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ABSTRACT: This study examines spheno-occipital synchondrosis fusion in the modern American population and presents age ranges for foren-
sic use. The sample includes 162 modern individuals aged 5–25 years. The basilar synchondrosis was scored as open, closing, or closed via direct
inspection of the ectocranial site of the suture. Transition analysis was used to determine the average ages at which an individual transitions from
unfused to fusing and from fusing to fused. The maximum likelihood estimates from the transition analysis indicate that females are most likely to
transition from open to closing at 11.4 years and males at 16.5 years. Females transition from closing to closed at 13.7 years and males at 17.4 years.
The probability distributions associated with these maximum likelihood estimates were used to derive age ranges for age estimation purposes. These
results reflect sexual dimorphism in basilar synchondrosis fusion and agree approximately with average age at pubertal onset.

KEYWORDS: forensic science, forensic anthropology, spheno-occipital synchondrosis, basilar suture, skeletal maturation, age estimation,
transition analysis

A great deal of disparity exists in the forensic and biological
literature in terms of fusion ages for the spheno-occipital synchond-
rosis, as well as in research methodologies used to study its fusion
(i.e., dry bone gross morphology, wet bone morphology at autopsy,
bone histology, radiographs, and computed tomography [CT]
scans). The spheno-occipital synchondrosis (i.e., basilar suture) is a
vital contributor to subadult age estimates in that it can provide an
upper or lower age bound depending on its state of fusion. This
information is particularly useful when combined with information
obtained from other epiphyses and the dentition, but in the absence
of supplementary skeletal evidence, the basilar suture is used fre-
quently as a stand-alone age indicator. This study aims to provide
the forensic community with updated standards for basilar sync-
hondrosis fusion in the American population that can be applied
easily in a lab or field setting.

Review of the anatomical and anthropological literature on spheno-
occipital synchondrosis fusion provides little consensus about
the age at which this skeletal maturation indicator fuses. Early
studies suggest complete fusion between 17 and 25 years in
both sexes (1–3). Radiographic (4,5) and histological (6,7) stud-
ies were the first to report sexual dimorphism in fusion age,
with females beginning to fuse between 11 and 14 years and
males between 13 and 16 years. During the past decade,
researchers have begun to use CT scanning technology to exam-
ine basilar suture closure (8–10). Okamoto et al. (8) report
fusion in Japanese females by age 12 and in males by age 13.
Sahni et al. (9) observed fusion in Indian females between 13
and 17 years and in males between 15 and 19 years. A recent

CT study of Arabian Gulf populations reported that females
fuse between 11 and 16 years, and males fuse between 12 and
18 years (10). However, an analysis of modern populations
using direct inspection of the basilar suture endocranially at
autopsy suggested that the basilar synchondrosis is not a good
indicator of age in male cadavers, but that it could be useful in
females (11). The authors argued that age-at-fusion was highly
variable and not a reliable age indicator in skeletal remains.
These results stand out as unusual in the published literature,
possibly because of difficulty in accurately assessing closure
status on autopsy, but this remains unclear.

Standards proposed by Scheuer and Black (12) state that females
fuse between 11 and 13 years and males between 13 and 18 years,
while Gray’s Anatomy (13) gives an estimate of 18–25 for males
and females alike. Scheuer and Black (12) ascertain that spheno-
occipital synchondrosis fusion is related to maturation events that
occur at adolescence and that estimates of 18–25 years are most
certainly overestimates. A suitable illustration of this dilemma
exists in the form of a case summary submitted by Rhine and
Sperry (14), in which a fused spheno-occipital synchondrosis was
used to support an age of 25 years for a missing person. A second
visit to the crime scene yielded additional skeletal remains, and the
initial age estimate came into question. In an effort to account for
the disparity, the authors derived an age range using 24 female
skulls from modern forensic collections. Based on these data, they
noted that fusion can occur as early as 13 in females, with 90% of
females fusing by age 16. The corrected age estimate agreed with
the condition of the rest of the postcranial remains and with the
missing person’s description. Rhine and Sperry (14) point out that
one major problem with the initial estimate was the use of McKern
and Stewart’s (2) standards for males, which overestimate age-at-
death in females because males fuse later than females. Further-
more, an age range assigned to a fused synchondrosis sets the
lower age limit but cannot offer further information about an upper
age limit (14). Bassett et al. (15) reported a similar experience with
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a forensic case whose identity was suspected to be that of a
13-year-old missing black female. Initial inspection of the closed
synchondrosis led them to believe that the individual was over
18 years based on standards in the literature, but the postcranial
skeletal epiphyses were consistent with a younger age. Bassett et al.
point out that this incongruence could have affected the age esti-
mate had there not been a putative identification. Accordingly, the
present study aims to dispel some of the ambiguity that exists
regarding fusion age, scoring methodologies, and sex dimorphism
in the spheno-occipital synchondrosis.

Methods

Sample

The sample for this study consists of 162 individuals between 5
and 25 years of age (100 females, 62 males). Most individuals
(n = 112) are positively identified cases from the Forensic Data
Bank, which is a central database of forensic anthropology cases
from around the United States. A smaller portion of the sample
(n = 50) consists of casework submitted by forensic anthropologists
in response to a call for basilar suture data initiated by the authors
in May 2008. The birth years for individuals in this study range
from the 1950s to the 1990s, and the sample is c. 65% American
White, 22% American Black, 6% Hispanic, 4% mixed (White-His-
panic, White-Black, White-Native American, White-Vietnamese),
and 4% unknown ancestry (the 101% total is because of rounding
to the nearest percent). Individuals with known developmental dis-
eases (e.g., Turner’s syndrome) were not included this study.

Scoring

Most of the cases submitted in response to the call for data were
accompanied by photographs which allowed the researchers to
make an independent assessment of the score. Presumably, the For-
ensic Data Bank cases were scored as described by Moore-Jansen
et al. (16). The following descriptions of scoring encompass this
system and provide additional details in an effort to increase
standardization and minimize observer error. The synchondrosis
should be scored via direct inspection of the ectocranial surface of
skeletonized remains. Direct inspection is the method used most
frequently in forensic anthropology—it is the fastest, most cost-
effective, and does not necessitate an autopsy cut.

The synchondrosis was scored as open ⁄ unfused, closing ⁄ fusing,
or closed ⁄ fused. The unfused suture has a visible gap between the
basilar portion of the occipital and the body of the sphenoid
(Fig. 1). In an unfused synchondrosis, the gap contains no bone,
and there is complete separation between the basilar portion of the

occipital and the adjacent sphenoid. A fusing synchondrosis shows
fusion activity when the gap begins to fill with bone as fusion pro-
ceeds from the endocranial to the ectocranial surface (12), but some
form of hiatus exists in the suture (Figs. 2 and 3). The synchondro-
sis was scored as fused when the gap was completely filled with
bone, and the ectocranial surface between the occipital and sphe-
noid is continuous. Occasionally, a fusion scar may remain at the
site of the fused synchondrosis (Fig. 4), but this scar may remain
in individuals for decades after fusion has occurred. Consequently,
fusion scars at the spheno-occipital synchondrosis should not be
considered a sign of recent fusion and should not be incorporated
into age estimates. Table 1 summarizes the features used to score
the basilar suture and provides a quick reference chart for scoring a
synchondrosis in the laboratory or field.

Statistical Analysis

Transition analysis is used to obtain statistically robust age
ranges that are less sensitive to problems presented by developmen-
tal outliers and sample size constraints than age ranges obtained
using the percentile method (17). Transition analysis addresses
some of the pitfalls associated with developing aging standards,
including age mimicry and sample size limitations (17–19). Konigs-
berg’s Nphases2 program was used for the transition analysis
(available at http://konig.la.utk.edu/nphases2.htm). The program per-
forms probit regression wherein the intercept and slope are con-
verted to the mean and standard deviation, respectively (19).
Nphases provides a maximum likelihood estimate that represents
the average age at which an individual is most likely to transition

FIG. 1—Unfused synchondrosis. Left: the area of interest is demarcated by the white box. Right: enlarged view of synchondrosis. Note the gap between the
sphenoid and basilar portion of the occipital bone.

FIG. 2—Fusing synchondrosis. Sagittal cross-section showing fusion pro-
ceeding from the endocranial to ectocranial surface. Note: This individual
would be scored as fused if scored endocranially.
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from one phase to the next. A cumulative probit model on log age,
or proportional odds model with a probit link, was used for the
transition analysis; this option assigns the same standard deviation
to each transition using a natural log scale. Analyses were run sepa-
rately on males and females to investigate sexual dimorphism, and
ancestries were combined to increase statistical power.

Although it was not possible to measure observer error among
contributors to the Forensic Data Bank, a Spearman’s rank correla-
tion coefficient (rs) was calculated to test the relationship between
age and phase. While this is not a direct test of observer error, a
strong correlation presumably indicates relative consistency in scor-
ing. The rs values were tested for significance using a test statistic
based on the t distribution:

t� ¼ rs

ffiffiffiffiffiffiffiffiffiffiffi
n� 2
p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2

s

p

A Student’s t-statistic was used to evaluate sex differences in
fusion age. The t-statistic was calculated using the maximum likeli-
hood estimates of the transitions and the corresponding standard
errors from the transition ages:

t ¼ �x2 � �x1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
se2

2 þ se2
1

p

Finally, the prediction interval age ranges were checked for accu-
racy against the study sample and against McKern and Stewart’s
Korean War sample (2).

Results

The Spearman’s rank coefficients indicate a strong positive rela-
tionship between age and phase across all groups: rs = 0.624 for
females, 0.744 for males, and 0.629 for the combined sample. The
associated t values are 7.91, 8.63, and 10.23, respectively, all of
which are significant at a = 0.01. Table 2 provides the full range of
variation in the raw data. The earliest age at which fusion is complete
is 13 years in females and 16 years in males. The latest age at which
the suture remains open is 13 years in females and 17 years in males.

Table 3 shows the anti-logged transition ages and the p-value
from the two-tailed t-test for sexual dimorphism. These age ranges
are based on the probability density functions from the transition
analysis. Figure 5 shows the transition distributions summarized in
Table 3; this graph also illustrates the difference between males
and females in transition age. Table 4 gives age ranges based on
the probability distributions depicted in Fig. 5 and Table 3. The
‘‘unfused’’ age limit was derived from the upper bound of the
unfused-fusing transition distribution using +1 and +2 standard
deviations for the 68% and 95% prediction intervals, respectively.
This number gives the oldest age at which an individual is likely
to be unfused. Similarly, the ‘‘fused’’ age limit was derived from
the lower bound of the fusing-fused transition curve, and this gives
the youngest age at which an individual is likely to be fused. The
‘‘fusing’’ age range was derived by combining the two curves and
using the youngest probable age at which fusion commences for
the lower limit and the oldest probable age at which complete
fusion occurs for the upper age limit.

The prediction interval age ranges were checked against the
study sample and against McKern and Stewart’s Korean War sam-
ple (2). For the study sample, the 68% prediction interval correctly
predicts age in 100% of the unfused and fused individuals in the
study sample, but only predicts age correctly in 70% of the fusing
females and 50% of fusing males. On the other hand, the 95% pre-
diction interval predicts age correctly for all of the fusing

TABLE 1—Features used to score the basilar suture. These features should
be scored on the ectocranial surface of clean, dry bone.

Score Description

Unfused ⁄ open Visible gap between the basilar portion of occipital
and the sphenoid

No bone present in gap
Fusing ⁄ closing Synchondrosis beginning to ossify

(proceeding endo- to ectocranially)
The gap is narrowing and becoming filled with bone

Fused ⁄ closed No gap remains between occipital and sphenoid
Occipital and sphenoid are continuous
at the basilar portion

Fusion scar may be present

FIG. 4—Fused synchondrosis with scar. The sphenoid and the basilar
portion of the occipital are a continuous bony segment at the site of the
synchondrosis. The fusion scar is most apparent in the area between the
arrows.

FIG. 3—Fusing synchondrosis. Left: the area of interest is demarcated by the white box. Right: enlarged view of synchondrosis. The gap is narrowing and
becoming filled with bone, especially in the areas indicated by the arrows.
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individuals in this sample. For McKern and Stewart’s sample, both
the 68% and 95% prediction intervals correctly predict age in
100% of the individuals in the sample. A larger and more evenly
distributed number of fusing individuals would likely improve the
prediction rates in the study sample, but in lieu of this, the 95%
prediction intervals can be used to assign age to fusing individuals.
However, the 68% prediction intervals are adequate for assigning
age to unfused and fused individuals, especially if additional age
indicators are available for age estimation.

Discussion

This investigation demonstrates that complete fusion at the basi-
lar synchondrosis occurs well before age 25, and the onset of
fusion corresponds closely with the onset of puberty, with females
beginning fusion c. 4 years before males. Endocrinology and osteo-
logical data suggest that females begin puberty 2–3 years before
males (12,20). The slightly greater sex difference in synchondrosis
closure compared to the onset of puberty could be an artifact of
the sample size and distribution. The male sample contained only
five individuals in the ‘‘fusing’’ stage. However, combining the
fusing individuals with the fused sample and computing a 2-phase
transition analysis gives similar results. Nonetheless, a larger sam-
ple of fusing males would provide for a better evaluation of this
possibility. A second possibility is that this difference is a reflection
of the true amount of sexual dimorphism in basilar suture fusion. If
this scenario is accurate, we may be seeing the effects of a greater

secular trend in early maturation in females than in males. While a
secular trend toward earlier onset of puberty is well documented in
females, inadequate or inconsistent data have made this more diffi-
cult to substantiate in males (21). A study of Greek maturation dur-
ing the 20th century reported a significant decline in maturational
(i.e., menarcheal) age of females but no detectable trend in males
(22). However, earlier onset of epiphyseal union in the medial clav-
icle has been reported for males and females in the U.S. population
(23). In addition, cranial base growth data indicate that the male
cranial base reaches 95% of adult length 2–3 years later than
females (i.e., 15.3 years for males and 12.6 years for females) (24).
Presumably, attainment of adult cranial base length marks the
cessation of growth; as such, these ages are concordant with the
transition ages in the present study, although more so for females
than males.

The basilar suture commences fusion at the endocranial surface,
and fusion proceeds to the ectocranial surface, so it may appear
‘‘closed’’ endocranially but ‘‘closing’’ ectocranially (12). Standards
based on endocranial versus ectocranial evaluation will likely differ.
Furthermore, radiographs and CT scans enable earlier detection of
fusion than gross examination of skeletal material, so standards
based on these data collection procedures should not be applied to
dry bone observations (25–28). Consequently, forensic experts
using the age ranges proposed in this study should score the suture
via direct inspection of the ectocranial surface of cleaned dry bone.

Owing to sample size constraints, ethnic differences could not be
evaluated statistically. Nonetheless, socioeconomic status and level
of modernization are cited more frequently than ethnicity as factors

TABLE 2—Percentage and actual number of individuals in each stage of
fusion for males and females.

Age

Males (n = 62) Females (n = 100)

Open Closing Closed Open Closing Closed

5 100* (2)� 100 (3)
6 100 (1) 100 (2)
7 – – – 100 (2)
8 – – – 100 (1)
9 – – – – – –

10 100 (1) – – 100 (2)
11 100 (1) 67 (2) 33 (1)
12 100 (2) – – –
13 – – – 50 (3) 17 (1) 33 (2)
14 100 (5) 25 (2) 75 (6)
15 100 (3) 10 (1) 90 (9)
16 20 (1) 20 (1) 60 (3) 100 (8)
17 100 (3) 22 (2) 78 (7)
18 100 (5) 100 (7)
19 17 (1) 83 (5) 33 (3) 67 (6)
20 11 (1) 89 (8) 100 (6)
21 50 (1) 50 (1) 100 (4)
22 25 (1) 75 (3) 100 (5)
23 100 (4) 100 (6)
24 100 (5) 100 (4)
25 100 (3) 100 (6)

*Percentage.
�Actual number (n).

TABLE 3—Transition analysis maximum likelihood estimates and transition age ranges based on the probability density functions.

Unfused–Fusing

p-value

Fusing–Fused

p-valueMales Females Males Females

Maximum likelihood estimate 16.5 11.4 <0.0001 17.4 13.7 <0.0001
Standard deviation age range 14.6–18.2 9.5–13.9 – 15.5–19.3 11.3–16.6 –
Standard deviation age range 13.1–20.4 7.8–16.8 – 13.9–21.5 9.3–20.1 –

FIG. 5—Transition distributions. Probability density plot of male and
female transition distributions.
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influencing growth and maturation rates (26,27,29–39). Schmeling
et al. (40) argue that skeletal maturation occurs in stages that are the
same for all ethnic groups; the critical factor causing differences in
ossification rates is the socioeconomic status of a population. Indeed,
regression analysis has shown a positive relationship between ossifi-
cation rates and medical modernization, as well as economic
progress (41,42). The combined race sample used in this study likely
does not pose a critical problem because similar environmental
factors affect the American population as a whole. Nonetheless,
these results should not be generalized to populations outside of the
United States where different growth environments may influence
development and maturation until this potential problem is tested.

Unfortunately, a sufficiently large modern sample was not avail-
able to test the accuracy of the transition age ranges; such a test
would be the next logical step in the endeavor to provide sound
age estimates with associated error rates for the forensic commu-
nity. Consequently, we encourage validation studies of these results
on other modern samples, as well as observer error tests on the
scoring system proposed here. In addition, although it is beyond
the scope of this article, further investigation into additional skeletal
epiphyses may provide insight into the effects of secular change on
skeletal maturation. Finally, an accurate understanding of spheno-
occipital synchondrosis fusion has implications beyond skeletal
aging as the basilar suture plays a critical role in craniofacial
growth (24,43). In that the timing of suture closure is linked to cra-
nial growth trajectories, basilar suture fusion likely accounts for
certain morphological variation in cranial form, as well as for docu-
mented secular changes in the cranium (44,45).
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