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Abstract As a step toward clarifying the causes of brachycephalization, it was ex-
amined whether there was any association between the neurocranium and the
humerus. Principal component analyses based on 30 male and 20 female skeletons
show that cranial length is highly significantly associated with many measurements
of the humerus, e.g., the circumference of the head, maximum length, minimum cir-
cumference of the shaft, minimum deltoid diameter, etc. On the other hand, cranial
breadth is found to have no consistent association with any of the humeral measure-
ments dealt with. These results support the previous suggestion by the present author
that cranial length and cranial breadth tend to have some different kinds of connec-
tions with postcranial bones. As a cause for such different tendencies, it is inferred
that the general development of skeletal muscles including nuchal ones and those of
the upper limbs has more influence on the variation of cranial length than on that of
cranial breadth.
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Using two kinds of multivariate analysis methods, Mizoguchi (1992) attempted
to estimate the degrees of relation between some arbitrarily selected cranial and post-
cranial measurements in order to clarify the causes of brachycephalization. His pre-
liminary analyses consistently showed that cranial length was highly correlated not
only with the size of jaws but also with some postcranial measurements like the body
diameters of a lumbar vertebra and the size of the pelvis, and that cranial breadth had
a high correlation at least with bizygomatic breadth. These findings made the present
author decide to more thoroughly analyze the correlations between three main neuro-
cranial measurements and those of postcranial bones. As a result, it has been shown
up to the present that, while cranial breadth has no consistent associations with any
measurements of the vertebrae, ribs, or shoulder girdle, cranial length is strongly or
considerably associated with the sagittal and transverse diameters of the vertebral
bodies, sacral breadths, costal chords, and the size of the scapula (Mizoguchi, 1994,
1995, 1996, 1997, 1998a, b, 1999, 2000a).

In the present study, the correlations between neurocranial and humeral mesure-
ments are further examined toward solving the brachycephalization problem.
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Materials and Methods

The original measurement data reported by Miyamoto (1924, 1925) were used
in the present study. They are those of the neurocrania (Miyamoto, 1924) and of the
right humeri (Miyamoto, 1925) from the same 30 male and 20 female modern Japa-
nese who lived in the Kinai district. The basic statistics for three main neurocranial
measurements, i.e., cranial length, cranial breadth and basi-bregmatic height, are pre-
sented in Mizoguchi (1994), and those for humeral measurements are listed in
Table 1.

For examining the overall relations between the neurocranial and the humeral

Table 1. Means and standard deviations for the measurements of the right humerus in Japanese
males and females."

Males Females
Variable?

n Mean SD n Mean SD
1 Maximum length 30 294.1 15.6 20 2739 127
2 Total length 30 289.8 15.7 20 269.5 125
3 Breadth of proximal end 30 46.4 23 20 41.8 2.5
3(1) Uppermost transverse diameter 30 49.4 3.1 20 43.9 2.7
4 Epicondylar breadth 30 57.8 2.9 20 50.5 2.6
4a  Maximum epicondylar breadth 30 58.9 3.0 20 51.5 2.7
7 Minimum circumference of the shaft 30 64.5 4.0 20 54.6 2.4
10 Maximum vertical diameter of the head 30 43.1 2.5 20 379 2.8
9  Maximum transverse diameter of the head 30 40.5 2.2 20 359 2.3
8  Circumference of the head 30 1328 9.0 20 118.3 7.6
K12  Maximum deltoid diameter 30 22.7 1.8 20 19.8 1.0
6a Minimum deltoid diameter 30 18.0 1.9 20 14.9 1.1
5 Maximum diameter of the midshaft 30 223 1.4 20 19.5 0.9
6  Minimum diameter of the midshaft 30 17.4 1.5 20 14.6 0.9
7a Circumference of the midshaft 30 66.3 43 20 57.2 2.6
11 Breadth of the trochlea 30 26.4 1.5 20 22.0 1.1
12 Breadth of the capitulum 30 17.1 0.9 20 14.6 0.8
13 Depth of the trochlea 30 25.1 1.7 20 21.6 1.3
14  Breadth of the olecranon fossa 30 26.4 1.6 20 229 14
15 Depth of the olecranon fossa 30 11.4 1.0 20 11.1 1.1
17  Capito-diaphyseal angle 30 47.0 3.8 20 49.2 241
16  Cubital angle 30 82.4 1.9 20 81.0 2.6
18  Angle of torsion 30 1520 10.6 20 162.6 T

' The estimates of basic statistics listed here were recalculated by the present author on the basis of
the raw data published by Miyamoto (1925).

2 Variable number according to Martin and Saller (1957) except that with the letter ‘K’ preceding
the number, which is a measurement item no. in Kiyono’s (1929) measurement system.
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measurements, principal component analysis (Lawley and Maxwell, 1963; Okuno et
al., 1971, 1976; Takeuchi and Yanai, 1972) was applied to the correlation matrices on
them. In the present study, the number of principal components was so determined
that the cumulative proportion of the variances of the principal components exceeded
80%. The principal components obtained in such a way were then transformed by
Kaiser’s normal varimax rotation method (Asano, 1971; Okuno et al., 1971) into dif-
ferent factors. These may suggest some other associations hidden behind the mea-
surements dealt with.

In practice, the measurements of the humerus were arbitrarily divided into two
groups in carrying out the above multivariate analyses because of a statistical restric-
tion on sample size and the number of variables. Namely, the number of individuals
was too small, particularly in females, compared with the total number of variables to
obtain the solutions.

The significance of factor loadings was tested by the bootstrap method (Efron,
1979a, b, 1982; Diaconis and Efron, 1983; Mizoguchi, 1993). In order to estimate the
bootstrap standard deviation of a factor loading, 1,000 bootstrap replications includ-
ing the observed sample were used. The bootstrap standard deviation was estimated
by directly counting the cumulative frequency for the standard deviation in the boot-
strap distribution.

The reality of a common factor such as represented by a principal component or
rotated factor was further tested by evaluating similarity between the factors obtained
for males and females, i.e., by estimating a Spearman’s rank correlation coefficient
(Siegel, 1956) between the variation patterns of the factor loadings, though indirectly.

Statistical calculations were executed with the mainframe, HITACHI MP5800
System, of the Computer Centre, the University of Tokyo. The programs used are
BSFMD for calculating basic statistics, BTPCA for principal component analysis and
Kaiser’s normal varimax rotation, and RKCNCT for rank correlation coefficients. All
of these programs were written in FORTRAN by the present author.

Results

The direct results of principal component analyses and the rotated solutions for
the neurocranium and the humerus are shown in Tables 2 to 9. In Tables 10 and 11,
Spearman’s rank correlation coefficients are listed to show similarities between males
and females in the variation patterns of factor loadings on principal components
(PCs) or rotated factors.

In these results, it is clear that the first PCs from the first set of measurements
(Tables 2 and 4) have highly significant correlations with cranial length and, at the
same time, with many humeral measurements in both sexes, and that the first PCs
from the second set of measurements (Tables 6 and 8) have relatively high correla-
tions with cranial length and highly significant correlations with some humeral mea-
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Table 2. Principal component analysis of the correlation matrix on the first set of measurements of
the neurocranium and the humerus from Japanese males."”

Factor loadings Total
Variable? variance
PC I 11 I v \Y (%)
1 Cranial length A46** .04 .60 =31 .10 67.66
8 Cranial breadth 40 -.15 32 48 49 75.76
17 Basi-bregmatic height 40 =37 40 -.50 14 7297
1 Maximum length 80*** 33 -.24 =35 A2 93.75
2 Total length Slrex 3] -23 -32 A1 92.38
3 Breadth of proximal end 88k 22 .06 32 -.10 93.84
3(1) Uppermost trans. diam. 82** —-.04 .16 23 .16 78.29
4 Epicondylar breadth 69** 44 -.33 -.05 17 80.96
4a  Max. epicondylar breadth S8*k* 44 -23 15 43 79.78
7 Min. circum. of shaft JGR¥** Se¥*Fx 08 -.19 -.02 80.95
10 Max. vert. diam. of head B3F** -31* —-.01 18 -.24 88.70
9 Max. trans. diam. of head B -23 —10 A3 =22 88.95
8 Circumference of head B*F* -.16 -22 .05 =27 92.98
K12 Max. deltoid diameter A8* 74%*% - — 04 -.20 -.09 82.58
6a  Min. deltoid diameter DN 46 47 15 -.37 86.60
Total contribution (%) 48.54 13.74 8.10 7.54 5.82 83.74
Cumulative proportion (%) 48.54 62.28 70.38 77.92 83.74 83.74

! The sample size is 30. The number of the principal components shown here was so determined
that the cumulative proportion of the variances of the principal components exceeded 80%.

2 See the second footnote to Table 1.

* P<(.05; ** P<0.01; *** P<(.001, by a two-tailed bootstrap test.

surements. The reality of these PCs can be confirmed by the Spearman’s rank correla-
tion coefficients between males and females (Table 10). No other PCs nor rotated fac-
tors correlated with cranial length show any consistent tendencies common to males
and females in the variation patterns of factor loadings.

Regarding cranial breadth and basi-bregmatic height, there is no evidence for in-
sisting that they have consistent associations with certain humeral measurements in
any of the direct results of the principal component analyses and of the rotated solu-
tions.

Discussion

In the present study, principal component analyses suggested that cranial length
was strongly associated with many humeral measurements: the circumference of the
head, maximum transverse and vertical diameters of the head, breadth of the proximal
end, uppermost transverse diameter, maximum and total lengths, minimum circum-
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Table 3. Solution obtained through the normal varimax rotation of the first five principal compo-
nents for the correlation matrix on the first set of measurements of the neurocranium and the
humerus from Japanese males."

Factor loadings

Variable?!
Fac | 11 111 v A%
1 Cranial length .09 .16 .70 .34 18
8 Cranial breadth 18 .03 A2 .04 .84
17 Basi-bregmatic height 24 -.07 .81 —-.04 .05
1 Maximum length 74 31 45 =31 .01
2 Total length T3 31 44 -.28 .02
3 Breadth of proximal end RE 14 .10 23 40
3(1) Uppermost trans. diam. .58 32% 22 19 Sl
4  Epicondylar breadth .36 .82%* —-.01 —-.01 .09
4a  Max. epicondylar breadth .20 i -.07 -.07 39
7 Min. circum. of shaft 24 i) 24 37 .01
10 Max. vert. diam. of head BOk*xk .06 A3 .19 .19
9 Max. trans. diam. of head 89*** .19 11 A5 .14
8 Circumference of head 9 Joke 28 .07 A2 .01
K12 Max. deltoid diameter .06 .81 .07 37* -.16
6a  Min. deltoid diameter 21 32 A2 Rk .10

! The sample size is 30. The cumulative proportion of the variances of the five principal compo-
nents is 83.74%.

2 See the second footnote to Table 1.

* P<0.05; ** P<0.01; *** P<0.001, by a two-tailed bootstrap test.

ference of the shaft, minimum and maximum deltoid diameters, epicondylar breadth,
maximum epicondylar breadth, circumference of the midshaft, minimum and maxi-
mum diameters of the midshaft, etc. On the other hand, cranial breadth was not found
to have consistent associations with any humeral measurements. These results sup-
port the previous suggestion by Mizoguchi (2000a) that cranial length and cranial
breadth tend to have some different kinds of associations with postcranial bones. If
so, what makes such tendencies? In the following, some previous reports are re-
viewed to seek the causes for them.

Cranial length and breadth vs. postcranial measurements

More than 100 years ago, Boas (1899), examining somatometric data for 243
adult males of the Sioux tribe, pointed out that head length was more influenced by
stature than head breadth (the correlation coefficient of stature with head length being
0.26 and that with head breadth, 0.09), and that, while head breadth was very closely
correlated with facial breadth (cor. coef.=0.52), head length was more closely corre-
lated with facial height (cor. coef.=0.36) than with facial breadth (cor. coef.=0.27).
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Table 4. Principal component analysis of the correlation matrix on the first set of measurements of
the neurocranium and the humerus from Japanese females."

Factor loadings Total
Variable?) variance
PCI Il I11 (%)
1 Cranial length S52%* -.13 —.66 71.51
8 Cranial breadth -.08 -.09 92% 85.85
17  Basi-bregmatic height 22 -.66 A48 71.99
1 Maximum length 92 xE* .00 .02 85.21
2 Total length 93 *A* —-.04 .03 85.94
3 Breadth of proximal end 93 xkk -.10 -.02 87.89
3(1) Uppermost trans. diam. 94 x** -.08 .03 88.15
+ Epicondylar breadth bt =31 —.04 81.72
4a  Max. epicondylar breadth BOF** =31 .05 83.71
7 Min. circum. of shaft o ExE .54 .33 86.07
10 Max. vert. diam. of head R Rt -.03 .01 91.24
9 Max. trans. diam. of head 9Q*+* -.05 -.08 82.38
8 Circumference of head 94 %*% -.11 .01 89.81
K12 Max. deltoid diameter A48** 78 .16 86.65
6a  Min. deltoid diameter 56%** .66 .02 75.20
Total contribution (%) 58.99 13.55 11.02 83.55
Cumulative proportion (%) 58.99 72.54 83.55 83.55

D The sample size is 20. The number of the principal components shown here was so determined
that the cumulative proportion of the variances of the principal components exceeded 80%.

2 See the second footnote to Table 1.

* P<(.05; ¥* P<0.01; *** P<(.001, by a two-tailed bootstrap test.

Further, in seven series, living or cranial, of adult males mainly from native Ameri-
cans, he found that the correlation between head length and breadth was very low,
with the correlation coefficient varying from 0.04 to 0.47 (average=0.18). Here,
Boas noted that the “apparent” correlation between head length and breadth might be
influenced by various causes. Then, he attempted to eliminate the influences of such
causes from the “apparent” correlation by the method developed by Karl Pearson. On
the basis of 57 skulls of adult males from the Sioux tribe, he calculated the statistics
called “double, triple, and quadruple correlations” between the length, breadth and
height of the skull, the bizygomatic diameter of the face, and the cubic root of cranial
capacity. From the results, Boas inferred that the diameters of the skull were primari-
ly determined by its capacity; and that cranial height appeared to be most closely as-
sociated with cranial capacity, and cranial length, to be least closely related. He pre-
sumed that such a weak association between cranial length and capacity was feasible
if the development of the frontal sinuses and of the occipital protuberances did not
depend upon the form of the inner cavity of the skull but upon the general develop-
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Table 5. Solution obtained through the normal varimax rotation of the first three principal compo-
nents for the correlation matrix on the first set of measurements of the neurocranium and the
humerus from Japanese females."

Factor loadings

Variable?)
Fac | 11 11

1 Cranial length 53* -.05 —.66
8 Cranial breadth -.04 .05 .92
17 Basi-bregmatic height 44* —-45 57
1 Maximum length BOF** 33 -.05
2 Total length L8@H** .30 -.03
3 Breadth of proximal end Y| xx*E 23 -.07
3(1) Uppermost trans. diam. 9Qrx* 2 -.02
4 Epicondylar breadth Dr=x .01 —-.04
4a  Max. epicondylar breadth 9% .03 .04
7 Min. circum. of shaft A44%* .80 .19
10 Max. vert. diam. of head A= 32 -.05
9 Max. trans. diam. of head BG*E* .26 -.14
8 Circumference of head 99 4%% 23 -.04
K12 Max. deltoid diameter 517 .92 -.00
6a Min. deltoid diameter 28 .81 -12

" The sample size is 20. The cumulative proportion of the variances of the three principal compo-
nents is 83.55%.

2 See the second footnote to Table 1.

* P<(.05; ¥* P<0.01; *** P<0.001, by a two-tailed bootstrap test.

ment of the skeleton which was partly expressed by stature. And, finally, he stressed
that the law of compensation, which Virchow had originally formulated for the skulls
with premature synostosis of sutures, held good also for the normal skulls analyzed
in his investigation, namely, that cranial breadth was compensated by cranial height
and length.

Among the above findings and suggestions by Boas (1899), it is particularly in-
teresting that cranial breadth seems to be relatively strongly associated with facial
breadth, while cranial length seems to be relatively intimately connected with the ex-
ternal factors from the outside of the skull which may be associated with the forma-
tion of the occipital protuberances or stature. The former strong association between
cranial and facial breadths has been supported by the principal component analyses
of both within-group and between-group covariance matrices on craniofacial mea-
surements (Mizoguchi, 1992, 1998c¢), and the latter possibility may be buttressed by
the present study and the series of principal component analyses for correlations be-
tween neurocranial and postcranial measurements by Mizoguchi (1997, 1998a, b,
1999, 2000a). The different ways of connection of cranial length and breadth with
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Table 6. Principal component analysis of the correlation matrix on the second set of measure-
ments of the neurocranium and the humerus from Japanese males."

Factor loadings Total
Variable?) variance

PC1 11 11 v \Y VI VII (%)

1 Cranial length A43% -.08 33 31 -46 -20 -.18 67.51
& Cranial breadth 32 .01 40 -44 .06 .52 -43  91.77
17 Basi-bregm. height 32 -.19 .63 38 =31 A2 18 8299
5 Max. d. of midshaft J8FRE =28 =35 -.05 -.02 -22 -10 87.29
6 Min. d. of midshaft 82k D3 .07 21 25 -14  -01 85.54
7a Circ. of midshaft B9**k - 18 .11 .04 A2 =21 -12 90.90
11 Br. of trochlea JIEex =07 16 =39 -.03 .03 .00 69.39
12 Br. of capitulum LI 31 -20 -05 -.16 45 22 81.82
13 Dep. of trochlea J1xxx 01 -13 -10 .14 14 S52% 83.25
14 Br. of olecr. fossa 33 2 -.03 —-.26 15 =32 -23  87.38
15 Dep. of olecr. fossa 18 67 42 28 =30 A3 .08  85.29
17 Capito—diaph. angle 24 Al 43 21 .04 -14  —-06 81.43
16 Cubital angle .16 -.11 —.44 52 .20 37 —44  88.14
18 Angle of torsion -.01 .16 41 .25 J3% 14 11 81.60
Total contribution (%) 29.26 1293 11.63 8.42 7.99 6.79  6.15  83.17
Cumulative prop. (%) 29.26 42.19 5382 6224 7023 77.01 83.17  83.17

) The sample size is 30. The number of the principal components shown here was so determined
that the cumulative proportion of the variances of the principal components exceeded 80%.

2 Variable number according to Martin and Saller (1957).

* P<(.05; ¥* P<0.01; *** P<(.001, by a two-tailed bootstrap test.

postcranial measurements may really be one of the reasons for the low correlation be-
tween cranial length and breadth, as noted by Boas (1899).

The independence of head and body measurements as well as of head length and
breadth was also discussed in one of early studies based on factor analysis. Thurstone
(1947) analyzed a set of seventeen body measurements including two head measure-
ments (“skull length” and “skull breadth™) and two arm measurements (arm length to
radial styloid and arm length to tip of medius) by the use of an approximate factor
analysis method called “centroid method.” In result, Thurstone found that the com-
munalities for “skull length” and “skull breadth” were exceptionally low compared
with those for other body measurements, and confirmed that the original correlation
between the two head measurements was as low as 0.15. Therefore, Thurstone con-
cluded that at least two factors must primarily be concerned with skull dimensions
and are relatively independent of the other body measurements analyzed. These con-
clusions by Thurstone (1947) are compatible with the above suggestions by Boas
(1899) and the present results except for the relations between head length and other
body measurements.
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