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Abstract: In scoliosis, most of the deformity is in the disc and occurs during the period of rapid
growth. The ring apophyses form the insertion of the disc into the vertebral body, they then ossify
and fuse to the vertebrae during that same crucial period. Although this must have important
implications for the mechanical properties of the spine, relatively little is known of how this process
takes place. This study describes the maturation pattern of the ring apophyses in the thoracic and
lumbar spine during normal growth. High-resolution CT scans of the spine for indications not related
to this study were included. Ossification and fusion of each ring apophysis from T1 to the sacrum
was classified on midsagittal and midcoronal images (4 points per ring) by two observers. The ring
apophysis maturation (RAM) was compared between different ages, sexes, and spinal levels. The
RAM strongly correlated with age (R = 0.892, p < 0.001). Maturation differed in different regions of
the spine and between sexes. High thoracic and low lumbar levels fused earlier in both groups, but,
around the peak of the growth spurt, in girls the mid-thoracic levels were less mature than in boys,
which may have implications for the development of scoliosis.

Keywords: ring apophysis; maturation; ossification; fusion; scoliosis

1. Introduction

The majority of pediatric spinal deformities develop during puberty when the body
weight and dimensions increase rapidly, as the skeleton matures into its adult form.

Recent studies have demonstrated the significant contribution of the intervertebral
discs to the deformation of the spine in scoliosis [1–3]. For undisturbed and harmonious
spinal development, rapidly increasing loads during the growth spurt require adequate
maturation of the spine’s stabilizers, of which the disc is an essential component [4]. Skeletal
maturity is traditionally assessed on X-rays of the iliac crest, the hand, and wrists, or other
growth cartilages remote from the spine. The most used classifications are the Risser grade
based on ossification and fusion of the iliac apophysis and the Sanders simplified skeletal
maturity scoring system, based on the maturation of the hand epiphyses [5,6]. Another
classification is the Proximal Humerus Ossification System (PHOS) [7]. This classification
is a five-stage system that uses the proximal humeral physis in assessing skeletal maturity.
These skeletal maturation scoring systems correlate with the Peak Height Velocity (PHV)
during pubertal growth and the curve acceleration phase in scoliosis, however, they do not
necessarily assess the maturation of different regions of the spine itself [6,8–10].

After the formation of the three primary ossification centers for each vertebra (one for
the body and two for the vertebral arch), the maturation of the spine continues with the
closure of the neurocentral synchondroses from age 4–8 [11]. The secondary ossification
centers are the ring apophyses and the tips of the transverse and spinous processes [12]. The
ring apophyses are not inside the epiphyseal plate and are not involved in the longitudinal
growth of the spine [13]. During growth, they encircle the inferior and superior surfaces
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of the vertebral bodies. The outermost fibers of the annulus fibrosus, the Sharpey’s fibers,
insert into the ring apophysis and thus anchor the intervertebral disc to the two adjacent
vertebrae (Figure 1) [14–18]. During skeletal maturation, these initially cartilaginous
insertions of the disc ossify and ultimately fuse to the vertebral bodies [19]. This process
has important implications for the mechanical stability of the disc-vertebral body complex
at a time when spinal loading increases rapidly, but very little is known about its different
phases during growth [20,21].
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Figure 1. (a) A view of the ossified rings and the start of the fusion (red circles) to the vertebral body; (b) schematic
anatomical view of the IVD and the attachment of the Sharpey’s fibers to cartilage tissue. A: cartilaginous endplate.
B: Nucleus pulposus. C: Anulus fibrosus.

2. Materials and Methods
2.1. Study Population

After a waiver from the ethical review board (ERB) for formal review of this retrospec-
tive study, pre-existing high-resolution Computed Tomography (CT) scans of the thorax
and/or abdomen acquired from a tertiary pediatric hospital for indications not related to
this study (e.g., trauma screening, pulmonary disease, and gastro-enteric disorders) were
included from our local patient archiving and communications system (PACS). Inclusion
criteria were patients between 6 and 21 years of age and available high-resolution images
of the spine (slice thickness ≤ 1 mm and slice interval ≤ 1.5 mm). The ages of 6 and 21
were chosen based on previous studies by Woo et al. and Uys et al. [13,19]. Exclusion
criteria were the presence of spinal pathology, bone disorders (e.g., Scheuermann’s disease),
syndromes associated with growth disorders, growth hormone treatment, and insufficient
CT-scan quality including movement artifacts. According to all available information,
subjects represented healthy adolescents. A minimum of 10 subjects per age cohort was
included. Age, sex, Risser grade, and proximal humeral ossification system (PHOS) were
collected on the coronal survey scans.

2.2. CT-Scan Analysis

The included CT scans were analyzed independently by two trained observers, who
scored each vertebra separately blinded from each other. Multiplanar images of the exact
mid-sagittal and mid-coronal plane of each individual vertebra were reconstructed, using
the RadiAnt DICOM viewer© (RadiAnt, Poznan, Poland) (Figure 2).
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Figure 2. Mid-sagittal and mid-coronal reconstructions were used for each spinal level to describe
the presence of ossification and fusion in four areas of each ring.

The window level was set to the bone. Ossification and/or fusion of the anterior,
posterior, and lateral parts of each superior and inferior apophyseal ring was classified.
If needed, the two observers viewed adjacent slices to confirm that suspected ossified
structures were part of the ring apophysis, and discrepancies were resolved by consensus.

According to previous observations by Uys et al., and confirmed following a pilot
study performed, the ossification and fusion of each region of interest (ROI) of the ring
apophyses were scored as shown in Figure 3 [19]:

• Phase 0: Ring not detectable.
• Phase 1: Ring detectable.
• Phase 2: Fusion not completed.
• Phase 3: Fusion completed.
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Figure 3. The four phases of maturation of the ring apophysis on mid-sagittal images. In phase 0 the rings are still in a
cartilaginous stage and are not detectable on CT scans. In phase 1 the rings are ossified and can be seen on CT scans but
have not yet started to fuse. In phase 2 the rings are starting to fuse with the bodies. In phase 3 the rings are completely
fused with the vertebral bodies.

Next, the overall ring apophysis maturation (RAM) of each ring was classified as:

• Stage 0: no ossification (phase 0) in all 4 ROI.
• Stage 1: Beginning of ossification (phase 1 in 1–3 ROI).
• Stage 2: Complete ossification (phase 1 in all 4 ROI).
• Stage 3: Incomplete fusion (phase 3 in 1–3 ROI).
• Stage 4: Complete fusion at all 4 points (phase 3 in all 4 ROI).
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Intraclass correlation coefficients (kappa value) were calculated for the assessment of
intra- and inter-observer reliability.

2.3. Statistical Analysis

Statistical analyses were performed using SPSS 25.0 for Windows (IBM, Armonk, NY,
USA). The median, range, and IQR of the RAM were calculated for each age and spinal
level for both sexes. The normality of distribution of the RAM within the study population
was analyzed via Q-Q plots. The correlation between the RAM and age was tested with
a non-parametric Spearman’s rank test as well as for different areas of the rings. In the
ring ossification stage (phase 1), the authors compared the sagittal plane (both anterior and
posterior) with the coronal plane, with a standard t-test. The same procedure was done for
fusion (phase 3). Different growth patterns between the lower thoracic and thoracolumbar
spine and the other spinal sections were calculated through a generalized linear model.
The correlation between the median RAM of the whole spine and the conventional skeletal
maturity scores (Risser and PHOS) was analyzed with a Spearman’s rank test. The p-value
was set at 0.05.

3. Results
3.1. Study Population

Out of 4775 available CT scans, 456 could be included in this study. Most exclusions
were due to insufficient image quality. Of the included subjects, 50% were females. The CT
scan images analyzed were 289 (63%) full-body, 82 (18%) thoracic, and 85 (19%) abdominal.
Descriptive statistics of patients and CT scans are shown in Table 1.

Table 1. Patient demographics.

Population
Age Males Females

6 15 17
7 18 16
8 13 13
9 13 11
10 11 12
11 16 16
12 17 20
13 17 15
14 14 19
15 14 17
16 16 12
17 14 13
18 12 14
19 14 13
20 12 11
21 11 10

Total (percentage) 227 (49.7%) 229 (50.3%)
Mean age 13.22 13.15

SD 4.52 4.44
Range 6–21 6–21

CT scans
Selected CT scans 456
Total-body n (%) 289 (63%)
Thoracic n (%) 82 (18%)

Abdominal n (%) 85 (19%)

3.2. Ring Apophysis Maturation

Maturation of the ring apophysis is a process that varies for each age at different levels
of the spine and differs between sexes. Furthermore, it does not strictly follow the same
patterns and timing of the most common physes used for skeletal maturity assessment



J. Clin. Med. 2021, 10, 3217 5 of 10

such as iliac apophysis (Risser), hand epiphysis (Sanders), and proximal humeral physis
(PHOS).

Ossification occurred from age 9–15 in males and 7–15 in females, fusion from 14–19
and 13–19, respectively.

RAM correlated significantly with age (R = 0.892, Figure 4) and both ossification and
fusion occurred earlier in females (p = 0.002, Figure 4).
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Figure 4. A 3-D histogram showing the percentiles of the different maturation stages of the apophy-
seal ring in females and males at different ages.

At age 21, 98% of the rings were completely fused (stage 4). Whereas ossification and
fusion occurred on average between 9 and 19 in males and 7 and 19 in females, important
differences were observed per spinal level, especially when related to the average age of
the PHV (13 years of age in females and 15 in males) as can be seen in Table 2 and Figure 5.
Most differences between the sexes could be detected in the thoracic levels. In females at
the age of 13, the median of RAM was stage 0 between T1 and T6 and stage 1 between T7
and T12. In 15-year old males, the median of maturation in spinal sections was stage 3 for
T1 and T2 and stage 1 between T3 and T12.

For both males and females, the ossification of the inferior ring was earlier than
the superior ring. In contrast, fusion occurred earlier in the superior ring. Furthermore,
maturation of one ring does not appear to occur in all areas at the same time: ossification
(phase 1) and fusion (phase 3) occurred half a year later (between 11 and 12 years, median
12) in the coronal than the sagittal plane (p = 0.031). Finally, the high thoracic and low
lumbar levels ossified later but fused earlier (while the growth spurt was ceasing in females
and was mid-way in males) than the thoracolumbar levels (after the growth spurt has
ceased in females and was ceasing in males).
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Table 2. The differences in mean maturation of the apophyseal ring in males (in blue) and females
(in red) for each spinal level.

M 0 1 2 3 4
F 0 1 2 3 4

AGE 10 11 12 13 14 15 16 17 18 AGE 10 11 12 13 14 15 16 17 18
T1 T1
T2 T2
T3 T3
T4 T4
T5 T5
T6 T6
T7 T7
T8 T8
T9 T9

T10 T10
T11 T11
T12 T12
L1 L1
L2 L2
L3 L3
L4 L4
L5 L5
S1 S1
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3.3. Correlation with Other Skeletal Maturity Parameters

Although ring maturation varies per level studied, the overall RAM presented a clear
correlation with the other two classifications. The Spearman’s test between the RAM and
Risser grade was 0.900 and between RAM and PHOS was 0.908.

4. Discussion

This study provides a CT-based analysis of the maturation of the disc’s fixation to the
vertebral body, the ring apophysis, related to age, sex, and spinal levels. Knowledge of the
maturation pattern of the ring apophysis is important in the management and etiologic
understanding of developmental spine problems since the disc is considered the primary
passive stabilizer of the spine [4,23,24]. Whether it is anchored to bone or cartilage during
a period in life when body weight and dimensions increase rapidly is supposed to make a
major difference for the mechanical properties of the system.

Unlike what all traditional maturation parameters that Risser, PHOS, and Sanders
suggest, spinal maturation differs per spinal level. Overall, ossification occurred from
age 9–15 years in males and 7–15 in females, fusion from 14–19 and 13–19. Between
12–15 in females and 13–16 years old in males, the ring apophysis undergoes a massive
change [25,26]. In girls, around their growth spurt, fewer vertebrae have started the
maturation process than in boys, who, in general, have a growth spurt around two years
later (Table 2) [22].

The anterior and posterior parts, compared to the lateral parts, ossified and fused
half a year earlier and the high thoracic and low lumbar levels fused earlier than the
mid-thoracic and thoracolumbar.

We observed an earlier fusion of the superior ring compared to the inferior ring as
was also observed in earlier radiography studies [16,19]. Moreover, the observations that
the inferior ring ossifies earlier than the superior one, that they have the same level of
maturation at the age of 15–16, and finally that the superior ring overcomes the inferior
one during the fusion stage is in line with the findings by Woo et al. [13].

Not all of the spinal areas mature at the same time. This study showed a later fusion
in the mid thoracic and thoracolumbar spine in both sexes, which is similar to the closure
pattern of the Neuro Central Junction [11]. Interestingly, the most common curve type in
Adolescent Idiopathic Scoliosis (AIS) patients is in the same region where the maturation
of the ring apophysis is slower [27].

As mentioned previously, understanding the maturation of the spine is of key impor-
tance for the management of disturbances of its harmonious development. Nowadays,
the most used technique to determine bone maturation is the Risser grade even though its
accuracy is debated since the Risser stages do not reflect the exact growth activity in the ver-
tebral endplates [6,9,10,28,29]. Even though other classifications such as Sanders are shown
to be more reliable, a specific, spine-based classification of spine maturation is lacking.
Furthermore, the spine continues to mature after Risser 4 and 5. Similar discrepancies have
already been demonstrated by James et al. in 1958 in which in most cases of the studied
x-rays, Risser 5 was not synchronous with the end of the ring maturation [18]. This delayed
maturation, as compared to most of the long bones, may be relevant to better understand
the response of the spine to the increased loads of the adolescent body during the growth
spurt. This topic is nicely displayed in the paper by Sanders et al. (2020) [30]. The authors
explained that the spine continues to grow longer than the lower extremities [30]. Di Meglio
et al. provided similar results in two of their studies, showing differences in yearly height
gain velocity between the trunk and the lower limbs [22,31]. Furthermore, as the pelvis
reflects the lower extremities more, it is clear that the Risser grade is not deeply connected
to the growth of the spine which continues after the lower limb’s growth has ceased [30].
Moreover, it is clear that Risser 1 occurs after the peak height velocity as shown previously
by Di Meglio et al. and in Figure 5 while ring apophysis maturation varies, depending on
spinal level, for each Risser stage [22].
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Finally, inter- and intra-observer reliability of RAM was highly positive, resulting
in a substantial agreement. Nevertheless, many differences between the RAM and other
classifications could be detected. This might be due to the necessity to form age groups of
the subjects.

This study gives an important insight into the maturation of the spine itself, showing
interesting differences between the sexes and different anatomical areas. The area of the
spine in which most common types of idiopathic scoliosis develop appears to mature later
than the rest of the spine. Sharpey’s fibers insert into the ring apophysis and thus anchor the
intervertebral disc to the two adjacent vertebrae [19]. As it is a weak point, this ossification
and fusion process might have important implications for the mechanical stability of
the disc–vertebral body complex of the mid-thoracic and thoraco-lumbar sections at a
time when spinal loading increases rapidly due to the growth spurt [20,21]. This may be
important for understanding the patho-mechanism of idiopathic scoliosis. Furthermore,
around the PHV females appear to have less matured rings if compared to males at the
PHV. As most adolescent spine deformities occur mainly in this period and females have a
less-matured spine, this could partly explain why the onset of these deformities is more
common in females.

This study used an existing CT database to analyze ossification and fusion of the
ring apophysis, obviously, this cannot be used in clinical practice because of radiation
hygiene [32]. We are presently working on the further development of bone-MRIs, a new
radiation-free technique, which uses MRI to create synthetic CT images based on deep-
learning processes [33,34]. Possibly, in the near future, it can also be applied to the scoliotic
spine, providing a true spine-based assessment of spinal maturation per level of the spine
in a patient group that often undergoes MRI scanning as a regular procedure.

5. Conclusions

This study describes the maturation of the ring apophysis as the attachment of the
disc to the vertebral body on CT images and shows that they ossify and fuse later in the
mid-thoracic and thoraco-lumbar spine. Furthermore, related to the timing of their growth
spurt, the female spine appears to be less mature than the male spine.

Author Contributions: Conceptualization, R.M.C., L.C. and S.d.R.; methodology, R.M.C., T.P.C.S. and
M.C.K.; software, P.S., L.C., L.K. and S.d.R.; validation, L.C., M.C.K., L.K., and P.S.; formal analysis,
S.d.R., T.P.C.S. and L.C.; investigation, L.C., L.K. and T.P.C.S.; resources, L.C.; data curation, S.d.R.
and L.C.; writing—original draft preparation, L.C.; writing—review and editing, L.C., M.C.K. and
R.M.C.; visualization, L.C.; supervision, R.M.C., M.C.K. and T.P.C.S.; project administration, R.M.C.,
M.C.K. and T.P.C.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from the EU’s H2020 research and innovation program
under the Marie S. Curie cofound RESCUE grant agreement No 801540.

Institutional Review Board Statement: For the current study, an existing CT scan research database
from one tertiary children’s hospital was used. The Institutional Review Board (IRB) approved an
exemption for patient-informed consent for this retrospective cross-sectional comparative study
(PROTOCOL CODE 19/642 AND DATE OF APPROVAL 8 October 2019).

Informed Consent Statement: As the authors used existing data, informed consent was not necessary.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical and privacy reasons.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Schlösser, T.P.; Shah, S.A.; Reichard, S.J.; Rogers, K.; Vincken, K.L.; Castelein, R.M. Differences in early sagittal plane alignment

between thoracic and lumbar adolescent idiopathic scoliosis. Spine J. 2014, 14, 282–290. [CrossRef]

http://doi.org/10.1016/j.spinee.2013.08.059


J. Clin. Med. 2021, 10, 3217 9 of 10

2. Will, R.E.; Stokes, I.; Qiu, X.; Walker, M.R.; Sanders, J.O. Cobb Angle Progression in Adolescent Scoliosis Begins at the Interverte-
bral Disc. Spine 2009, 34, 2782–2786. [CrossRef]

3. Grivas, T.B.; Vasiliadis, E.; Malakasis, M.; Mouzakis, V.; Segos, D. Intervertebral disc biomechanics in the pathogenesis of
idiopathic scoliosis. Stud. Health Technol. Inform. 2006, 123, 80–83. [PubMed]

4. Castelein, R.M.; Pasha, S.; Cheng, J.C.; Dubousset, J. Idiopathic Scoliosis as a Rotatory Decompensation of the Spine. J. Bone Miner.
Res. 2020, 35, 1850–1857. [CrossRef]

5. Risser, J.C. The Iliac Apophysis:An Invaluable Sign in the Management of Scoliosis. Clin. Orthop. Relat. Res. 1958, 11, 111–119.
6. Vira, S.; Husain, Q.; Jalai, C.; Paul, J.; Poorman, G.W.; Poorman, C.; Yoon, R.S.; Looze, C.; Lonner, B.; Passias, P.G. The

Interobserver and Intraobserver Reliability of the Sanders Classification Versus the Risser Stage. J. Pediatr. Orthop. 2017, 37,
e246–e249. [CrossRef] [PubMed]

7. Li, D.; Cui, J.J.; DeVries, S.; Nicholson, A.D.; Li, E.; Petit, L.; Kahan, J.B.; Sanders, J.O.; Liu, R.W.; Cooperman, D.R.; et al. Humeral
Head Ossification Predicts Peak Height Velocity Timing and Percentage of Growth Remaining in Children. J. Pediatr. Orthop.
2018, 38, e546–e550. [CrossRef] [PubMed]

8. Sanders, J.O.; Khoury, J.G.; Kishan, S.; Browne, R.H.; Mooney, J.F.; Arnold, K.D.; McConnell, S.J.; Bauman, J.A.; Finegold, D.
Predicting Scoliosis Progression from Skeletal Maturity: A Simplified Classification during Adolescence. J. Bone Jt. Surg. Am. Vol.
2008, 90, 540–553. [CrossRef]

9. Modi, H.N.; Modi, C.H.; Suh, S.W.; Yang, J.-H.; Hong, J.-Y. Correlation and comparison of Risser sign versus bone age determi-
nation (TW3) between children with and without scoliosis in Korean population. J. Orthop. Surg. Res. 2009, 4, 36. [CrossRef]
[PubMed]

10. Noordeen, M.H.H.; Haddad, F.S.; Edgar, M.A.; Pringle, J. Spinal Growth and a Histologic Evaluation of the Risser Grade in
Idiopathic Scoliosis. Spine 1999, 24, 535–538. [CrossRef]

11. Schlösser, T.P.; Vincken, K.L.; Attrach, H.; Kuijf, H.J.; Viergever, M.A.; Janssen, M.M.; Castelein, R.M. Quantitative analysis of the
closure pattern of the neurocentral junction as related to preexistent rotation in the normal immature spine. Spine J. 2013, 13,
756–763. [CrossRef]

12. Skórzewska, A.; Grzymisławska, M.; Bruska, M.; Łupicka, J.; Woźniak, W. Ossification of the vertebral column in human foetuses:
Histological and computed tomography studies. Folia Morphol. 2013, 72, 230–238. [CrossRef] [PubMed]

13. Woo, T.D.; Tony, G.; Charran, A.; Lalam, R.; Singh, J.; Tyrrell, P.N.M.; Cassar-Pullicino, V.N. Radiographic morphology of normal
ring apophyses in the immature cervical spine. Skelet. Radiol. 2018, 47, 1221–1228. [CrossRef]

14. Taylor, J.R. Growth of human intervertebral discs and vertebral bodies. J. Anat. 1975, 120, 49–68. [PubMed]
15. Bernick, S.; Cailliet, R.; Levy, B. The Maturation and Aging of the Vertebrae of Marmosets. Spine 1980, 5, 519–524. [CrossRef]

[PubMed]
16. Edelson, J.G.; Nathan, H. Stages in the Natural History of the Vertebral End-Plates. Spine 1988, 13, 21–26. [CrossRef] [PubMed]
17. Melrose, J.; Smith, S.M.; Little, C.; Moore, R.J.; Vernon-Roberts, B.; Fraser, R.D. Recent advances in annular pathobiology provide

insights into rim-lesion mediated intervertebral disc degeneration and potential new approaches to annular repair strategies. Eur.
Spine J. 2008, 17, 1131–1148. [CrossRef]

18. Zaoussis, A.L.; James, J.I.P. The iliac apophysis and the evolution of curves in scoliosis. J. Bone Jt. Surg. Br. Vol. 1958, 40-B, 442–453.
[CrossRef] [PubMed]

19. Uys, A.; Bernitz, H.; Pretorius, S.; Steyn, M. Age estimation from anterior cervical vertebral ring apophysis ossification in South
Africans. Int. J. Leg. Med. 2019, 133, 1935–1948. [CrossRef]

20. Makino, T.; Kaito, T.; Sakai, Y.; Kashii, M.; Yoshikawa, H. Asymmetrical ossification in the epiphyseal ring of patients with
adolescent idiopathic scoliosis. Bone Jt. J. 2016, 98, 666–671. [CrossRef]

21. Cheng, J.; Castelein, R.M.; Chu, W.; Danielsson, A.J.; Dobbs, M.B.; Grivas, T.; Gurnett, C.; Luk, K.D.; Moreau, A.; Newton, P.O.;
et al. Adolescent idiopathic scoliosis. Nat. Rev. Dis. Prim. 2015, 1, 15030. [CrossRef]

22. Dimeglio, A.; Bonnel, F.; Canavese, F. Normal Growth of the Spine and Thorax. Eur. Spine J. 2011, 13–42. [CrossRef]
23. Takeuchi, T.; Abumi, K.; Shono, Y.; Oda, I.; Kaneda, K. Biomechanical Role of the Intervertebral Disc and Costovertebral Joint in

Stability of the Thoracic Spine. Spine 1999, 24, 1414–1420. [CrossRef]
24. Waxenbaum, J.A.; Reddy, V.; Futterman, B.; Williams, C. Anatomy, Back, Intervertebral Discs. In StatPearls [Internet]; StatPearls

Publishing: Treasure Island, FL, USA, 2021.
25. Gerver, W.; De Bruin, R. Growth velocity: A presentation of reference values in Dutch children. Horm. Res. 2003, 60, 181–184.

[CrossRef] [PubMed]
26. Tanner, J.; Davies, P.S. Clinical longitudinal standards for height and height velocity for North American children. J. Pediatr. 1985,

107, 317–329. [CrossRef]
27. Choudhry, M.N.; Ahmad, Z.; Verma, R. Adolescent Idiopathic Scoliosis. Open Orthop. J. 2016, 10, 143–154. [CrossRef] [PubMed]
28. Sanders, J.O.; McConnell, S.J.; Margraf, S.A.; Browne, R.H.; Cooney, T.E.; Finegold, D.N. Maturity Assessment and Curve

Progression in Girls with Idiopathic Scoliosis. J. Bone Jt. Surg. Am. Vol. 2007, 89, 64–73. [CrossRef]
29. Little, D.G.; Sussman, M.D. The Risser Sign. J. Pediatr. Orthop. 1994, 14, 569–575. [CrossRef] [PubMed]
30. Sanders, J.O.; Karbach, L.E.; Cai, X.; Gao, S.; Liu, R.W.; Cooperman, D.R. Height and Extremity-Length Prediction for Healthy

Children Using Age-Based Versus Peak Height Velocity Timing-Based Multipliers. J. Bone Jt. Surg. Am. Vol. 2021, 103, 335–342.
[CrossRef]

http://doi.org/10.1097/BRS.0b013e3181c11853
http://www.ncbi.nlm.nih.gov/pubmed/17108407
http://doi.org/10.1002/jbmr.4137
http://doi.org/10.1097/BPO.0000000000000891
http://www.ncbi.nlm.nih.gov/pubmed/27861212
http://doi.org/10.1097/BPO.0000000000001232
http://www.ncbi.nlm.nih.gov/pubmed/30045360
http://doi.org/10.2106/JBJS.G.00004
http://doi.org/10.1186/1749-799X-4-36
http://www.ncbi.nlm.nih.gov/pubmed/19765319
http://doi.org/10.1097/00007632-199903150-00006
http://doi.org/10.1016/j.spinee.2012.11.057
http://doi.org/10.5603/FM.2013.0038
http://www.ncbi.nlm.nih.gov/pubmed/24068685
http://doi.org/10.1007/s00256-018-2909-5
http://www.ncbi.nlm.nih.gov/pubmed/1184458
http://doi.org/10.1097/00007632-198011000-00006
http://www.ncbi.nlm.nih.gov/pubmed/6781074
http://doi.org/10.1097/00007632-198801000-00006
http://www.ncbi.nlm.nih.gov/pubmed/3381133
http://doi.org/10.1007/s00586-008-0712-z
http://doi.org/10.1302/0301-620X.40B3.442
http://www.ncbi.nlm.nih.gov/pubmed/13575458
http://doi.org/10.1007/s00414-019-02137-7
http://doi.org/10.1302/0301-620X.98B5.37133
http://doi.org/10.1038/nrdp.2015.30
http://doi.org/10.1007/978-3-540-85207-0_2
http://doi.org/10.1097/00007632-199907150-00005
http://doi.org/10.1159/000073230
http://www.ncbi.nlm.nih.gov/pubmed/14530606
http://doi.org/10.1016/S0022-3476(85)80501-1
http://doi.org/10.2174/1874325001610010143
http://www.ncbi.nlm.nih.gov/pubmed/27347243
http://doi.org/10.2106/00004623-200701000-00010
http://doi.org/10.1097/01241398-199409000-00003
http://www.ncbi.nlm.nih.gov/pubmed/7962495
http://doi.org/10.2106/JBJS.20.00040


J. Clin. Med. 2021, 10, 3217 10 of 10

31. DiMeglio, A. Growth in Pediatric Orthopaedics. J. Pediatr. Orthop. 2001, 21, 549–555. [CrossRef]
32. Ron, E. Cancer risks from medical radiation. Health Phys. 2003, 85, 47–59. [CrossRef] [PubMed]
33. Florkow, M.C.; Zijlstra, F.; Willemsen, K.; Maspero, M.; Berg, C.A.T.V.D.; Kerkmeijer, L.G.W.; Castelein, R.M.; Weinans, H.;

Viergever, M.A.; Van Stralen, M.; et al. Deep learning–based MR-to-CT synthesis: The influence of varying gradient echo–based
MR images as input channels. Magn. Reson. Med. 2020, 83, 1429–1441. [CrossRef] [PubMed]

34. Edmondston, S.; Song, S.; Bricknell, R.; Davies, P.; Fersum, K.; Humphries, P.; Wickenden, D.; Singer, K. MRI evaluation of lumbar
spine flexion and extension in asymptomatic individuals. Man. Ther. 2000, 5, 158–164. [CrossRef] [PubMed]

http://doi.org/10.1097/01241398-200107000-00026
http://doi.org/10.1097/00004032-200307000-00011
http://www.ncbi.nlm.nih.gov/pubmed/12852471
http://doi.org/10.1002/mrm.28008
http://www.ncbi.nlm.nih.gov/pubmed/31593328
http://doi.org/10.1054/math.2000.0356
http://www.ncbi.nlm.nih.gov/pubmed/11034886

	Introduction 
	Materials and Methods 
	Study Population 
	CT-Scan Analysis 
	Statistical Analysis 

	Results 
	Study Population 
	Ring Apophysis Maturation 
	Correlation with Other Skeletal Maturity Parameters 

	Discussion 
	Conclusions 
	References

