) is drawn parallel to the yellow line and tangential to the
innermost part of the right vertebra contour. The distance between the yellow and green lines is defined as the
vertebra width (white double-sided arrow). A third line (blue dashed line) is drawn parallel to the yellow line
and tangential to the osteophyte tip. The distance between the yellow and blue lines is defined as the osteophyte
length (white single-sided arrow). (c) Measurement of osteophyte length in Walraevens et al.'?s study. The
osteophyte length (XY and PQ) is measured with respect to the anteroposterior diameter of the vertebral body
(AB and CD, respectively). AB and CD are measured at the middle of the vertebral body.

ORI—h 1
= M

where h denotes the length of the osteophyte and /o denotes the width of the cervical or lumbar vertebra body
in the lateral view of the radiographic image.

The detailed measuring steps are in the Fig. 7 legend. The measurement is conducted with the RadiAnt
DICOM Viewer*.

Agreement test

Inter-observer reproducibility (i.e., the agreement between the measurements of two observers) and intra-
observer repeatability (i.e., the agreement between the measurements of the same observer) of ORI are evalu-
ated using the intra-class correlation coefficient (ICC) and percentage difference (PD)*. According to*, four
observers (observers I, II, III and IV) are included to measure the lengths of anterior osteophytes using ORI
independently from a subset of 50 randomly selected radiographs. Observers I, II, and IIT are a 35-year-old
radiologic technologist, a 30-year-old orthopedist and a 23-year-old graduate student who majors in medical
imaging technology, respectively. Observer IV is a 20-year-old undergraduate student who majors in engineering
and has no clinical background. Each observer measures two rounds at a 2-week interval. The interpretation of
ICC is based on the previous study* where ICC <0.50, 0.50 < ICC<0.75, 0.75<ICC<0.90 and 0.90 < ICC refers
to the poor, moderate, good and excellent agreement, respectively. It is reported that a smaller PD value indicates
a lower difference and thus higher agreement?. For comparison, the same agreement test is performed by the
same four observers on the index proposed in Walraevens et al.'’s study.

Stochastic model development
The assumptions of the osteophyte formation and growth process of a single cervical/lumbar vertebra are made as
follows: (1) After a random time, osteophyte forms on one vertebra due to factors such as aging and mechanical
stresses; (2) The osteophyte continues to grow after the formation following a stochastic process; (3) Only the
largest osteophyte at each vertebra is investigated. (4) The pain occurs when the length of its anterior osteophyte
reaches the pain threshold. (5) As the osteophytes on cervical and lumbar spinal vertebrae show similar etiol-
ogy and growth patterns?, their formation and growth are assumed to follow the same stochastic process but
with different parameters. The cervical vertebra at different levels (i.e., C3 through C7), are similar in shape
and function*®* and are treated as identical cervical subjects with the same parameters in our model. Likewise,
lumbar vertebrae L1 to L5 are considered as identical lumbar subjects with the same parameters in our model
as the degenerative behaviors are similar among the lumbar levels (i.e., L1 through L5)*.

The schematic diagram of the osteophyte formation and growth process is shown in Fig. 8. Let T denote the
osteophyte formation time of a vertebra. The degeneration status (i.e., osteophyte size) of the vertebra at time ¢
is denoted as X (¢|7). Note that t — 7 is the length of time of its degeneration. The pain threshold ¢ corresponds
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to the maximum acceptable osteophyte size of the vertebra and T corresponds to the time to onset of pain
(TTOOP) when the degeneration status reaches c. Take the cervical vertebra as an example, pain occurs when
a large anterior osteophyte compresses the pharyngeal wall (as illustrated in Fig. 8).

Note that 7 is a random variable that reflects the biological properties of the cervical and lumbar vertebrae
influenced by environmental and biological factors, physical activities, etc. In biomedical survival analysis, the
two-parameter Weibull distribution is widely used to describe the time to develop a disease and is flexible in
characterizing age-related diseases®’. In this study, the osteophyte formation time since the patients’ birthdays
(i.e., age in years) is modeled with a Weibull distribution.

In previous studies, a positive correlation has been found between the osteophyte index and age based on the
linear regression models'. As it is observed that the osteophyte growth process has a linear trend and involves
uncertainties, the widely implemented Wiener process™ is suitable for characterizing the osteophyte growth path.
Let X (t|7) denote the conditional osteophyte growth status of a cervical or lumbar vertebra at time ¢, given its
osteophyte formation time 7. For V¢ > 7, X(t|7) follows a normal distribution N(u(t —1),0%(t — r)).

In an osteophyte formation and growth process, the unconditional probability density function (PDF) of the
degeneration status of a cervical or lumbar vertebra at time ¢ is given by Eq. (2):

t
h(x|t) =/f(r)h(x|t,r)dr
0

t
b T\b 1 [x — nt —1))?

— — -1 _(Z —

_/abr exp{ (a) }0 — exp{ 202 —7) }dt

0

)

wherea > 0and b > Oare the scale and shape parameters of the Weibull distribution. x is the degeneration status
of the cervical or lumbar vertebra, the drift parameter p and the diffusion parameter o correspond to the mean
growth rate and the volatility of the osteophyte’s growth respectively.

Pain threshold definition

The anterior osteophyte that grows continuously on the cervical/lumbar vertebra may mechanically compress
spinal nerve roots or soft tissue structures and lead to neck/back pain ®°. The pain threshold refers to the maxi-
mum clinically-acceptable osteophyte size. We assume that the patient with an osteophyte on cervical/lumbar
vertebra that has an ORI value exceeding the pain threshold will experience neck/back pain. Given the pain
threshold value c, the statistics including the time to onset of pain (TTOOP) distribution, survival function
and mean time to onset of pain (MTTOOP) are derived based on the developed model. These statistics predict
when the pain will occur and imply the probability that the patient will survive without pain. They can provide
references for early intervention before the pain actually occurs.

In clinical practice, the pain thresholds are determined as 0.52 and 0.22 for cervical and lumbar vertebrae,
respectively. The determination of the pain thresholds are as follows. According to the literature®, the anterior
cervical osteophyte with an average length of over 10 mm will cause mechanical compression on the neck. Since
the mean anteroposterior (AP) diameter of the cervical vertebral body is 19.13 mm®*®, we recommend the pain
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Figure 8. The schematic diagram of the osteophyte formation and growth on a single vertebra and the
osteophyte growth data with aperiodic time interval.
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threshold ¢, = 10/19.13 = 0.52 for the cervical vertebra. Likewise, as Kojima et al.*® propose that the anterior
lumbar osteophyte length greater than 10 mm is associated with low back pain and the mean AP diameter of
the lumbar vertebral body is 46.31 mm®, we recommend the pain threshold ¢; = 10/46.31 = 0.22 for lumbar
vertebra. Note that the 0.52 and 0.22 are population-based recommended values, which are flexible and can be
modified accordingly based on patient-specific characteristics. For instance, software or clinicians can measure
the patient-specific AP diameter of the cervical/lumbar vertebral body on the patient’s lateral radiograph. The
patient-specific pain threshold can be calculated by dividing the literature-recommended osteophyte length of
10 mm by the patient’s AP diameter.

Survival metrics development
Note that as the osteophyte growth follows a Wiener process with drift 4 and diffusion o, TTOOP under pain

threshold ¢ after its formation follows an IG distribution (T — ) ~ IG (i, ;—22) with a mean of ﬁ Accordingly,

the MTTOOP given its osteophyte formation time 7 is ﬁ + T
The PDF of TTOOP given the pain threshold ¢ is obtained as shown in Eq. (3):

t
g(tlo) :/f(r)g(t|f,c)dr
0

b T\b 2 _cz(t_r_ﬁ> 3)
:()/ahr(bl)exp{_(a>} mexp W de

where g(t|7, ¢) denotes the conditional PDF of TTOOP of a cervical or lumbar vertebra given 7 is known.
The survival function and MTTOOP for a given threshold c are obtained in Egs. (4) and (5):

R(t|c) :/H(c|t,7:)f(r)dr
0

t
= /H(clt, O)f (v)dt + (1 — F(t))
0

MTTF:/E(T|1:,C)f(1:)d1:
0

=O/(;+r)f(t)dr (5)

()
=—4al'(1+ -
“w b
where H(-|t, ) denotes the conditional survival function of a cervical or lumbar vertebra at time t given 7 is
known, 7 is the osteopyte formation time, E(T|t, ¢) denotes the conditional TTOOP of a cervical or lumbar
vertebra given  and c are known.

The codes for the calculation of Egs. (2), (3), (4) and (5) are provided in Supplementary A for clinical applica-
tion purposes. Clinicians can obtain the corresponding plots by running the program on the MATLAB Platform.
In addition, the program can provide personalized prediction and survival analysis based on adjusted versions
of the equations. The MATLAB codes are provided in Supplementary B.

Parameters estimation

The maximum likelihood estimation (MLE) algorithm is used to estimate the parameters of the model. The
parameters of the proposed model include {a, b, u, '}, where a, b are the parameters of the distribution of the
osteophyte formation time, and u, o are the parameters that govern the osteophyte growth since the formation.
It is assumed that the osteophyte formation and growth are independent and the likelihood functions for {a, b}
and {u, o'} are obtained independently. Parameters of the proposed model for cervical and lumbar vertebrae are
estimated by the same method from separate data sources.

Parameters estimation of the distribution of osteophyte formation time
Assume the radiographic image series of a total of M cervical vertebrae are available. Among them, N vertebrae
are found to have developed osteophyte over the data-collection period. Let 7;,1 < i < N denote the osteophyte
formation time of the osteophyte on the i cervical vertebra, 7y, N 4 1 < k < M denote the right-censoring time
where the osteophyte has not developed on the cervical vertebra by the time of the last follow-up visit.

Taking the natural logarithm of the joint density:
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The MLE estimators of a and b for the Weibull distribution are obtained by maximizing Eq. (6), which can
be achieved by using the maxLik package in R.

As the actual radiographic images are not obtained continuously, the exact osteophyte formation time (i.e., the
time when ORI begins to exceed zero) is not observed directly. In this study, 23 cervical vertebrae and 74 lumbar
vertebrae developed osteophytes over the follow-up period. Since 6 cervical and 29 lumbar vertebrae have not
developed osteophytes, the corresponding patient’s age at the last follow-up date is denoted as the right-censored
osteophyte formation time®. As the overall osteophyte growth process has a linear trend", the actual osteophyte
formation time of each cervical/lumbar vertebra is estimated by linear interpolation based on its first and last
observations. Both the actual and the right-censored osteophyte formation time are the INPUT for parameter
estimation of the Weibull distribution.

Parameters estimation of the osteophyte growth process
The drift 1 and diffusion o of the Wiener process are estimated as follows. Assume that a total of N cervical verte-
brae with osteophyte growing on them are available. There are n; measurements of osteophyte growth increment
on the i cervical vertebra. Let Ax;j(1 <i <N,1 <j < n;)denote the j™ osteophyte growth increment on the i
cervical vertebraand At;;(1 < i < N, 1 < j < n;) denote the corresponding time interval for osteophyte growth.

Note that in reality, although periodic follow-up visits are suggested for patients with osteophyte growth on
their cervical vertebrae, the follow-up visits are usually aperiodic. Accordingly, the obtained osteophyte growth
observations are also aperiodic, as illustrated in Fig. 8. The corresponding maximum likelihood estimators are
obtained as follows.

The likelihood function of i and o is:

N 1 [Axij — ,bLAt,'j}z
soiansn = [Tt e {200 "

i=1j=1

where Ax and At are the vectors of the degeneration increments and time increments. The MLE estimators { A, }
are obtained by maximizing the log-likelihood function using the maxLik package in R.

For the actual radiographic image datasets, all vertebrae samples with osteophytes developed are used for
parameters estimation of the Wiener process. We censor the osteophyte growth data at time t = 4 for cervical
vertebrae and ¢ = 6 for lumbar vertebrae and use the data before the censor time for parameters estimation
using MLE.
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edu.cn to request the data from this study.

Received: 28 June 2023; Accepted: 19 April 2024
Published online: 24 April 2024

References

1. Kushchayev, S. V. et al. ABCs of the degenerative spine. Insights Imaging 9(2), 253-274 (2018).

2. Bone, R. C., Nahum, A. M. & Harris, A. S. Evaluation and correction of dysphagia-producing cervical osteophytosis. Laryngoscope
86, 1-9 (2014).

3. Klaassen, Z. et al. Vertebral spinal osteophytes. Anat. Sci. Int. 86, 1-9 (2010).

4. Song, A. R. et al. Surgical treatments on patients with anterior cervical hyperostosis-derived dysphagia. Ann. Rehabil. Med. 36(5),
729-734 (2012).

5. Chanapa, P, Tohno, Y. & Mahakkanukrauh, P. Distribution and length of osteophytes in the lumbar vertebrae and risk of rupture
of abdominal aortic aneurysms: A study of dry bones from Chiang Mai. Thailand. Anat. Cell Biol. 47, 157-161 (2014).

6. Karasik, D. et al. Abdominal aortic calcification and exostoses at the hand and lumbar spine: the Framingham Study. Calcif. Tissue
Int. 78(1), 1-8 (2006).

7. Chan, A. Y., Mullin, J. P, Wathen, C. & Benzel, E. C. Degenerative spinal disease (cervical). In Principles of neurological surgery
4th edn 549-553 (Elsevier, Amsterdam, 2018).

8. Chanapa, P, Yoshiyuki, T. & Mahakkanukrauh, P. Distribution and length of osteophytes in the lumbar vertebrae and risk of
rupture of abdominal aortic aneurysms: A study of dry bones from Chiang Mai Thailand. Anat. Cell Biol. 47(3), 157-161 (2014).

Scientific Reports|  (2024) 14:9393 | https://doi.org/10.1038/s41598-024-60212-5 nature portfolio



www.nature.com/scientificreports/

11.
12.
13.

14.
15.

16.
17.
18.
19.
. Ye, Z.S. & Chen, N. The inverse Gaussian process as a degradation model. Technometrics 56(3), 302-311 (2014).
21.
22.
23.

24.

25.

26.
27.
28.
29.
30.
31.
. Felson, D. T. et al. Osteophytes and progression of knee osteoarthritis. Rheumatology (Oxford) 44(1), 100-104 (2005).
33.
34.

35.

36.

37.
38.

39.
40.

41.
42.
43.
. Brithschwein, A. et al. Free DICOM-viewers for veterinary medicine: Survey and comparison of functionality and user-friendliness
45.
46.
. Klaassen, Z. et al. Vertebral spinal osteophytes. Anat. Sci. Int. 86(1), 1-9 (2011).
‘4‘2:
50.
51.

52.
53.

. Al-Jafari, M. et al. Cervical spine osteophyte: A case report of an unusual presentation. Cureus 15(9), e44762 (2023).
. Sekiya, I. et al. Medial tibial osteophyte width strongly reflects medial meniscus extrusion distance and medial joint space width

moderately reflects cartilage thickness in knee radiographs. JMRI 56(3), 824-834 (2022).

Moon, Y. et al. Factors correlated with the reducibility of varus deformity in knee osteoarthritis: An analysis using navigation
guided TKA. Clin. Orthop. Surg. 5, 36-43 (2013).

Walraevens, J. et al. Qualitative and quantitative assessment of degeneration of cervical intervertebral discs and facet. Eur. Spine
J. Off. Publ. Eur. Spine Soc. Eur Spinal Deform. Soc. Eur. Sect. Cerv. Spine Res. Soc. 18, 358-369 (2008).

Watanabe, S. & Terazawa, K. Age estimation from the degree of osteophyte formation of vertebral columns in Japanese. Leg. Med.
8(3), 156-160 (2006).

Resnick, D. & Niwayama, G. Degenerative disease of extraspinal locations. Diagnosis of Bone ¢ Joint Disorders, 1263-1371 (1995).
Oishi, Y. et al. Lack of association between lumbar disc degeneration and osteophyte formation in elderly japanese women with
back pain. Bone 32(4), 405-411 (2003).

Hardcastle, S. A. et al. Osteophytes, enthesophytes, and high bone mass: a bone-forming triad with potential relevance in osteo-
arthritis. Arthritis Rheumatol. 66(9), 2429-2439 (2014).

Chen, Y.R,, Sung, K & Tharin, S. Symptomatic anterior cervical osteophyte causing dysphagia: Case report, imaging, and review
of the literature. Cureus (2016).

Pelletier, J.-P. et al. Carprofen simultaneously reduces progression of morphological changes in cartilage and subchondral bone
in experimental dog osteoarthritis. | RHEUMATOL. 27, 2893-2902 (2000).

Wong, S., Chiu, K. Y. & Yan, C. H. Review article: Osteophytes. J. Orthop. Surg. 24(3), 403-410 (2016).

Si, X. S., Wang, W., Hu, C. H., Zhou, D. H. & Pecht, M. G. Remaining useful life estimation based on a nonlinear diffusion degrada-
tion process. IEEE Trans. Reliab. 61(1), 50-67 (2012).

Lin, T. & Pham, H. A two-stage intervened decision system with state-dependent random inspection mechanisms. IEEE Trans.
Comput. Soc. Syst. 6(2), 365-376 (2019).

Koo, T. K. & Li, M. Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr.
Med. 15(2), 155-163 (2016).

Merino-Muiioz, P, Pérez-Contreras, J. & Aedo-Mufioz, E. The percentage change and differences in sport: a practical easy tool to
calculate. Sport Perform. Sci. Rep. 118, 446-450 (2020).

Li, C., Luo, W,, Zhang, H., Zhao, J. & Gu, R. Case report: Diffuse idiopathic skeletal hyperostosis with ossification of the posterior
longitudinal ligament in the cervical spine: A rare case with dysphagia and neurological deficit and literature review. Front. Surg.
9, 963399 (2022).

Miyamoto, K. et al. Postsurgical recurrence of osteophytes causing dysphagia in patients with diffuse idiopathic skeletal hyperos-
tosis. Eur. Spine J. 18(11), 1652-1658 (2009).

Ossai, C. I, Boswell, B. & Davies, I. Markov chain modelling for time evolution of internal pitting corrosion distribution of oil and
gas pipelines. Eng. Fail. Anal. 60,209-228 (2016).

Zhang, Y. Wiener and gamma processes overview for degradation modelling and prognostic (Norwegian university of science and
technology, Trondheim, 2015).

Guo, J., Wang, C., Cabrera, J. & Elsayed, E. A. Improved inverse Gaussian process and bootstrap: Degradation and reliability
metrics. Reliab. Eng. Syst. Saf. 178, 269-277 (2018).

Quraishi, N. et al. Accuracy of the revised Tokuhashi score in predicting survival in patients with metastatic spinal cord compres-
sion (MSCC). Eur. Spine J. 22(1), 21-26 (2013).

Lane, N. E. et al. Running, osteoarthritis, and bone density: Initial 2-year longitudinal study. Am. J. Med. 88(5), 452-459 (1990).

Vilarrasa, N. et al. Evaluation of bone mineral density loss in morbidly obese women after gastric bypass: 3-Year follow-up. Obes.
Surg. 21(4), 465-472 (2011).

Figueiredo, C. P. et al. Quantification and impact of secondary osteoarthritis in patients with anti-citrullinated protein antibody-
positive rheumatoid arthritis. A&R 68(9), 2114-2121 (2016).

Kortekaas, M. C., Kwok, W.-Y,, Reijnierse, M., Huizinga, T. W. J. & Kloppenburg, M. Osteophytes and joint space narrowing are
independently associated with pain in finger joints in hand osteoarthritis. Ann. Rheum. Dis. 70(10), 1835-1837 (2011).
Mathiessen, A., Slatkowsky-Christensen, B., Kvien, T. K., Haugen, I. K. & Hammer, H. B. Ultrasound-detected osteophytes predict
the development of radiographic and clinical features of hand osteoarthritis in the same finger joints 5 years later. RMD Open 3(2),
€000505 (2017).

Neogi, T., Nevitt, M. C., Ensrud, K. E., Bauer, D. & Felson, D. T. The effect of alendronate on progression of spinal osteophytes and
disc-space narrowing. Ann. Rheum. Dis. 67(10), 1427-1430 (2008).

Harada, G. K. et al. Cervical spine MRI phenotypes and prediction of pain, disability and adjacent segment degeneration/disease
after ACDE J. Orthop. Res. 39, 657 (2021).

Lipson, S. J. & Muir, H. Vertebral osteophyte formation in experimental disc degeneration. A&R 23(3), 319-324 (1980).

Gelse, K., Soder, S., Eger, W., Diemtar, T. & Aigner, T. Osteophyte development-molecular characterization of differentiation stages.
Osteoarthr. Cartil. 11(2), 141-148 (2003).

Ezra, D., Hershkovitz, I, Salame, K., Alperovitch-Najenson, D. & Slon, V. Osteophytes in the cervical vertebral bodies (C3-C7)—
Demographical perspectives. Anat. Rec. 302(2), 226-231 (2019).

Kasai, Y., Kawakita, E., Sakakibara, T., Akeda, K. & Uchida, A. Direction of the formation of anterior lumbar vertebral osteophytes.
BMC Musculoskelet. Disord. 10(1), 4 (2009).

Snodgrass, J. J. Sex differences and aging of the vertebral column. J. Forensic Sci. 49(3), 458-463 (2004).

of medical imaging PACS-DICOM-viewer freeware for specific use in veterinary medicine practices. J. Dig. Imaging 33(1), 54-63
(2020).

Ranganathan, P, Pramesh, C. S. & Aggarwal, R. Common pitfalls in statistical analysis: Measures of agreement. Perspect. Clin. Res.
8(4), 187-191 (2017).

Landis, J. R. & Koch, G. G. The measurement of observer agreement for categorical data. Biometrics 33(1), 159-174 (1977).

Bland, J. H. & Boushey, D. R. Anatomy and physiology of the cervical spine. Semin Arthritis Rheum. 20(1), 1-20 (1990).
Bazaldua Cruz, J. J. et al. Morphometric study of cervical vertebrae C3-C7 in a population from Northeastern Mexico. INT. J.
MORPHOL. 29, 325-330 (2011).

Chaimongkhol, T., Thiamkaew, A. & Mahakkanukrauh, P. The characteristics of osteophyte around lumbar vertebral foramina
associated with spinal stenosis. Anat. Cell Biol. 52(2), 143-148 (2019).

Matsushita, S. et al. Lifetime data analysis of disease and aging by the weibull probability distribution. J. Clin. Epidemiol. 45(10),
1165-1175 (1992).

Almalki, S. J. & Nadarajah, S. Modifications of the Weibull distribution: A review. Reliab. Eng. Syst. Saf. 124, 32-55 (2014).
Huang, J. et al. Degradation modeling of mid-power white-light LEDs by using Wiener process. Opt. Express 23(15), A966-978
(2015).

Scientific Reports |

(2024) 14:9393 | https://doi.org/10.1038/s41598-024-60212-5 nature portfolio



www.nature.com/scientificreports/

54. Vodicar, M., Kosak, R. & Vengust, R. Long-term results of surgical treatment for symptomatic anterior cervical osteophytes: A
case series with review of the literature. Clin. Spine Surg. 29(9), E482-e487 (2016).

55. Lu, J., Ebraheim, N. A., Yang, H., Rollins, J. & Yeasting, R. A. Anatomic bases for anterior spinal surgery: Surgical anatomy of the
cervical vertebral body and disc space. Surg. Radiol. Anat. SRA 21(4), 235-239 (1999).

56. Kojima, S. et al. Associations between degenerative lumbar scoliosis structures and pain distribution in adults with chronic low
back pain. Healthcare (Basel, Switzerland) 11(16), 2357 (2023).

57. Shrestha, B. V. & Dhungana, S. P. Measurement of transverse and sagittal diameter of the lumbar vertebral canal in people from
Western region of Nepal. Int. J. Infect. 2, 55-58 (2013).

58. Klein, J. P. & Moeschberger, M. L. Survival analysis—techniques for censored and truncated data. In Statistics for biology and health
2nd edn 63-70 (Springer, New York, 2003).

Author contributions

Tong Wu contributed to the conception and design, data measurement, data analysis and interpretation and
was a major contributor in writing the manuscript. Changxi Wang contributed to the acquisition of data, model
construction and drafting/revisions of article. Kang Li contributed to the conception and design as well as final
approval of the article. All authors read and approved the final manuscript.

Fundin

This stud}gf was supported by National Natural Science Foundation of China (12201441), Sichuan Science and
Technology Program (2023NSFSC1597), Med-X for informatics, Sichuan University (YGJC006), National Key
Research and Development Program of China (2020YFB1711500, 2022YFC2407601), the 1-3-5 project for dis-
ciplines of excellence, West China Hospital, Sichuan University (ZYYC21004).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-60212-5.

Correspondence and requests for materials should be addressed to C.W. or K.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:9393 | https://doi.org/10.1038/s41598-024-60212-5 nature portfolio


https://doi.org/10.1038/s41598-024-60212-5
https://doi.org/10.1038/s41598-024-60212-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Quantitative analysis and stochastic modeling of osteophyte formation and growth process on human vertebrae based on radiographs: a follow-up study
	Results
	Agreement of measurements
	Validation of the osteophyte formation and growth process model
	Validation of the survival metrics

	Discussion
	Methods
	Dataset description
	Measurement of anterior osteophyte length based on lateral radiographs
	Measuring methods

	Agreement test
	Stochastic model development
	Pain threshold definition
	Survival metrics development
	Parameters estimation
	Parameters estimation of the distribution of osteophyte formation time
	Parameters estimation of the osteophyte growth process
	Ethical approval and consent to participate


	References


