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Abstract

Background This study aimed to determine the index of the sacral vertebrae fusion period in children and adoles-
cents to diagnose the lesion around the sacral spine accurately.

Methods Patients aged 0-40 years who underwent computed tomography (CT), including the normal sacrum

for screening abdominal disorders and pan-scan in trauma between 2019 and 2022 were retrospectively exam-
ined. There were 402 eligible sacra (385 patients: 206 women and 179 men). We evaluated bony fusion at six parts
of the sacral vertebrae (anterior or posterior of each intervertebral and both side lateral masses). The predicted prob-
ability of bony fusion obtained from the logistic regression model is depicted graphically by sex.

Results The association between bony fusion in each vertebral segment and age was evaluated using a logistic
regression model with a Huber-White robust sandwich estimator, including the patient as a clustering variable. Bony
fusion of the sacral bodies of S1/52 was slowest, with 80% of patients achieving bony fusion at 28.7 and 24.6 years

of age for men and women, respectively. Compared to men, women exhibited earlier fusion of the intervertebral seg-
ments of the sacral vertebrae; however, no significant difference between the sexes in terms of eventual bony fusion
at the lateral mass was observed, while the initiation of bony fusion occurred earlier in women.

Conclusion The predicted probability of bony fusion could aid pediatricians, orthopedists, radiologists, and other
physicians in understanding the normal development of the sacral spine and accurately differentiating the lesion
around the sacral spine.
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understand the normal development of the sacral spine.
However, most physicians are unfamiliar with the nor-
mal development of this region. Anatomy textbooks note
that the sacral vertebrae are initially formed embryologi-
cally as separate structures [3]. The intervertebral spaces
fuse gradually from the age of 16—18 years, and all the
intervertebral spaces are considered to have fused by 30
years of age [3]. However, in clinical practice, the bony
fusion timing varies even among patients of the same age.
Under the circumstances, references, such as age-specific
normative values of the development, could be helpful
guides for physicians. To date, literature on the anatomi-
cal development of the lumbar spine, sacrum, and pelvis
is extremely limited and small in size [4, 5].

To our knowledge, there are no clear criteria for deter-
mining the progress of bony fusion of the sacral verte-
brae. In this study, we present age-specific normative
values for the bony fusion of the sacral vertebrae, using
computed tomography (CT) images of 402 normal sacral
bones from individuals aged 0—40 years.

Methods
Study design
A retrospective cross-sectional investigation.

Patient selection

The study comprised patients aged 0-40 years that vis-
ited or were transferred to the various departments of
our hospital (e.g., pediatrics, emergency unit, internal
medicine, surgery, and orthopedics) between February
2019 and November 2022. Inclusion criteria were as fol-
lows: cases with a normal sacrum that underwent 1-mm
slice thickness CT scans for screening abdominal dis-
orders and pan-scan in trauma. Patients were excluded
from the study if they had low back pain (LBP), severe
fractures, bone tumors, pelvic inflammatory disease, or
genetic disorders such as Marfan syndrome.

Patient variables

Digital Imaging and Communications in Medicine for-
mat was used to store and read CT scans of 1-mm slice
thickness. Orthopedic surgeons used the volume-render-
ing approach using 3D CT scans to assess bony fusion.
The region of interest for bony fusion was divided into
anterior posterior at the vertebral bodies and both lat-
eral masses, and a score at each of the six locations was
maintained. The fusion criteria by Luis Rios et al. [2] were
used. Briefly, the absence of bony fusion was assigned
value 0; up to 1/3 of the total area, approximately 1/2
and more than 2/3 were assigned the values 1, 2, and 3,
respectively, and complete fusion was assigned the value
4. Assessments were performed by the first examiner
(K.L). To test the intra- and interexaminer reliability, the
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first and second observers (S.N.) assessed the images
obtained from 40 patients.

Statistical analysis

The association between bony fusion in each vertebral
segment and age was evaluated using a logistic regression
model with a Huber—White robust sandwich estimator,
including the patient as a clustering variable. To con-
firm the hypothesis that the association between sacral
fusion and age varies by sex, sex and a two-way interac-
tion term (age * sex) were included in the logistic regres-
sion model. A test of the interaction term confirmed the
modifying effect of sex on the relationship between sacral
fusion and age. The sex-specific predicted probability of
bony fusion obtained from the logistic regression model
is shown graphically. Patient characteristics were sum-
marized using medians and interquartile ranges (IQR) for
continuous variables and frequencies for categorical vari-
ables. Only one case had missing values; therefore, com-
plete data were used for analysis. The significance level
was set at a p-value of <0.05. All p-values were two-sided,
and the significance level was set at a p-value of <0.05.
Analyses were performed using R 4.2.2 (The R Project
for Statistical Computing). Based on the findings of CT,
intra- and interexaminer reliability of the bony fusion
assessments was evaluated using intraclass correlation
coefficients (ICC).

Ethical approval

The Gifu University Graduate School of Medicine Insti-
tutional Review Board has accepted this retrospec-
tive study under study number #2022-175. Moreover,
informed consent was obtained using an opt-out method
disclosed on the Gifu University website. For any partici-
pants under the age of 16, the consent was obtained using
same method from the parents or legal guardians. The
research was conducted following the tenets of the Dec-
laration of Helsinki and its later amendments.

Results
Of all patients who underwent CT scans, 2090 were eli-
gible, and the pelvic regions of 413 of these patients
were included. Of these 413 patients, 13 were scanned
multiple times, which was >1 year apart; five sacra were
scanned twice within a year and were included only once;
and six sacra were excluded because they had apparent
morphologic abnormalities owing to tumors or Marfan
syndrome. Overall, 402 sacra from 385 patients were
used to assess the morphology of the lumbar spine and
sacrum in detail (Fig. 1).

The distribution of 402 sacra was as follows:
0-9-year-olds: 25 cases (6.2%); 10-14-year-olds:
32 cases (8.0%); 15-19-year-olds: 43 cases (10.7%);



Ishizuka et al. BMC Musculoskeletal Disorders (2025) 26:351

Page 3 of 9

February 2019 to November 2022
2090 cases

Number of CT scans patients aged 0—40 years underwent from

Number of CT examinations in which the normal pelvic region was included in the imaging range
413 cases

Patients who have been photographed
twice within a year
N=5

Patients with significant fractures of the sacrum or with
unusual morphology due to Marfan syndrome or tumors
N=6

The number of CT image data
actually used in this study
402 sacrums

Fig. 1 Flow diagram of patient selection. Patients undergoing CT between February 2019 and November 2022 were included. The data of patients
who underwent imaging of the pelvic region were extracted, and 11 patients were excluded. Finally, 402 eligible CT images were included

20-24-year-olds: 57 cases (14.2%); 25—29-year-olds: 67
cases (16.7%); 30—34-year-olds: 70 cases (17.4%); and
35-40-year-olds: 108 cases (26.9%). The median age
was 28 (IQR: 20-35). The detailed distribution of each
age group is shown in Fig. 2.

Bony fusion was generally evaluated at the lateral
mass and vertebral body separately.

Intra- and interexaminer reliabilities were tested by
randomly selecting 40 cases (10% of all cases). To deter-
mine bony fusion, the intraexaminer reliability was ICC
0.94 (95% confidence interval [CI], 0.93-0.94), and the
interexaminer reliability was ICC 0.86 (95% CI, 0.84—
0.88). The degree of fusion was associated with age at
both locations (p-value =0.001). The predicted prob-
ability of sacral fusion (score =4) for age in each lat-
eral mass stratified by sex is shown in Fig. 3a—d. The
line representing 80% of the fusion probability is rep-
resented by a dotted line. The gray zone depicts the
95% CI (Fig. 3e). Most lower vertebrae showed bony
fusion by age 13, with 80% of men and women showing
bony fusion in all vertebrae by age 16 and 15, respec-
tively. The S1 and S2 vertebrae showed the slowest bony
fusion compared with the other vertebrae. Both S2/S3
and S4/S5 bony fusion showed significant differences
between the sexes, with fusion initiating earlier in
women than in men (interaction p-value of <0.001 and
0.006, respectively).

Figure 4a—c demonstrates the bony fusion process of
the anterior surface of the lateral masses, and Fig. 4d—f
depicts the bony fusion process of the posterior surface
of the lateral masses. In all vertebral segments, the age at
the beginning, progress, and completion of bony fusion
were not different between the anterior and posterior
surfaces. Figure 5a—d shows the relationship between
sacral fusion (score =4) and age in the anterior region of
the vertebral body of each vertebral segment, stratified by
sex. The calculated age at which 80% of people attained
bony fusion is shown in Fig. 5e. Cranial intervertebral
spaces above S3/S4 exhibited slower fusion. Results
showed that women attained earlier bony fusion at all
vertebral elevations. In 80% of the patients, bony fusion
was confirmed at the S1/S2 vertebrae at 28.7 and 24.6
years of age for men and women, respectively. The S2/3
vertebrae and lateral masses, the association between age
and bony fusion differed significantly by sex (interaction
p-value =0.022). In S3/S4 vertebrae, there was no differ-
ence in the onset of bony fusion between the sexes; how-
ever, women showed a rapid progression of bony fusion
in the 10-year age group.

Figure 6a—d shows the relationship between sacral
fusion (score =4) and age at the posterior segment of
the vertebral body, stratified by sex. The age at which
80% of people attain bony fusion is shown in Fig. 6e.
Posterior fusion at the S1/S2 vertebrae and the anterior
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Fig. 2 Sex and age distribution of the 402 sacra. This figure depicts the sex and age data for the 402 study patients
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Fig. 3 Predicted probability of sacral fusion by age for each lateral mass. The S1/S2 vertebrae fusion showed the slowest bony fusion progression
compared with the other vertebrae. Significant changes by sex were observed in 52/53 and S4/S5, indicating that the initiation of bony fusion
is earlier in female vertebrae than in male vertebrae (interaction p-values of <0.001 and 0.006, respectively)
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Fig. 4 Predicted probability of sacral fusion by age and lateral mass segment. The process of bony fusion of the anterior surface of the lateral
masses is depicted in a-c, whiled—f illustrates the process of bony fusion of the posterior surface of the lateral masses. In all vertebral segments,
the age at the beginning, progress, and completion of bony fusion remained consistent between the anterior and posterior surfaces
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between intervertebral space and sacral fusion rate, showing that a higher intervertebral space from S3/54 results in slower fusion. It
also demonstrates a significant interaction between age and sex, with women completing bony fusion earlier at the S2/S3 level and in the lateral
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segments. The female group exhibited significantly faster bony fusion progression in the S3/54 vertebrae and anterior vertebral body (p = 0.024)

than male group

vertebrae occurs approximately 10 years of age follow-
ing the bony fusion at S2/S3. A significant interaction
between age and sex was not found for each posterior
vertebral segment. The female group had significantly
faster bony fusion progression at the S3/S4 and in the
anterior vertebral body (p-value =0.024).

Based on the results, representative three-dimen-
sional CT (3D-CT) images of the normal develop-
ment of the sacrum with Risser’s sign [6] are presented
in Fig. 7. In 6-9-year-old males, there was almost no
fusion in any intervertebral space (Fig. 7a). At 10-12
years of age, men had no fusion in any interverte-
bral space with Risser 0 or 1. In contrast, in women,
fusion could be observed in many patients in the
lower intervertebral spaces with Risser 2(Fig. 7b-d).
In 13-15-year-old females, fusion was observed in the
lateral masses of each vertebral intervertebral space
with Risser 3 (Fig. 7e), and at 16—18 years of age, fusion
was seen in the lateral masses of all vertebral interver-
tebral spaces in most patients with Risser 4 (Fig. 7f).
At approximately 25 years of age, most patients of both
sexes exhibited fusion at all intervertebral mass sites
with Risser 5 (Fig. 7g, h).

Discussion

To our knowledge, this is the first study to demonstrate
the age-specific normative values of sacral development
and fusion based on over 400 sacra using 3D-CT. The
present study also shows representative 3D-CT images of
the normal development of the sacrum with Risser’s sign.
Based on the fusion status of the sacrum, it is possible to
predict Risser’s sign to some extent.

Our study also shows the probability of bony fusion at
each site for each age group. It is also shown that in the
S1/S2, the most crucial level in clinical practice, bony
fusion progresses gradually in the front of the vertebral
body and is completed after the age of 25 years. In the
lateral mass, bony fusion progresses rapidly after the age
of 10 years and is completed around 15 years of age.

Some reports investigate the development of primary/
secondary ossification centers using small cases of the
sacrum (anterior and posterior epiphysis and endplate
ring epiphysis) by CT or MRI. The studies reveal that
epiphyses begin to fuse at around the age of 13 and 11
in males and females, respectively, with complete bony
fusion at 16-25 years of age, asymmetry in the progres-
sion of fusion, and the risk of confusion with a fracture in
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Fig. 7 Three-dimensional computed tomography (3D-CT) images depicting normal sacral development with Risser’s sign. At 6-9 years of age,
almost no fusion was observed in any intervertebral space in males. By 10-12 years of age, essentially no fusion was observed in any intervertebral
space in males; however, in females, fusion was observed in many cases in the lower intervertebral spaces. At 13-15 years of age, fusion

was observed in the lateral masses of each vertebral intervertebral space in females, and at 16-18 years of age, fusion was observed in the lateral
masses of all vertebral intervertebral spaces in most patients. At approximately 25 years of age, most patients of both sexes exhibited fusion at all
sites of intervertebral masses
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the state of partial fusion [1, 7-9]. Broome et al. showed
a radiographic description of the postnatal development
anatomy of the sacrum with minor cases of 37 CT images
(X-ray: 63 cases, MRI: 10 cases). They demonstrated that
the ages of fusion are 17-24 years at intervertebral disk
spaces and 11-16 years at the costal process on the S1—
S2 level; 11-22 years and 2—18 years on the S2-S3 level;
8-15 years and 5-18 years on the S3—4 level, respectively.
Our present study investigating 402 sacra from the fusion
period aligns with their results. Cardoso et al. reported
the chronological data on primary and secondary ossifi-
cation centers in dry bones using 191 cases. They showed
the fusion sequence follows a caudal-cranial and ante-
rior—posterior gradient in the primary centers of ossifica-
tion [10].

Meijerman et al. investigated the association between
sex, socioeconomic status, and ethnicity with bony
fusion. They reported the effect of socioeconomic status
on bony fusion of the medial clavicular epiphysis, with
slower fusion in the absence of economic wealth [11].
An earlier bony fusion in the vertebral body in women
has been reported in a previous report, which is con-
sistent with the present study [4, 10]. Reports implicate
estrogens and androgens in skeletal sexual dimorphism
[4]. Females undergo the growth spurt during puberty
approximately two years earlier than males, a difference
that we consider reflected in the earlier completion of
bony fusion. It has also been suggested that the impor-
tance of bipedal walking and weight transfer through the
sacrum influences sacral fusion. Bony fusion does not
occur in paraplegic patients because of the lack of load
on this area [12, 13].

The following reports discuss the impact of insufficient
bony fusion between S1/S2 and lower back pain. Accord-
ing to von Brandis et al, it is important not to mistake
an unfused growth plate for a fracture line when inter-
preting sacral images [12]. Lumbarization is the complete
or incomplete fusion of the upper sacral vertebrae with
the L5 [13]. Previous studies have shown a connection
between insufficient fusion in the transitional vertebrae
and LBP. Vinha et al. found that patients with lumbosa-
cral transitional vertebrae (LSTV) often experience
LBP [14]. Nardo et al. also noted a positive correlation
between type II and LBP [15].

This study found sex-specific differences in the bony
fusion of S2/S3 and S4/S5 lateral masses. Sex-based dif-
ferences in the sacroiliac joint (SIJ) begin at approxi-
mately 14 years of age, with males demonstrating
significant differences from females [14]. In males, the
center of gravity is more anterior to the SIJ, and the load
on the SIJ is greater. Furthermore, S1/S2 and S2/S3 have
significantly deeper curvature in men [15]. These mor-
phological changes might affect bony fusion in their early
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teens. The involvement with racial variation in sacral
kyphosis [16] should be the focus of future investigations.

Our results should be considered alongside several
study limitations. A major limitation was that the sam-
ples were derived from a single ethnic group. Second, the
sample size is a relatively small amount of data, especially
for patients below the age of 10, resulting in a large CI
for that age group. Third, the association between sacral
development and Risser’s sign is not well evaluated due
to the small number of whole pelvic CT images.

Conclusion

We have presented the age-specific normative values and
predicted probability of sacral fusion based on over 400
sacra examinations. This study will help pediatricians,
orthopedic surgeons, radiologists, and other physicians
to better understand sacral development and differentiate
the lesion around the sacral spine.

Abbreviations

@ Confidence intervals

CT  Computed tomography

ICC  Intraclass correlation coefficients
LBP  Low back pain

Sl Sacroiliac joint
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