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ABSTRACT: This study assesses the predictive value of anterior sacral curvature for sex estimation from skeletonized remains. Sacra from a
sample of 125 American adults of known age and sex were examined. Nine measurements describing anterior sacral curvature were used in the anal-
ysis. Statistical treatment of the data included univariate statistics and discriminant function analysis for sex classification. A bootstrap validation
method was employed to assess the classification error rates. Sacral curvature was significantly greater in men than in women at the level of the
S2–S3 and S3–S4 articulations (p < 0.05). Correct classification estimates for the discriminant function range from 66–72%. Although sexually
dimorphic, metric observations of sacral curvature are not as reliable at predicting sex as other skeletal elements. Anterior sacral curvature should
only be used for sex estimation in the absence of other, more reliable, indicators.
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Estimation of sex from skeletal remains for identification pur-
poses is frequently required in forensic casework and paleodemo-
graphic research. For over a century, it has been reported that the
sacrum is more curved in men than in women (1,2). Reduced
sacral curvature, along with posterior angulation of the sacrum,
serves to enlarge the female pelvic outlet for childbirth (3) and
may therefore be a reliable indicator of sex. Several methods for
assessing sex based on, or including, anterior sacral curvature have
been developed but have yielded varying results (4–9). Trotter (4)
molded a lead strip along the median longitudinal curve of the
sacrum to compare modern American male and female averages.
She concluded that, although the curvature in men tended to be
greater than in women, the sexual dimorphism was not marked.
Stradalova (6), however, has shown that the maximum depth of the
sacral curvature and curved length of the sacrum differ significantly
between men and women in an Eastern European sample. Huffman
and Hunt (9) also examined sexual dimorphism of maximum sacral
curvature depth but concluded that depth alone is not a reliable sex
discriminator.

The aim of this research was to provide a discriminant model
for estimating sex from measurements of the anterior sacral curva-
ture. Instead of examining maximum depth or curved lengths as
other studies have described (4–9), this study quantitatively
describes sacral curvature using depth and length measurements to
each sacral segmental articulation taken along the anterior height.
An American sample was utilized for development and testing of
the discriminant function. The bootstrap method was used in con-
junction with discriminant analysis to simulate additional samples
to test the classification error rate of the function.

Materials and Methods

The sample used in the analysis was provided by the Hamann–
Todd skeletal collection of the Cleveland Museum of Natural His-
tory. Sacra of 125 individuals were measured, 59 of which were
women and 66 men, with roughly half of each designated as Amer-
ican blacks and whites. Individuals were of known age and sex.
Data collection was limited to complete sacra with five segments.
Sacra that exhibited pathology or where pathology was noted in the
case record were omitted from the sample. Individuals included in
the investigation ranged between 18 and 82 years of age with a
mean age of 38 and median age of 33.

Nine dimensions were measured on each sacrum to the nearest
millimeter (Fig. 1). All of the measurements were taken by one
observer. A test of intra-observer error calculated as
[(M1)M2) ⁄M1]*100 yielded an error rate of 1.1%. This error rate
is sufficiently low to avoid misallocation of sex using metric tech-
niques (10). Anterior height of the sacrum was taken in the manner
described by Moore-Jansen et al. (11). Additionally, four sacral
depths and four fractions of the sacral height were measured from
the midline of the anterior sacrum in the position of the anterior
height using a small coordinate caliper. These measurements were
taken after Moore-Jansen and Plochocki (12). Depths of the sacral
curvature were recorded at the articulation of each sacral segment.
Sacral fractions were recorded as the distance from the sacral
promontory to each sacral segmental articulation (e.g., the first
sacral fraction would be the distance along the anterior height of
the sacrum from the promontory to the articulation of S1 and S2).

Because the sample included individuals designated as African
American or European American, a general linear model (GLM)
was used to test for a significant sex and population interaction.
Such an interaction could reduce the discriminating power of the
discriminant function and would suggest that variability related to
sex is not independent from variability related to population
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affiliation. It would further suggest that population affiliation should
be considered in the application of the discriminant function.

Independent sample t-tests were used to assess the sexual dimor-
phism of each variable in the study and the potential for the use of
univariate statistics for sex determination. Discriminant function
analysis was employed to provide a model for predicting sex based
on multiple measurements of sacral curvature. One function was
generated from all of the variables in the sample. A second function
was generated using a stepwise procedure that selects a subset of the
variables that have the greatest discriminating power based on the
largest F ratio. Within-group scatterplot matrices were examined
prior to the analyses to ensure that there was no gross inequality of
the covariance matrices, an assumption of the discriminant analysis.

One drawback of discriminant analysis is that it is difficult to
assess the reliability of the functions. The classification results pro-
vided by the analysis are generally overly optimistic because they
reflect how well the function can discriminate using the cases from
the dataset on which it is based. The functions will not perform as
well on cases from the actual population unless the parameters of
the sample are identical to those of the population. In forensic
anthropology, this is a problematic assumption to make.

To further assess classification error, a bootstrap method was
used (13). Bootstrapping is frequently employed to assess classifica-
tion error rates in the biological sciences and is similar to cross-
validation in that it reduces classification bias and error classifica-
tion variability (14–16). It has been demonstrated that the standard
deviation of estimated statistics from bootstrapped samples are
roughly equal to the standard error of an estimated statistic drawn
with repeated sampling without replacement from the actual popu-
lation (17). While other methods for assessing classification error
like jackknifing and cross-validation reduce the bias of the

classification results, their results tend to be highly variable (13).
The bootstrap method employed here is an extension of the cross-
validation method that reduces the variability by resampling many
times with replacement.

The original sample was bootstrapped 100 times. During the
bootstrapping process, each bootstrapped sample was randomly split
into two subsamples by way of a weight variable that randomly
selected roughly 64% of the cases. The larger subsample, or train-
ing sample, was kept the same size as the original sample
(n = 125). Because the training sample was formed through resam-
pling with replacement, there is a very strong likelihood that it will
contain duplicates of many cases while omitting others. The unse-
lected cases of each bootstrapped training sample were used to
form the test sample. The discriminant function was then created
from the learning sample and tested on the test sample. The classi-
fication results for each trial were recorded and used to calculate a
weighted mean of the percentage of correctly classified cases for
the learning and test samples combined. The mean was weighted
posteriorly by the most probable percentage of sample size divi-
sion, 0.632 for the learning and 0.328 for the test sample.

Results

The sample used in this analysis included individuals with two
population affiliations, American blacks and American whites. To
test for a significant interaction between population affiliation and
sex that could confound further analyses, a GLM test was
employed. The multivariate GLM test for sex and population inter-
action using all variables in the study was not significant
(p > 0.05). Univariate results indicate that no single variable exhib-
ited a sex–population interaction (p > 0.05). These statistical treat-
ments suggest variability related to sex is largely independent of
variability related to population affiliation. Following these results,
all subsequent analyses were performed with the African American
and European American samples pooled.

Results of the independent sample t-test for sex differences are
displayed in Table 1. Anterior height of the sacrum and sacral frac-
tions were similar in men and women with the exception of the
first sacral fraction. The length from the sacral promontory to the
S1–S2 articulation taken along the sacral height was significantly
larger in men (p < 0.05). The depth of the sacral curvature was
also larger in men. On average, sacral curvature depths at each seg-
mental articulation were 11.8% greater in men than in women.
Sacral depths at S2–S3 and S3–S4 were significantly greater in
men in comparison with women (p < 0.05). The maximum depth
occurred at the S2–S3 articulation. This depth was 2.8 mm larger
on average in men (p < 0.01).

One discriminant function for sex classification was derived from
the pooled sample using all the variables in the study (Table 2).
The squared canonical correlation of the discriminant function,
although significant, was low (0.490, p < 0.01). A second function
was generated using a stepwise procedure (Table 3). This method
selected the sacral fractions to the S1–S2 and S4–S5 articulations
and the sacral depths at the S2–S3 and S3–S4 articulations as the
most discriminating variables for sex estimation. However, the step-
wise function failed to improve the canonical correlation (0.469,
p < 0.05). Canonical correlations from the stepwise model indicate
that most of the morphological variation of the sacral curvature
related to sex is attributable to the vertical height from the promon-
tory to the first and last sacral segmental articulations and the depth
of the middle portion of the curvature.

Classification percentages of the discriminant functions are
shown in Table 4. These are used to compare predicted group

FIG. 1—Measurements of sacral curvature. 1: Anterior height of the
sacrum; 2–5: fractions of sacral height taken from the sacral promontory to
the articulation of each sacral segment; 6–9: sacral depths at the articula-
tion of each sacral segment.
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membership to actual group membership to assess the adequacy of
the functions. Classification percentages from the original models
and from the bootstrapping method of validation are shown. The
bootstrap-weighted means provide a method for more rigorously
assessing the robusticity of the function as they more accurately
reflect the likelihood of successful classification of new cases from
the population. Bootstrap-weighted mean percentages of correctly
classified cases for the function using all nine variables show that
69.8% of men and 70.2% of women were classified correctly. For
the stepwise model, these percentages dropped to 66.3% for men
and 69.4% for women.

Discussion

Warren’s observation in 1897 that sacral curvature differs
between the sexes is correct (1). The depth of the sacral curvature

is significantly greater in men at the articulation of S2–S3 and S3–
S4. The greatest sacral curvature depth was consistently located at
the level of the S2–S3 junction in both men and women. The first
sacral fraction from the promontory to the S1–S2 articulation along
the anterior height of the sacrum was also significantly dimorphic
between the sexes. The lengthened first sacral fraction in men rela-
tive to women may explain the lack of difference between the
sexes in anterior height of the sacrum despite a greater curvature in
men. Increased curvature should reduce the anterior height, but
does not, as indicated by comparisons both between sexes and
within sexes (6). By significantly increasing the vertical distance to
the S1–S2 articulation while maintaining a comparable sacral depth
to women at that anatomical level, the anterior height of the male
sacrum would remain similar to that of women despite having a
greater sacral curvature and similar sacral fractions distal to S2.

The use of any one sacral dimension as a univariate statistic for
sex assessment is not recommended. Although several sacral
dimensions differed significantly by sex, there is substantial varia-
tion around the mean for each variable, as indicated by the large
standard deviations. The degree of overlap in the range of variation
is sufficiently large that an accurate determination of sex from an
unidentified specimen cannot be made with statistical confidence.
This problem was not overcome using multivariate statistics. The
discriminant function analysis demonstrated that measurements
describing sacral curvature can be used to estimate sex with only
moderate accuracy. Sex was correctly assigned for 68.9% of cases
using bootstrap validation. The canonical correlations derived from
each function were also small, suggesting variation attributable to
sex explains only a portion of variation in sacral curvature. As
more reliable methods exist for the estimation of sex from other
skeletal elements (18), the discriminant function described here
should only be used in the absence of more dependable skeletal
indicators of sex. Caution is also warranted when applying the
function to archaeological specimens or specimens from other pop-
ulations as the function is untested in other samples.

The primary difficulty in using the sacrum for sex determination
is that sacral morphology is highly variable (5,19,20). Based on the

TABLE 2—Discriminant function analysis of all sacral variables.

Variable
Unstandardized

Coefficients

Anterior height 0.027
Sacral fraction at S1–S2 0.307
Sacral fraction at S2–S3 0.164
Sacral fraction at S3–S4 )0.085
Sacral fraction at S4–S5 )0.124
Sacral depth at S1–S2 0.000
Sacral depth at S2–S3 0.037
Sacral depth at S3–S4 0.204
Sacral depth at S4–S5 )0.302
Constant )3.269
Female centroid )0.538
Male centroid 0.538
Eigenvalue 0.316
Canonical correlation 0.490
Wilks’ lambda significance <0.01

TABLE 3—Stepwise selection of variables for sex discrimination.

Variable
Unstandardized

Coefficients

Sacral fraction at S1–S2 0.365
Sacral fraction at S4–S5 0.233
Sacral depth at S2–S3 )0.312
Sacral depth at S3–S4 )0.091
Constant )1.981
Female centroid )0.551
Male centroid 0.551
Eigenvalue 0.282
Canonical correlation 0.469
Wilks’ lambda significance <0.01

TABLE 4—Correct classification results of the discriminant function.

Model Classification Type

Percent Correctly Classified

Males Females Total

All variables Original 70.0 72.7 71.3
Bootstrap-weighted
mean

69.8 70.2 70.0

Stepwise Original 72.5 72.7 72.6
Bootstrap-weighted
mean

66.3 69.4 67.8

TABLE 1—Independent samples t-test for sex differences in sacral variables*,�.

Variable Males Females % Difference p (t-test)

Anterior height 98.3 € 10.03 100.1 € 8.00 )1.83 N.S.
Sacral fraction at S1–S2 26.9 € 3.01 25.5 € 3.19 5.20 < 0.05
Sacral fraction at S2–S3 51.9 € 5.01 51.5 € 3.85 0.77 N.S.
Sacral fraction at S3–S4 71.1 € 6.26 71.7 € 5.25 )0.84 N.S.
Sacral fraction at S4–S5 87.9 € 8.02 89.3 € 6.52 )1.59 N.S.
Sacral depth at S1–S2 12.1 € 4.89 10.5 € 4.44 13.22 N.S.
Sacral depth at S2–S3 19.1 € 6.58 16.3 € 5.84 14.66 < 0.05
Sacral depth at S3–S4 18.5 € 5.33 15.8 € 5.22 14.60 < 0.01
Sacral depth at S4–S5 10.4 € 2.42 9.9 € 2.76 4.81 N.S.

*Means are shown with standard deviations.
�Measurements are in millimeters.
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canonical correlations from this analysis, variation from sexual
dimorphism contributed to less than half of the variation observed
in the measurements describing anterior sacral curvature. Other
sources of variation may include mechanical factors, dietary defi-
ciencies, skeletal disease, and age-related changes (20–22). Methods
for sex determination using the sacrum should therefore be
employed with caution.
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