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ABSTRACT: A method is presented for the numerical analysis of
sex differences in size and shape of the proximal humeral outlines
using elliptical Fourier functions (EFFs). A skeletal sample consist-
ing of right and left humeri pairs of 69 individuals, 36 males and 33
females, was used. The proximal superior view in the plane of the
proximo-distal axis of each humerus was photographed and then 54
boundary points were located on the two-dinensional outline trac-
ings. These points were digitized and used to compute EFFs with 27
harmonics. From the EFFs, a set of expected points on the proximal
humeral outline was generated using the centroid as an origin. Su-
perimposition of the male and female outlines on this centroid pro-
vided a detailed picture of the relative sex differences in size and
shape with respect to that center.

The bounded area of the proximal humeral outline showed statis-
tically significant sex differences. Additionally, statistical results of
the amplitudes derived from the “area-standardized” EFFs and vi-
sual assessments of the mean outline plots indicated significant sex
differences in shape of the proximal humeral outlines. Focusing on
localized regional differences, the greater tubercle was located more
postero-medially and the lesser tubercle was located more anteriorly
in the males compared to the females. Sex determinations from the
proximal humeri were also examined with discriminant functions
based on the amplitudes, which represent shape characteristics of
the outline, and the bounded area. Using a cross-validation method,
predictions of the percentages of cases correctly classified with the
discriminant functions were ranged from 92.8% to 95.7% for the
right and left humeral data. These results suggest that differences in
size and shape of the proximal humeral outlines may be better pre-
dictors of sex when compared with conventional measurements of
the humerus.

KEYWORDS: forensic science, human morphology, photogram-
metry, Japanese, sexual dimorphism, discriminant function analysis

Many parts of the human skeleton show remarkable sexual di-
morphism. Sex differences in the skeletal motrphology have been
studied by many investigators focusing on the assessment of sex in
unidentified skeletal remains. In many cases, particularly those in-
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volving an intact cranium and pelvis, qualitative morphological ob-
servations may be sufficient for accurate sex identification (1). Re-
cently, multivariate statistical techniques such as discriminant
function analysis have been widely used for sex determinations.
Although with a somewhat lower accuracy, sex has been quantita-
tively determined with discriminant functions based on diverse
skeletal regions. These included the calcaneus and talus (2); pelvis
(3.,4); tibia (5,6); radius and ulna (1); and femur (7,8). The mea-
surements employed in the above discriminant function studies
were based on the conventional metrical approach (CMA) consist-
ing of distances, angles, and ratios. Because of this dependence on
CMA, most discriminators used for sexing, although not all, were
primarily based on size. However, sexual dimorphism in human
skeletons is not just a matter of size. Shape differences are also very
conspicuous, e.g., in the human hip bone (9). It is therefore impor-
tant for sex determination studies to examine not only size differ-
ences of the human skeletons, but also shape differences. In order
to properly appreciate and measure the shape differences, it is nec-
essary to first eliminate the size factor, and this has usually been
done by constructing indices based on linear measurements. Un-
fortunately, such indices do not adequately provide for separation
of the contributions that size and shape make to the overall skeletal
morphology. Thus, indices are not only inadequate measures for
the control of size differences, but also mask the problems of shape
definition and shape change (10~12).

Boundary morphometrics, such as Fourier descriptors, can be
considered as an innovative improvement compared to CMA.
Fourier analysis provides a much more accurate and useful quanti-
tative description of the irregular boundary of biological forms.
This method allows correction for size differences as well as pro-
viding separation of the contributions that size and shape make to-
ward the global morphology. Conventional Fourier descriptors
have been used for quantitatively analyzing sex differences in
shape of two-dimensional outlines, e.g., the forehead shape of skull
(13) and soft tissue facial shape (14). The use of conventional
Fourier analysis, however, contains constraints because of: (1) the
use of equal divisions over the interval or period, (2) the restriction
to simple classes of morphological forms, and (3) the presence of
outlines that curve back on themselves (10,15,16). A newer formu-
lation, elliptical Fourier functions (EFFs), derived as a parametric
formulation from conventional Fourier analysis, circumvents these
problems (10,17). Previous studies have demonstrated that the EFF
approach is a particularly efficient method for numerically de-
scribing the form of complex morphological two-dimensional out-
lines (18-21). Thus, it should be possible to produce more accurate
sex determinations with a quantitative analysis based on EFFs.

Furthermore, using a multivariate approach, accuracy rates in
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the quantitative determination of sex should increase if based on
measurements from as many skeletal elements as possible. On the
other hand, it would be also beneficial if one could identify what
area within a single bone would yield the most accurate determina-
tion of sex. Recently, sex determinations based on a single bone
have focused on long bones such as the femur and tibia, since those
are subjected to heavy stress during an individual’s life and that
stress may have a sexual component (5,6). Another study of sex de-
termination used the humerus. The humerus was chosen because it
18 not a weight-bearing long bone and presumably less affected by
differences in size, and therefore possibly reflecting sex differences
(22). This study also proposed the necessity of osteometry at mus-
cle origin and insertion in sex determinations and suggested that
measurements of the proximal humerus are exceptionally accurate
in predicting sex rather than those of the distal humerus. Neverthe-
less, few studies have used the proximal humerus for this purpose.
The primary focus of the present study is to numerically examine
the human proximal humeral outline for possible sex differences in
size and shape using EFFs. In addition, the proximal humeri will
also be analyzed with discriminant functions in an effort to test the
accuracy of these sex determinations.

Methods
Materials

Right and left humeri pairs of 69 individuals, 36 males and 33 fe-
males, were selected from a skeletal collection available at the De-
partment of Anatomy, the Tokyo Jikei University School of
Medicine. These subjects represent adult Japanese who were born
between 1856 and 1921. Means and standard deviations of the age
at death were 38.1 = 12.2 years old for males and 34.3 = 11.4
years old for females, respectively. These data were obtained from
cadaver records, in which the sex, date of birth, birthplace, cause of
death, and date of death were documented for each specimen. The
skeletal samples were carefully chosen according to the following
criteria: (1) possession of intact and complete left and right humert,
(2) absence of any gross pathological changes in skeletal structure,
and (3) preservation of critical areas identifying the origin and in-
sertion of muscles.

Photographs

Photographs were taken of the superior view of the proximal
humeri. Each bone was rigidly oriented on a specially designed
humeral holder. This holder was designed to locate the bone refer-
ence axes as precisely and consistently as possible in order to elim-
inate bone-positioning errors. Details of the humeral holder and the
photographic method are available from a previous study (21).
Briefly, the orientation of the three standardized planes for each
bone was carried out with the following procedure. Each humerus
was placed dorsal side down, on the flat surface of the humeral
holder. The sagittal plane of the humerus is defined by the medio-
lateral midpoints of two locations on the shaft, which are approxi-
mately located on the distal- and proximal-quartile points to the
humeral length. The frontal plane is defined as a plane parallel to
the flat surface, passing through the center of the capitulum
humerus, and perpendicular to the sagittal plane. The longitudinal
axis of the diaphysis is formed by the intersection of these two
planes. The same procedure for bone orientation and the reference
axes was applied to all specimens.

The height of the longitudinal axis for each bone was measured
paralle! to the floor with a ruler. A 35-mm camera (Nikon F90x)

with an extension tube (Nikon PK-13) and an 800 mm telephoto
lens (Tokina T 800 mm F8.0) was positioned so that the height of
its optical axis from the floor was equal to that of the longitudinal
axis. The distance between object and camera was 13.5 m, a length
necessary to maintain the measurement distortion to less than 1%
(23). Black and white photographic prints were enlarged (1:1) to
the original size of humerus. Using a light table, dimensionally sta-
ble acetate film was placed on top of each photograph and each
proximal humeral outline was carefully traced with a 0.3-mm lead
mechanical pencil.

Digitization

Fifty-four points were constructed along the outline of the
proximal humerus in the following manner. Reference should be
made to Fig. [ for location of points identified below within
brackets. Initially, two points on the edges of the greater tubercle
[1] and of the lesser tubercle [17] to the humeral head were
marked on the outline tracing and defined as anatomically ho-
mologous points. A dashed line was then drawn as a tangent to
the outer margins of both edges of the intertubercular groove
(ITG). Subsequently, a parallel dashed line was drawn through
the deepest aspect of the ITG concavity. These tangent points
were defined as points [26], {36], and [31], respectively. The line
from point [1] to point [17] was bisected at point [O] and the in-
tersection of the perpendicular with the proximal humeral outline
generated point [9]. A perpendicular through the mid-point of the
line from point [36] to [1] generated point [46]. Lines L1 to L7
were drawn connecting these points.

The distances of L1, L2, L3, L6, and L.7 lines were divided into
eight equal subdivisions and the L4 and 1.5 lines were similarly bi-
sected into five subdivisions. Perpendicular lines from the bisec-
tions of L1-L7 were then extended to the proximal humeral outline
defining points 2-8, 10~16, 18-24, 27-30, 32-35, 39-45, and
47-53, respectively. Points [25] and [54] are additional bisections.
Points [37] and [38] are trisections between points [36] and [39].
These latter four points were added because the EFF program, sub-
sequently utilized, required that the number of points entered to be
a multiple of six. This happens to be constraint of the software.

Once the 54 points were located on the proximal humeral out-
line, the data were submitted to a software program EFF23, DOS
version 2.6 (24) that controlled the (1) digitizing, (2) plotting, and
(3) computation of EFF coefficients and bounded areas of the out-
lines.

The proximal humeral tracing was digitized using a Graphtec
KD4320 digitizer with an accuracy of approximately 0.1 mm. A
so-called “mirror image” of the left humeral tracing was con-
structed by reversing the semitransparent acetate film. The mirror
imaging was carried out to orient the right and left sides so that
their outline tracings are in the same orientation. Each humeral
tracing was then placed on the digitizer with the point [O] super-
imposed on the center of digitizer pad (0,0) and the line from point
[O] to [9] made coincident with a reference line drawn at a 35-deg
angle to the horizontal axis of the digitizer crosshairs. This was
done to ensure an initially constant orientation.

All points from point [1] to [54] were digitized in a clockwise or-
der and entered as data to the EFF program on an IBM compatible
PC. The digitized points were subsequently plotted using a
Hewlett-Packard laser jet printer and superimposed on the origi-
nally traced points to check for digitizing errors for each specimen.
Excellent replicability of the digitization procedure has been al-
ready demonstrated in an earlier study (21).
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FIG. 1—Schematic diagram of the 54 points used to characterize the proximal humeral outline. The dashed line is a tangent line through the outermost
margin (points 26 and 36) on both edges of the intertubercular groove (ITG). The other dashed line parallel to it, was constructed at the deepest aspect
(point 31) of the ITG concavity. The lines LI to L7 were used 1o develop the geometry required to locate the 54-point system.

Elliptical Fourier Functions (EFFs)

The proximal humeral outline was numerically described with
elliptical Fourier functions as wave forms based on the observed
data points. The elliptical Fourier descriptor is based on an orthog-
onal decomposition of a curve into a sum of harmonically related
ellipses. This decomposition is parametric. That is, both x and y co-
ordinates are defined as functions of time, or ¢. The advantage of
the elliptical Fourier decomposition is that segment lengths can
now vary along a polygon, and since the changes in x- and y-di-
rections are treated independently, the curve can take any shape
and even have self-intersections (17). If a point travels along the
polygon, representing the outline, at constant speed, then the x-co-
ordinate can be separately defined as a function x(f) on time ¢. This
function is single-valued, piecewise linear, continuous, and peri-
odic (as the point travels repeatedly around the closed curve). This
function has a Fourier expansion of sine and cosine terms, which
comprise a curve of integer frequencies with their associated am-
plitudes. An identical decomposition is possible with the y-coordi-
nate y(f) of the polygon. Since the EFF is parametric, one can sep-
arate the x- and y-axis contributions as projections onto their
respective axes. The x-y representation of an original outline and its
x and y projections are shown in Fig. 2.

For all positive integers n, there is a trigonometric curve (the sum
of the sine and cosine terms) representing the nth harmonic of the
x- or y-projection of the polygon. Giardina and Kuhl have demon-
strated that for any particular n, when these two curves are joined
in the parametric formulation, they define an ellipse in the x-y-
plane (25). To reconstruct the original polygon, these ellipses are
vector-added together for all harmonics. The reconstruction from &
harmonics is a best-fit in a least-squares sense. In other words, the
integral along the polygon of the squared (x- or y-direction) differ-

ences between the polygon and the partial sum for & terms of a
trigonometric series is a minimum when the coefficients for the se-
ries are the Fourier coefficients.

The parametric equations are defined such that the Fourier series
in x(f) is given as

k k
X, = f(t)y = A + Zl a, cos (nf) + Zl bysin(nt)y (1)

and the Fourier series in y(z) as
k k
Yo =ft) = Co+ Y, cocos (m) + 3, dysin(nr)  (2)
a=1 n=1

where Ay and Cjy, are constants, ay, b, c¢,, and d, are the Fourier co-
efficients, n equals the harmonic number, & equals the maximum
harmonic number, and the period is defined over a 27 interval.

For the samples of the present study, the EFFs were truncated at
27 harmonics, which is one-half the number of digitized points be-
cause of Nyquist frequency restrictions. The goodness-of-fit of the
EFF with 27 harmonics for each outline was checked by calculat-
ing the mean residual averaged over the 54 points. This mean resid-
ual is the mean difference between the expected points, derived
from the EFF, and the original observed points on the outline.
Mean and standard deviation values for the mean residual, based on
the total database (n = 138, i.e., 69 pairs of humeri), were 0.070 =
0.010 mm. This value is considerably less than the errors associ-
ated with both the tracing and digitizing procedures. Twenty-seven
harmonics require a matrix of 108 separate terms, four coefficients
(a,, b,, ¢, and d,,) for each harmonic and two constants (Ao and Cp)
for each function. Background and derivations of the constants and
coefficients in Eqs 1 and 2 can be found in Kuhl and Giardina (17)
and Lestrel (16).
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FIG. 2—Cartesian coordinate plots (X, y), (t, X), and (t, y) of the proximal humeral outline. Left graph is an original presentation. Right upper graph
shows the x-coordinate values (x projections) plotted as a function of a third variable, t, on the horizontal axis. Right lower graph displays the y-coordi-
nate values (y projections) plotted as a function of a third variable, t, on the horizontal axis.
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FIG. 3-——Mean plots of the male and female humeral outlines for each side. These data were superimposed on the centroid. The left humeral outlines are

presented as a mirror image.

Once the EFF coefficients were computed, they were used to cal-
culate amplitudes, the variance (or power spectrum), and the per-
cent of the variance explained. These were computed separately for
the x and y directions for each outline. The amplitude, or height of
the wave, is the square root of the sum of the squared coefficients
preceding the cosine and sine terms for each harmonic. The vari-
ance of each harmonic is equal to the squared amplitude divided by
two. The total variance is the summation of all variance values.
Thus, the percentage variance explained in terms of the total vari-
ance represents relative magnitude (or contribution) of the ampli-
tude for each harmonic and hence indicates characteristics of the
complex outline forms as a whole.

Results

Figure 3 displays the mean male data superimposed on the mean
female data using the centroid for each side. In the figures pre-

sented here, the right-left directions as viewed from the centroid,
represent lateral-medial directions on the humerus, while the up-
ward-downward directions represent anterior-posterior, respec-
tively. The mean outlines for the female humeri lie within the male
outlines for both the right and left sides. The magnitude of sex dif-
ferences in size and shape of the proximal humeral outlines were
quite large, mainly due to differences in size.

The bounded areas of the proximal humeral outline were com-
puted using EFFs based on the “size and shape” data (i.e., not size-
standardized EFFs), representing the transverse aspect of the prox-
imal humerus. The maximum humeral length (26) was measured
directly from the skeletal material, representing longitudinal size of
the humerus. These two variables, humeral area and length, were
analyzed simultaneously using a one-way MANOVA separately
for each side of the humerus. The bounded area and the maximum
length showed statistically significant sex differences; Wilk’s
lambda = 0.32 for the both sides, P < 0.01 (Table 1). Univariate
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F-tests showed statistically significant sex differences in the maxi-
mum length. Male humeri were significantly longer than female
humeri on the right side (10.1%, F (1, 67) = 51.1, P < 0.01) and
the left side (10.6%, F (1, 67) = 54.9, P < 0.01). Statistically sig-
nificant sex differences in the bounded area were also detected with
the univariate F-tests. Male humeri were pronouncedly larger in
bounded area than the female humeri, both on the right (34.7%, F
(1,67) = 143.4, P <0.01) and left sides (34.9%, F (1, 67) = 144.4,
P < 0.01). These results indicated that sex differences of the
humeral length and especially the transverse area (as a measure of
size) of the proximal humeri were pronounced for both sides.
Moreover, these statistically significant sex differences in proximal
humeral outline size can be visually assessed from the mean outline
plots (Fig. 3).

Figure 4 displays the size-standardized mean data with females
superimposed on the male data using the centroid. Each side is
shown separately as a way of visually displaying the sex differ-
ences in shape of the proximal humeral outlines. In the present
study, size standardization was accomplished by scaling all
bounded outlines, so that the area within each specimen was equal
to 10 000 mm?. After size standardization, the mean male outlines
showed a close correspondence to the female right and left outlines

TABLE 1—Means, standard deviations, and univariate F-ratios for the
maximum length and bounded area for each side of the humerus.

Males (n = 36)  Females (n = 33)
Mean S.D. Mean S.D. F-ratiof

RIGHT
Maximum length* 297.1 17.62 269.8 13.60 51.11%*
Bounded areat 1651.5 187.79 12264  82.76 143.40%*

LErT
Maximum length 294.6 17.67 2664 13.57 54 .86%*
Bounded area 1622.0 184.87 12019 81.75 144.40**

* Direct measurements (mm).

+ Bounded area of the proximal humeral outline (mm?).

i Statistical significance was determined from the univarjate F-test
within each side of the humerus associated with a one-way MANOVA
(**P < 0.01).

(compare with Fig. 3). We focus now on the more localized re-
gional differences. The greater tubercle (points 36-1) was located
more postero-medially and the lesser tubercle (points 17-26) was
located more anteriorly in the males compared to females. This is
indicated with the solid arrows in Fig. 4. Amplitudes versus har-
monic number plots were then used to establish whether the dis-
played differences were statistically significant.

Figures 5 and 6 illustrate amplitude versus harmonic number
plots for the right and left humeral outlines, respectively. The ver-
tical scale in these plots has been magnified to display the variabil-
ity in the higher harmonics. These amplitudes are derived from the
“size-standardized” EFFs, and the mean data for each sex group are
plotted along the ordinate. The 27 amplitudes were analyzed si-
multaneously using a one-way MANOV A, independently for the x-
and y-directions. The amplitudes on the right side humeri showed
statistically significant sex differences for both the x- and y-direc-
tions (Wilk’s lambda = 0.32 for the x-direction, P < 0.01; and 0.41
for the y-direction, P < 0.05). For the left side humeri, statistically
significant sex differences were also detected (Wilk’s lambda =
0.45 and 0.41 for both the x- and y-directions, respectively, P <
0.05). Univariate F-tests showed statistically significant sex differ-
ences for many of the specific harmonics, as indicated with the ar-
rows in Figs. 5 and 6. The number of harmonics with significant
values was larger for the right humeral data than for the left
humeral data, especially in the x-direction. Table 2 shows means
and standard deviations of the first harmonic amplitude for the x-
and y-directions, excluding the higher harmonics. The amplitude of
the first harmonic also showed significant sex differences in the x-
and y-directions for the both sides of the humeri.

The predicted EFF curve fit with 27 harmonics was a very close
analog of the observed data points on the proximal humeral out-
lines, as already mentioned. Of the 27 harmonics, the highest per-
centage contribution in terms of the total variance was the first har-
monic. Calculations of the mean percentage of the variance
explained by the first harmonic were carried out separately for the
male and female samples, and sex differences were tested using a
one-way ANOVA. No significant sex differences were found for
both the x- and y-directions, allowing for the pooling of this data.
The mean values of the first harmonic percentage explained were
99.5% with respect to the total variance, based on total database for
both the x- and y-directions. The reason for such a high percentage

Left Humert Size-standardized Data Right Humeri
A MALE
4 — FEMALE

_‘__

CENTROID

CENTROID

FIG. 4—Mean plots of the male and female humeral outlines for each side. These data were area-standardized and superimposed on the centroid. The
left humeral outlines are presented as a mirror image. Solid arrows indicate the major sex differences in outline shape as viewed from female to male data.



TANAKA ET AL. « SEX DIFFERENCES IN THE PROXIMAL HUMERUS 297

307 257
4
25
2.0 4

6 S
5 201 5
Q@ o i
g g 15
X 15- >
a’ 1
'g % 1.0
£ 107 ! : = 1
a i Cid a
= i . Y i £
< SN < 1 '

! ANy SRS

0.0 4ttt o I 00 11 s

1 8 5 7 9 11 13 15 17 19 21 23 25 27 18 6 7 9 11 13 15 17 19 21 23 25 27
Harmonic number Right Humeri Harmonic number
—e— Male

——o— Female
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FI1G. 6—Amplitude vs. harmonic number plot of the left humeral outline for pooled male and female samples. Amplitude plots were magnified to display
the variability in the higher harmonics. Solid arrows indicate statistical significant sex differences (P < 0.05).

is that the shape of the proximal humeral outline is rather elliptical
to begin with. Thus, the first ellipse, i.e., the predicted EFF curve
fit with one harmonic, can be used as a reasonable description of
the proximal humeral outline shape as a whole, It can be shown that
the EFF amplitudes for the first harmonic are related to the semi-
major and semi-minor diameters of the first ellipse. Accordingly,
the ratio of the major axis divided by the minor axis was computed
and then averaged separately for right and left humen (Table 3).
Statistically significant sex differences were found for both right
and left sides. Female humeri showed significantly larger mean
values of the ratio than the male humeri.

If the above results are an accurate reflection of the sexual dif-
ferences, then these measures (amplitudes) should be good dis-
criminators of sex. One way to test this hypothesis is to compute
discriminant functions and look at the misclassification rate. All of
the 54 amplitudes (i.e., 27 harmonics X 2 directions) derived from
the “size-standardized” EFFs were entered as independent vari-
ables into a stepwise discriminant function analysis. These vari-
ables represented shape characteristics of the proximal humeral
outline. Tables 4 and 5 show the standardized coefficients of the
discriminant functions for the right and left humeri, respectively.
The number of the variables kept in the stepwise solution was
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TABLE 2—Means, standard deviations and univariate F-ratios for the
first harmonic amplitudes for each side of the humerus.

Males (n = 36) Females (n = 33)

Mean S.D.

Mean S.D. F-ratio*
RIGHT
x-direction 56.95 0.62 57.60 0.57 20.60%*
y-direction 55.51 0.57 54.87 0.52 23.72%:
LEFT
x-direction 56.78 0.62 57.51 0.57 25.73%*
y-direction 55.63 0.61 54.93 0.56 23.97**

* Statistical significance was determined from the univariate F-test
within each side of the humerus associated with a one-way MANOVA,
independently for the x- and y-directions (**P < 0.01).

TABLE 3—Mean ratios of the major axis divided by the minor axis in
the predicted EFF curve fit with one harmonic: sex differences in global
shape of the proximal humeral outline.

Male Female
Mean S.D. Mean S.D. F-ratiot
Right 1.057 0.025 1.072 0.028 5.39%
Left 1.054 0.023 1.071 0.024 9.10**

T Statistical significance was determined with a one-way ANOVA,
separately for each side of the humerus (*P < 0.05, ** P < 0.01).

TABLE 4—Standardized canonical discriminant function coefficients for
computing an individual discriminant function score from amplitudes of
the size-standardized EFFs for right humeri,

Harmonic No. Coeff. Harmonic No. Coeff.
X1 10.15 Y1 9.94
X2 0.78 Y2
X3 Y3
X4 Y4
X5 0.48 Y5
X6 Y6 0.52
X7 1.60 Y7
X8 Y8
X9 0.56 YO 0.98
X 10 Y 10 0.76
X 11 Y 1t
X 12 0.68 Y 12 —0.56
X 13 —0.35 Y 13 1.01
X 14 —-0.29 Y 14
X 15 Y15 0.46
X 16 Y 16
X 17 —-0.76 Y 17
X 18 Y 18
X 19 Y 19
X 20 Y 20 -0.30
X 21 0.41 Y 21 0.30
X22 -0.39 Y 22
X 23 Y 23
X 24 Y 24 —0.52
X 25 Y 25 —0.57
X 26 1.09 Y 26
X 27 0.87 Y 27

TABLE 5—Srandardized canonical discriminant function coefficients for
computing an individual’s discriminant function score from amplitudes
of the size-standardized EFFs for left humeri.

Harmonic No. Coeff. Harmonic No. Coeff.
X1 —1.86 Y1
X2 —3.88 Y2
X3 1.99 Y3 0.26
X4 —1.54 Y4
X5 Y5 -3.97
X6 1.23 Y6 1.63
X7 4.47 Y7 1.98
X8 1.79 Y8
X9 ~0.99 Y9
X 10 1.20 Y 10
X 11 0.80 Y it 0.95
X 12 -1.05 Y 12 -1.93
X 13 Y 13 —2.18
X 14 Y 14 0.77
X 15 Y 15 047
X 16 —1.45 Y16
X 17 1.22 Y 17 —0.38
X 18 ~1.20 Y 18
X 19 Y 19 1.11
X 20 ~-0.66 Y 20 0.46
X 21 Y 21
X 22 Y 22 0.68
X 23 0.65 Y 23 1.12
X 24 Y 24 0.88
X 25 Y 25
X 26 0.47 Y 26 —1.00
X 27 Y 27

larger for the left side when compared with the right. These results
suggest that the sexual dimorphism in shape of the proximal
humeri for the left side is somewhat different from the right side.
The bounded area of the proximal humeral outline and the max-
imum humeral length, as size measurements, were simultaneously
entered into the stepwise discriminant function analysis. These
were run separately from the amplitude data mentioned above. The
bounded area was kept while the maximum length was removed
from the stepwise solution. Discriminant scores were indepen-
dently calculated from these discriminant functions based on the
bounded area and the amplitudes derived from the size-standard-
ized EFFs, and then plotted in Cartesian two-dimensional space.
The two-dimensional plots were used to simultaneously display re-
sults of sex discrimination expected with each function. When the
score is smaller than zero, the judgment is feminine. When it is
larger than zero, the judgment is masculine. Figures 7 and 8 display
this two-dimensional distribution of the discriminant function
scores for the right and left humeral data, respectively. Open circles
indicate individual females and solid circles show individual
males. For the right humeri, three male cases were classified into
the feminine group with the bounded area function, but those three
were correctly assigned into the masculine group with the ampli-
tudes function (as indicated with open arrows). Conversely, all of
the female cases were correctly classified into the feminine group
with the bounded area, but one female case was misclassified with
the amplitudes as masculine (as indicated with a solid arrow). For
the left humeri, five male cases that were classified into the femi-
nine group with the bounded area, but were correctly assigned to
the masculine group with the amplitudes. All of the female cases
were classified into the true group as feminine with not only the
bounded area, but also with the amplitudes. With respect to classi-
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FIG. 7—Two-dimensional distribution of discriminant function scores for the right humeral data. The discriminant scores (DFSs) based on the bounded
area and the Fourier amplitudes derived from the size-standardized EFFs are plotted along the abscissa and ordinate, respectively.
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FIG. 8—Two-dimensional distribution of discriminant function scores for the left humeral data. The discriminant scores (DFSs) based on the bounded
area and the Fourier amplitudes derived from the size-standardized EFF's are plotted along the abscissa and ordinate, respectively.
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TABLE 6—Percentage of cases correctly assigned within each group.

Total Males Female Average
Functions Methods§ n % n % n %
RiGHT
Bounded area* Original 69 91.7 33/36 100.0 33/33 95.7
cv 91.7 33/36 100.0 33/33 95.7
Amplitudet Original 69 100.0 36/36 97.0 32/33 98.6
cv 88.9 32/36 97.0 32/33 928
LEFT
Bounded area* Original 69 86.1 31/36 100.0 33/33 92.8
cv 86.1 31/36 100.0 33/33 92.8
Amplitudes Original 69 100.0 36/36 100.0 33/33 100.0
cv 94.4 34/36 90.9 30/33 92.8

* Discriminant function based on the bounded area of the proximal humeral outline,

1 Discriminant function based on the amplitudes derived from the size-standardized EFFs, as shown in Table 4.

t Discriminant function based on the amplitudes derived from the size-standardized EFFs, as shown in Table 5.

§ The classification percentages were calculated with an ordinary method using the original samples (Original) and a cross-validation method (CV),

respectively.

fication based on the original database, the average percentages of
cases correctly classified for the right humeri were 95.7% for the
bounded area function and 98.6% for the amplitudes function, re-
spectively. The average percentages for the left humeri were 92.8%
for the bounded area and 100.0% for the amplitudes, respectively
(Table 6).

In order to determine whether sample related factors contribute
to these results the samples were classified again using a cross-val-
idation method. The statistical software program used was DIS-
CRIMINANT from the SPSS package for the Windows95 release
7.5 (Japanese version). As shown in Table 6, mean values of the av-
erage percentages showed also a high rate of correct classification
under cross-validation. It should be noted that using the amplitudes
function, the average percentages of correct classification de-
creased from 98.6% to 92.8% for the right humeri and from 100%
t0 92.8% for the left humeri. However, the remaining high rate of
correct classification under cross-validation indicates that the sam-
pling error was generally less. These results strongly suggested that
the EFF parameters, such as the bounded area and amplitudes, are
useful for sex determinations based on discriminant function anal-
yses.

Discussion

In the present samples, significant sex differences in absolute
size of the proximal humeri evidently existed for both the right and
left sides. That is, males were much larger in the bounded area of
the proximal humeral outline than females. The maximum humeral
length also showed significant sex differences, but this measure-
ment was removed from the stepwise discriminant function. This
suggests that the transverse size measurement of the proximal
humeri can be a useful discriminator for sexing rather than the
more usual longitudinal size measurement. Past sex-determination
studies of long limb bones demonstrated that cross-sectional or
transverse dimensions such as the diameter of the femur head or the
epicondylar width of the humerus were actually more accurate dis-
criminators than longitudinal dimensions such as humeral and fe-
mur lengths (1,8,27,28). However, France has further discussed
this problem and suggested that any study of bone should include a
consideration of the areas of muscle attachment because of their re-
lationship to sexual dimorphism (22). This implies that a “newer”
morphometrics needs to be developed for a more accurate determi-

nation of sex differences, including aspects of size and shape at ar-
eas of muscle origin and insertion instead of the “older” morpho-
metrics depending solely on CMA.

If size differences are at all appreciable, as the case of the pre-
sent study, subtle shape differences may be confounded and possi-
bly overwhelmed by the effect of size. After size-standardization,
we can theoretically examine the subtle shape differences under
minimizing the effect of size factor. Using the EFF approach, size-
standardization was accomplished by scaling all bounded outlines
to a constant area. Once size has been controlled, differences in
outline shape can be depicted visually and analyzed statistically.
The sex differences in shape of the greater and lesser tubercular re-
gions, while subtle, were noticeable in the current study (Fig. 4).
Interestingly, the lesser tubercle of male humeri was relatively pro-
truded with respect to the female one, while the greater tubercle
showed a contrasting pattern. These shape differences indicate that
the tubercular aspects of the male humeri are medio-laterally ex-
panded compared to the female humeri.

The amplitudes calculated from the “size-standardized” EFFs,
showed statistically significant sex differences (Figs. 5 and 6). For
the EFFs, the separate harmonics produce ellipses. These ellipses
when summed will converge onto the polygon that serves as the
original form. Thus, differences in the EFF coefficients {and their
associated amplitudes) can be interpreted in an analogous fashion
to conventional Fourier coefficients. That is, the first few harmon-
ics describe global differences in shape and the higher harmonics
describe more localized aspects (12,16,18). Armed with this infor-
mation, the amplitude differences in the first harmonic (separately
for the x- and y-directions) can be evaluated. They seem to reflect
the sex differences seen in the global shape of the proximal
humeral outline. The amplitude of the first harmonic showed sig-
nificant sex differences in the x- and y-directions for both sides of
the humeri. In addition, sex differences in the ratio of the major/mi-
nor diameters were analyzed for the first harmonic, numerically
representing sex differences in shape of the first ellipse. Female
humeri showed significantly larger mean values of the ratio than
male humeri for the right and left sides (Table 3). When the ratio is
equal to 1.0, the ellipse shape becomes a true circle. These results
therefore indicated that the cross-sectional outline of the human
proximal humeri is quite circular in global shape. Interestingly,
both right and left proximal humeri appear to be more circular in
males when compared to that in females. In other words, the fe-
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males display a slightly more elliptical than circular global shape in
contrast to males. Careful scrutiny of Fig. 4 shows that this, indeed,
is the case. These results strengthen the contention that sexual di-
morphism in global shape of the proximal humeral outlines exists.

General observations from gross anatomy indicate that the
greater and lesser tubercles provide areas for the insertion of the ro-
tator cuff muscles. The two tubercles are separated from each other
by a deep groove, the ITG, which houses the tendon of the long
head of the biceps brachii muscle. The rotator cuff muscles and the
tendon of the long head have been identified as one of the dynamic
stabilizers of the glenohumeral joint (29-32). Surfaces of the tu-
bercular regions, including the ITG, will always be subjected to, in
vivo, tensile stresses generated from these muscular contractions.
It is assumed that the differences in these tubercular areas of the
proximal humerus (as muscular insertions) are primarily due to be-
ing subjected to forces. These forces, in turn, are leading to the ad-
dition of more bone by the piezoelectric effect. The effects of such
muscle pulls will be significantly more related to environmental
factors than to genetic ones. Thus, the sex differences in outline
shape of the tubercular areas of the proximal humerus (but not in
size) found here, may be largely attributed to environmental fac-
tors. These are assumed to be due to activity differences between
males and females, possibly, in part, dependent on culturally pre-
scribed sex roles.

Cross-cultural investigations have demonstrated that popula-
tions with different economic activities had different relative sex-
ual dimorpliism levels (33,34). Thus, it is postulated that the mea-
surements around areas of muscle insertion should not be applied
cross-culturally in sex determination studies, especially where oc-
cupational differences are obvious (22). In the present study, the
humeral specimens consisted of Japanese males and females who
were born from 1856 to 1921 and died from 1925 to 1952. That is,
most lived before World War II (n = 60) and a few during WW I
(rn = 9)in Tokyo. It can be thought that their nutritional conditions
were better than after WW II. The females, on the other hand, who
had no occupation outside of the home (i.., “homemakers”) ac-
counted for 87.9% (n = 29/33) of all females, while almost all the
males worked. Most males and females having occupations outside
of the home consisted of diverse industrial workers such as factory
hands and electricians, or “handy craftsmen,” but did not include
any agricultural workers in the country. Sexual division of labor
was, perhaps, more pronounced in Japan then, than in recent times.
Thus, it could be expected that these socio-culturally prescribed
sex roles influenced the sexual dimorphism in size and shape of the
proximal humeri observed here.

Since the Fourier coefficients reflect the property of orthogonal-
ity, they can be further analyzed separately with conventional
statistics. The sex of the present samples was quantitatively de-
scribed with two types of discriminant function scores. These were
estimated with (1) size variable such as the bounded area of out-
lines, and (2) shape variables such as the amplitudes derived from
the “size-standardized” EFFs. The discriminant functions con-
structed with the size and shape variables were sufficient in pro-
viding for an accurate sex determination approaching 100% within
the present population. This high value may be the result of the ho-
mogeneity of the Japanese population with respect to race and so-
cio-cultural background. However, the present results strongly sug-
gest that the EFF method (e.g., the use of amplitudes derived from
EFFs) is useful for numerically analyzing sex differences in size
and shape of two-dimensional outlines.

Finally, a number of limitations with this study needs to be men-
tioned: (1) the sample sizes are too small to adequately serve as

norms, (2) accuracy of the sex determinations has not been tested
on other samples, and (3) the analysis is restricted to two dimen-
sions, e.g., superior view of the humerus. Nevertheless, such out-
line form studies should be continued in other populations of the
same and different races. Finally, by extending such methods to
three dimensions, the numerical analysis of the proximal humeral
morphology may provide one of the more useful discriminators for
studying sexual dimorphism in humans.

Conclusions

The EFF approach (i.e., “boundary morphometrics” focusing on
the outline of forms) revealed that sexual dimorphism in transver-
sal size and shape of the human proximal humeri exists in a mod-
ern Japanese population. The measurements derived from EFFs
seem to be sufficient for accurate sex determinations. Moreover,
the use of discriminant functions analysis, in conjunction with the
data derived from EFFs, succeeded in obtaining higher accuracy
levels for sexing compared with previous studies based on CMA.

The present study has demonstrated that the size and shape of the
proximal humeral outlines could be reliable indicators of sex. The
proximal aspect of the humerus, however, tends not to be well pre-
served in skeletal materials. Specifically, the humeral head is not as
strong because of its trabecularis structure when compared with the
humeral shaft. Thus, the methods presented here may have to be
applied to other anatomical views, e.g., anterior or medial, to nu-
merically analyze sex differences in size and shape of the proximal
humeri excluding the humeral head. Finally, there is a continuing
need for other size and shape studies, utilizing skeletal materials, of
other limb bones, which may provide additional information useful
for quantitative sex determinations,
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