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ABSTRACT: Thanks to recent advances, computed tomography is now seen as a tool of great value in the field of physical anthropology. In this
study, we focused on the posterior pelvis and the auricular surface and evaluated the accuracy of 3D reconstructions of the auricular surface, using a
methodology derived from a previous study by Lovejoy et al. We also looked for trabecular bone criteria expressing age-related changes. Forty-six
coxal bones were scanned, and scoring of macroscopic criteria showed a good agreement between 3D reconstructions and photographs, especially for
transverse organization (k = 0.90). The changes occurring in the posterior part of the sacropubic trabecular bundle were evaluated on CT reconstruc-
tions via three new criteria, which exhibited a good intra- and inter-observer agreement (k = 0.77–0.89), and were particularly useful in identifying
older subjects. We concluded that these CT-evaluated trabecular bone criteria are promising and yield useful information about age at death.
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Estimating age at death in forensic or paleoanthropological con-
texts remains one of the most challenging goals of physical anthro-
pology. An approach combining multiple methods is often
recommended to provide an accurate estimation (1,2). Among the
different anatomic areas used for this purpose, the posterior pelvis
is a solid bony region involved in the body load transfer supported
by the sacroiliac (SI) joint, where degenerative changes continue
to occur until old age (2,3). The auricular surface, defined as the
subchondral bone of the iliac part of the SI joint, has been used to
develop age at death estimation methods. Lovejoy’s method, pub-
lished in 1985, was the first attempt to use the auricular surface in
estimating age at death (2,3). Typical stages of aging of the auricu-
lar surface were defined and this method is based on comparison of
the specimen to modal stages. Regarded as independent of sex (4),
Lovejoy’s method also has the advantage of using the durable bony
region supporting the auricular surface, which is often recovered in
a paleoanthropological context (5). However, high intra-observer
error and a tendency to overestimate ages of younger adults and
underestimate ages of older individuals have been noted (6–8). To
overcome these limitations, Buckberry and Chamberlain recently
proposed a revised method, using an independent evaluation of each
characteristic and a composite score (9). This method was initially
thought to be promising, but a more recent report suggested that
the results achieved by the authors may have been too optimistic,

and that only three different chronological stages derived from the
composite score can be statistically supported (10). This indepen-
dent scoring is however regarded as easier to apply than the original
method, and may confidently identify older individuals (10).

During the last two decades separating the original from the
revised method, computed tomography (CT) has made major tech-
nological advances, resulting in dramatic improvement of spatial
resolution and real time volume rendering as well as greater avail-
ability. Features of the auricular surface can now be evaluated on
CT-based 3D reconstructions. Such volume rendering technique
(VRT) reconstructions have already been used for sex determina-
tion of mummies (11), using macroscopic criteria previously estab-
lished by Acsadi and Nemeskeri (12) and by Ferembach (13).
More recently, Telmon et al. applied the Suchey-Brooks method to
3D reconstructions of the pubic symphysis and demonstrated simi-
lar accuracy of age at death estimation as with the original method
applied to dry bones (14). In addition to cortical surface findings,
high resolution CT scan also provides trabecular bone details.

On the proximal ends of long bones, trabecular bone shows an
anisometric organization, with distinct bundles, previously used
by Acsadi and Nemeskeri in estimating age at death (12). Coxal
trabecular bone has never previously been used for this purpose.
However, load transfer during the growing phase of the coxal bone
results in a distinctive trabecular architecture, where several bundles
may be distinguished. This relationship between bipedal gait and
the distinctive pattern of human trabecular organization was studied
more than half a century ago by Correnti (15), who identified three
specific trabecular bundles in humans. This author observed an id-
iobadismatic or gait-related system of trabecular organization fea-
turing a sacropubic bundle and an ilioischial bundle, intersecting at
a chiasma. The biomechanical basis of this system has since been
demonstrated (16), and Correnti’s work was used in the nineties to
seek arguments for the bipedal gait of fossil hominoids (17–19).
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We decided to assess the feasibility and accuracy of multislice
CT (MSCT) evaluation of previously reported features of the auric-
ular surface and to look for potentially informative data provided
by trabecular bone analysis, focusing on the sacropubic bundle.

Materials and Methods

Age-related changes in the coxal bone affect both the superficial
cortical bone and the underlying trabecular bone. Therefore, CT
reconstructions of the auricular surface were created to show the
relevance of auricular surface features assessment via CT. Beyond
the cortical bone, we looked for trabecular bone criteria exhibiting
age-related changes. The terminology used to describe the auricular
surface is that of Lovejoy et al. (1) and Buckberry and Chamber-
lain (9).

Bone Collection and MSCT

We used a sample of 46 coxal bones comprising 14 female and
32 male individuals, belonging to a forensic collection. This foren-
sic collection of known sex and age, elaborated during previous
decades, belonged to a French University Hospital. The demo-
graphic structure of the reference sample is displayed on a histo-
gram (Fig. 1). All specimens were scanned at 140 kV ⁄ 200 mAs
using a 16-detector scanner (Somatom Sensation 16; Siemens Med-
ical Solutions, Erlangen, Germany) with 0.6 mm slice thickness.
Overlapping slices were obtained using a bone reconstruction
algorithm (B80) and used to create multiplanar (MPR) and VRT
reconstructions on an Advantage Window� workstation (GE, Mil-
waukee). MPR views (0.6 mm slice thickness, 0.3 mm overlap)
were aligned perpendicularly to the axis of each demiface of the
auricular surface for examination of the trabecular bone. The trans-
fer function used to create the VRT reconstructions assigned a total
opacity for all attenuations exceeding )600 HU. This threshold

was determined experimentally as a compromise between inclusion
of all bone voxels and avoidance of artifacts. For comparison, digi-
tal images of every specimen were also obtained from the same
angle and with tangential lighting.

Macroscopic Criteria

Macroscopic criteria were scored independently using a three-
stage scale. These criteria were transverse organization, macro-
porosity, and apical activity. The stages are described in Table 1.

Macroporosity was defined as cortical perforation greater than
1 mm in diameter, exposing the cancellous bone. Care was taken
to differentiate macroporosity from postmortem damage and from
nutrient foramina. Transverse organization is a young feature, refer-
ring to a pattern of radial striae running perpendicularly to the axis
of each demiface from one margin of the auricular surface to the
other (Fig. 2). At the apex, degenerative changes were scored as
three different stages of apical activity, the contour becoming
smooth, and associated with osteophytic growth (lipping) with
aging.

Other criteria previously used by Lovejoy et al. (1) and Buckberry
and Chamberlain (9) were considered potentially informative, but
were excluded after preliminary analyses of the 3D reconstructions.
With regard to surface texture, the grain of the surface has to be
highly simplified to be reproducible: as finely granular, coarsely
granular, and dense bone are poorly distinguishable on 3D
reconstructions, the surface texture as seen in 3D reconstruction was
not sufficiently informative. Microporosity was not seen due to
volume averaging effect.

Trabecular Bone Criteria

The trabecular bone criteria used were:
The sacropubic bundle, beneath the auricular surface cortex, was

identified on MPR reconstructions as a linear organization of tra-
becular cells, aligned downward and forward from the auricular
surface to the pubis. This bundle, obvious in young specimens
(Figs. 3a and 3b) was not visible in older subjects (Figs. 4a and
4b). Visualization of the posterior part of the sacropubic bundle
concentrated on the central line of the bundle and trabecular cells
in contact with this line, called juxtalinear cells. The sacropubic
bundle and its components correspond to the bundle previously
described by Macchiarelli et al. (17).

The central line was followed from the posterior tip of the infe-
rior demiface to the apex, where the bundle took a more vertical
course, parallel to the iliac cortex in front of the great sciatic notch.
Depending on its integrity, the central line was scored as continu-
ous, discontinuous or absent. Juxtalinear cells are in direct contact
with the central line and are aligned in the same direction. TheseFIG. 1—Demographic structure of the sample, by decades.

TABLE 1—Macroscopic criteria of age at death: scoring.

Criteria Definition Stages Score

Transverse
organization

Striae or billowing transversally
running from the medial to the
lateral margins of the auricular
surface

No organization ⁄ A few isolated striae Absent
Moderate organization ⁄ organization affecting only one demiface Moderate
Obvious organization, affecting both demifaces Marked

Macroporosity Holes or defect greater than
1 mm in auricular surface

No porosity Absent
Porosity affecting one demiface, or very limited porosity affecting
both demifaces

Moderate

Extensive porosity affecting both demifaces Marked
Apical activity Irregularity, lipping, dull rim Apex sharp, distinct, no degenerative changes Absent

Intermediate form, moderate lipping with distinct and smooth margin Moderate
Irregularity of contour, dull rim, marked lipping Marked
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cells are wider than the surrounding ones, a feature clearly distinct
in younger individuals. Visualization of the juxtalinear cells was
scored as absent or present. On CT images of younger individuals,
trabecular bone attenuation is more marked below the bundle than
above it. This results in an attenuation gradient, probably related to
the diameter and number of cells, but also to trabecular thickness.
This gradient tends to disappear with aging, and its visualization
was scored on a three stage scale (Table 2).

Study Method and Statistical Analysis

The scoring system was used by a first observer to perform two
evaluations at a 3-week interval, while a third evaluation was

performed by another observer. Descriptive statistics and statistical
analysis were performed with SAS ⁄ STAT� software (SAS Institute
Inc., Cary, NC). Due to the small size of the sample, the Kruskal–
Wallis test (nonparametric test) was used for statistical analysis.
Cohen’s kappa nonparametric test was used to assess intra-observer
and inter-observer agreement as well as ‘‘intermodality’’ agreement.

Results

Accuracy and significance as well as reproducibility are shown
in Tables 3, 4, and 5. The boxplots are a convenient way of graphi-
cally depicting the accuracy of the different features and allow
immediate perception of the potential overlap of different stages
(Figs. 5a–f). Main results and their interpretation are exposed in the
following discussion.

Discussion

Thanks to recent technological advances, MSCT is expected to
be an extremely valuable tool in the field of physical anthropology.
Because of the great ‘‘natural’’ contrast of bone, CT can be used to
transpose previously tested macroscopic features to 3D reconstruc-
tions when attempting to estimate age at death. However, its ability
to provide relevant information from the trabecular bone should not
be overlooked.

Of the different 3D criteria evaluated in this study, transverse
organization is a young feature, allowing confident identification of
specimens under 40 when it is present and marked on both demi-
faces. This result is in agreement with the conclusion reported by
Lovejoy et al. (3). This feature demonstrated good intra- and inter-
observer agreement (k = 0.82) and also good agreement between
image-based and 3D-based evaluations (k = 0.90). In this study, the
evaluation of porosity of the surface, corresponding to macroporo-
sity in the original study by Lovejoy et al., provided interesting
information. Due to spatial resolution limitations, partial volume
artifact results in false positive macroporosity, occurring when the
cortical bone is so thin that its voxel densities are lower than the
threshold selected for the VRT transfer function (in this study
)600 HU). However, we demonstrated good agreement between
VRT reconstructions and photos (k = 0.73). It is likely that true
porosity as observed macroscopically and a false-positive 3D
artifact secondary to a very thin cortical surface are close

(a) (b)

FIG. 3—Trabecular bone architecture: young subject. (a) Central line and juxtalinear cells of the sacropubic bundle are well visualized. (b) Attenuation
gradient below and above the central line is clearly seen.

FIG. 2—Transverse organization: radial striae as depicted on VRT
reconstructions.
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chronological stages in the aging process. As expected, apical activ-
ity concorded well in photos and VRT reconstructions, and showed
marked overlap between moderate and advanced stages.

On the basis of these findings, we conclude that spatial resolu-
tion issues still remain a drawback of CT evaluation of the auricu-
lar surface: some subtle macroscopic criteria are invisible.

TABLE 2—Trabecular bone criteria: scoring.

Criteria Definition Stages and Score

Sacropubic bundle: central line Definite line at the center of the sacropubic trabecular
bundle. Running from the superior margin of the inferior
demiface toward the pubic region

Continuous: visible all along the
auricular surface

Discontinuous
Absent

Sacropubic bundle: juxtalinear cells Rectangular or ovoid cells in contact with the central line,
with a great axis parallel to the line

Present
Absent: nonvisible

Attenuation gradient Increased attenuation of the trabecular bone below the
sacropubic bundle, in comparison with the area
immediately above it

Marked: obvious
Moderate: subtle attenuation difference
Absent

(a) (b)

FIG. 4—Trabecular bone architecture: older subject. (a) Central line and juxtalinear cells of the sacropubic bundle are not visible. (b) Trabecular cells
are wider, of equal size, and no gradient can be highlighted.

TABLE 3—Age estimation from macroscopic criteria: 3D reconstructions. Mean, standard deviation, minimum and maximum age, and statistical analysis.

Criteria Stage n Mean SD Minimum Maximum

Kruskal–Wallis Test

v2 p

Transverse organization Marked 9 33.67 12.46 24.00 65.00 14.94 0.0006
Moderate 13 47.62 14.20 32.00 75.00

Absent 24 57.46 13.77 34.00 84.00
Macroporosity Absent 12 37.00 13.25 24.00 65.00 13.90 0.0010

Moderate 21 49.81 11.16 32.00 68.00
Marked 13 62.38 16.80 32.00 84.00

Apical activity Absent 11 35.36 10.42 24.00 59.00 14.41 0.0007
Moderate 21 51.52 14.39 32.00 75.00
Marked 14 59.29 15.17 32.00 84.00

TABLE 4—Age estimation from trabecular bone criteria. Mean, standard deviation, minimum and maximum age, and statistical analysis.

Criteria Stage n Mean SD Minimum Maximum

Kruskal–Wallis
Test

v2 p

Visualization of the sacropubic bundle: central line Continuous 9 37.89 9.47 28.00 57.00 13.61 0.0011
Discontinuous 20 46.00 14.50 24.00 75.00

Absent 17 61.18 14.48 34.00 84.00
Visualization of the sacropubic bundle: juxtalinear cells Present 28 42.43 13.36 24.00 75.00 14.95 0.0001

Absent 18 61.83 13.03 43.00 84.00
Attenuation gradient Marked 9 37.67 11.84 28.00 59.00 13.22 0.0013

Moderate 12 42.67 12.87 24.00 65.00
Absent 25 58.00 14.82 32.00 84.00
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However, even if CT evaluation does not have analytical advanta-
ges over gross observation of dry bones, certain auricular surface
features can be accurately assessed with CT. The relevant features
are included in a digital data set, allowing an easy archival for later
analysis. Moreover, partial analysis of the auricular surface via CT

may be useful when working on fleshed bodies when disarticula-
tion and maceration would be complicated.

Beyond the transposition of macroscopic methodology, the thin
CT slices (0.6 mm) gave us the opportunity to seek and evaluate
aging criteria using the trabecular bone. Acsadi and Nemeskeri pre-
viously used plain radiography of thin histological slices to describe
six typical aging stages of the trabecular architecture of the proxi-
mal femur and humerus (12). The approach described by Acsadi
and Nemeskeri has been applied to the coxal bone, which displays
a distinctive architecture of bundles which is related to human bipe-
dal gait. However, almost four decades ago when these authors
developed their method based on plain radiography of histological
slices, analysis of trabecular architecture required long and destruc-
tive preparation. Nowadays, instant and noninvasive access to tra-
becular bone is provided by thin slice CT studies. Among the
various components of Correnti’s idiobadismatic system, we chose
to describe the aging process affecting the posterior part of the

TABLE 5—Inter-observer and intra-observer variability.

Criteria
Intra-Observer

Agreement
Inter-Observer

Agreement
Agreement Between

c3D and Photos

Transverse organization 0.82 0.82 0.90
Macroporosity 0.83 0.65 0.73
Apical activity 0.93 0.93 0.63
Central line 0.89 0.82 NA
Juxtalinear cells 0.77 0.77 NA
Attenuation gradient 0.89 0.85 NA

Cohen’s kappa coefficient.
NA, not applicable.

(a) (b)

(c) (d)

(e) (f)

FIG. 5—Boxplots: (a) Transverse organization. (b) Macroporosity. (c) Apical activity. (d) Central line of the sacropubic bundle. (e) Juxtalinear cells.
(f) Attenuation gradient. Box represents interquartile range, black horizontal line represents median, and t-bars represent extremes.
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sacropubic bundle, which undergoes degenerative changes resulting
in loss of visualization.

The integrity of the sacropubic bundle was related to the visibil-
ity of central line and juxtalinear cells of the bundle. These two
features were modified with age: the association of a continuous
line with visible juxtalinear cells presents almost no overlap with
an absent central line and absent cells. Therefore, we found that
the absence of visibility of the sacropubic bundle reliably identi-
fied subjects aged over 50 years old. This study highlights an
attenuation difference of the cancellous bone on both sides of the
bundle: the attenuation is more pronounced below the sacropubic
bundle. This gradient is a young feature and an absent gradient is
also associated with ages older than 45. A visual evaluation of the
gradient has been chosen and it could be suggested that the appli-
cation of an attenuation measurement in a region of interest (ROI)
on CT might have been more objective. However, changes in yel-
low marrow fat content in the elderly are a cause of reproducibil-
ity bias in quantitative CT evaluation of osteoporosis. Moreover,
the fatty content of the cells is progressively replaced by air after
death, which may result in greater attenuation variability. Intra-
and inter-observer agreement were good for evaluation of the gra-
dient (k = 0.89 and k = 0.85), which supports the choice of a
visual evaluation.

This study has several limitations, mainly because the sample
was small and the genders were not equally represented. With such
a limited sample, highlighting sex differences in age-related
changes was not possible. Such differences are unlikely regarding
the features evaluated on 3D reconstructions, as sexual indepen-
dence has been demonstrated in several macroscopic series
(4,9,20). Nonetheless, bone mineral density is affected by calcium
intake and is known to decrease faster in postmenopausal women,
resulting in a threefold higher fracture incidence. Therefore, the
architecture of the trabecular bone and the sacropubic bundle are
likely to undergo sex-related differences.

For the purpose of estimating age at death, some subtle features
seen on gross analysis cannot be assessed on CT evaluation. How-
ever, virtual scoring of several macroscopic criteria can confidently
be performed using MSCT VRT reconstructions, and the same set
of data can provide relevant information from the analysis of the
trabecular bone. The results achieved here with 16 channels CT are
likely to be outstripped by the better resolution of the more recent
CT scanners. One of the most interesting perspectives is the possi-
bility of applying this method to trabecular bone in the context of
virtual autopsy or in vivo. Segmentation of the 3D volume allows
virtual dislocation of the joint, which is quick and easy for a true
diarthrosis, for example the coxofemoral joint. However, in the
present state of the art, this is not feasible within an acceptable
scan time for the SI joint. Utilizing the advantages of picture
archiving and communication systems (PACS) for medical imag-
ing, anthropologic or forensic CT images are easy to store and to
transfer, a feature useful in the victim identification process (21).
Eventually, a database of CT scans of various bones of known sex
and age may be created and take its place in a larger virtual anthro-
pologic library.
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