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Abstract As a step toward elucidating the causes and mechanism of brachycephalization, corre-
lations between neurocranial and ulnar/radial measurements were examined by principal compo-
nent analysis and Kaiser’s normal varimax rotation methods. The results based on 30 male and 20
female skeletons of modern Japanese showed that cranial length was significantly associated with
some measurements of the ulna and the radius only in males. This and previous findings suggest
that, while cranial breadth has no or little association with any measurements of the upper limb
bones, cranial length is differentially associated with them, i.e., strongly associated with many
measurements of the humerus; considerably with some measurements of the male scapula, ulna
and radius; and not with any measurements of the clavicle. Although the causes for this differential
association of cranial length with upper limb bone measurements are not determinable for the pre-

sent, a possibility was discussed from the viewpoint of osteogenesis.
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Since 1992, the present author has analyzed
correlations between the neurocranium and post-
cranial bones with the aim of clarifying the caus-
es and mechanism of brachycephalization and
shown that, while cranial breadth has no consis-
tent association with any measurements of the
vertebrae, ribs, scapula, clavicle or humerus, cra-
nial length is definitely associated with the sagit-
tal and transverse diameters of the vertebral bod-
ies, sacral breadths, costal chords, the size of the
scapula, and many measurements of the humerus
(Mizoguchi, 1992, 1994, 1995, 1996, 1997,
1998a, b, 1999, 2000, 2001).

In the present study, correlations between the
measurements of the neurocranium and the fore-
arm bones are further examined toward solving
the brachycephalization problem.

Materials and Methods

The raw measurement data of the neurocrani-
um and of the right ulna and radius reported by
Miyamoto (1924, 1925) were used here. These

are of the same skeletons of 30 male and 20 fe-
male modern Japanese who had lived in the
Kinai district. The basic statistics for three main
neurocranial measurements, i.e., cranial length,
cranial breadth and basi-bregmatic height, are
presented in Mizoguchi (1994), and those for
ulnar and radial measurements are listed in Ta-
bles 1 and 2, respectively.

For examining the overall relations between
neurocranial and forearm bone 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. The number of
principal components was so determined that the
cumulative proportion of the variances of the
principal components exceeded 80%. The princi-
pal components obtained in such a way were then
transformed by Kaiser’s normal varimax rotation
method (Asano, 1971; Okuno et al., 1971) into
different factors because these may reveal some
other associations hidden behind the measure-
ments dealt with.
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Table 1. Means and standard deviations for the measurements of the right ulna in Japanese males and females."

Males Females
Variable?
n Mean SD n Mean SD
1 Maximum length 30 239.2 12.6 20 217.9 9.2
2 Physiological length 30 210.0 11.2 20 191.0 8.3
3 Minimum circumference 30 36.8 2.5 20 32.3 2.0
K4 Chord of shaft curvature 30 181.1 10.4 20 165.4 8.7
K5 Height of shaft curvature 29 2.3 1.7 20 23 1.3
6 Breadth of olecranon 30 256 1.5 20 21.6 1.5
8 Height of olecranon 30 20.4 1.2 20 18.0 1.5
7 Depth of olecranon 30 245 1.2 20 22.0 1.2
5 Height of olecranon top 30 3.6 1.2 20 3.1 0.7
K10 Breadth of coronoid process 30 25.9 2.1 20 224 1.3
K11 Breadth of lateral portion of
trochlear notch on coronoid process 30 11.8 1.9 20 10.4 1.8
K12 Breadth of medial portion of

trochlear notch on coronoid process 30 14.5 1.3 20 12.6 0.8

10 Posterior breadth of lateral portion
of trochlear notch on coronoid process 30 121 19 20 10.4 1.8

9 Anterior breadth of lateral portion
of trochlear notch on coronoid process 30 8.1 0.9 20 6.6 0.9
K15 Anterior depth of coronoid process 29 15.9 1.3 20 14.4 1.0
K16 Total depth of coronoid process 29 34.6 1.8 20 30.3 1.7
12 Transverse diameter 30 15.6 1.2 20 13.4 0.9
11 Dorso-volar diameter 30 12.8 1.2 20 10.5 0.8
K19 Maximum diameter of midshaft 30 16.1 L1 20 13.9 1.0
K20 Minimum diameter of midshaft 30 12.0 0.9 20 10.0 0.7
14 Upper dorso-volar diameter 30 252 22 20 224 1.7
13 Upper transverse diameter 30 19.8 1:9 20 17.3 1.4
K23 Maximum diameter of head 30 19.8 1.2 20 17.6 1.0
K24 Transverse diameter of head 30 16.8 1.2 20 14.9 1.1
K25 Angle of upper side-curvature 30 169.6 3.0 20 170.9 22
K26 Angle of lower side-curvature 30 175.0 3.0 20 171.9 32
K27 Backward flection angle of joint to shaft 30 19.9 6.0 20 17.0 5:1
K28 Inward flection angle of joint to shaft 30 16.2 42 20 15.3 4.1
15 Ulnar joint angle 30 84.1 4.6 20 83.9 43
K30 Arm angle 30 166.9 4.9 20 164.9 52

1 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 Bare-numbered variables are measurements according to Martin and Saller (1957), and those with the letter ‘K’
preceding the number are measurements according to Kiyono’s (1929) system.

The measurements of the ulna or radius were,
in practice, arbitrarily divided into two groups in
carrying out the above multivariate analyses be-
cause of a statistical restriction on sample size
and the number of variables, namely, because 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
including the observed sample were used. The
bootstrap standard deviation was estimated by di-
rectly counting the cumulative frequency for the
standard deviation in the bootstrap distribution.
The reality of a common factor such as repre-
sented by a principal component or rotated factor
was further tested indirectly by evaluating simi-
larity between the factors obtained for males and
females, i.e., by estimating a Spearman’s rank
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Table 2. Means and standard deviations for the measurements of the right radius in Japanese males and females."
Males Females
Variable”
Mean SD n Mean SD
1 Maximum length 30 223.1 11.6 20 201.3 8.8
2 Physiological length 30 207.2 11.0 20 187.7 .5
3 Minimum circumference of shaft 30 42.1 3.2 20 354 1.7
K4 Circumference of shaft below radial
tuberosity 30 42.7 3:2 20 35.8 2.1
K5 Chord of shaft curvature 30 157.0 9.3 20 142.9 10.0
K6 Height of shaft curvature 30 4.5 0.9 20 4.0 1.0
K7 Maximum diameter of head 30 22.4 1.2 20 19.5 1.2
K8 Minimum diameter of head 30 21.2 1:2 20 18.7 1.2
K9 Maximum diameter of neck 30 14.6 1.2 20 12.4 1.1
K10 Minimum diameter of neck 30 12.6 1.1 20 10.7 1.0
4 Transverse diameter of shaft 30 16.6 1.4 20 14.5 L3
5 Sagittal diameter of shaft 30 11.6 0.9 20 9.6 0.9
K13 Transverse diameter of distal end 30 31.7 1.9 20 27.5 1.6
K14 Shaft-curvature angle from inside
to outside 30 171.9 1.7 20 172.1 2.1
K15 Angle between proximal surface of head
and axis of neck 30 89.8 34 20 89.1 2.9
7 Neck-shaft angle 30 169.5 3.5 20 168.4 2.7
8 Tuberosity-position angle 30 46.0 10.3 20 442 9.7

) 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 Bare-numbered variables are measurements according to Martin and Saller (1957), and those with the letter ‘K’
preceding the number are measurements according to Kiyono’s (1929) system.

correlation coefficient (Siegel, 1956) between the
variation patterns of the factor loadings.

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 analy-
sis 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 the principal component
analyses (PCAs) and the rotated solutions for the
neurocranium and the forearm bones are shown
in Tables 3 to 18. In Tables 19 to 22, 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 the results of the PCAs and the rotated solu-
tions (Tables 3 to 18), only three factors are
found to have significant correlations both with
one or more of the three main neurocranial mea-
surements and with some of the ulnar or radial
measurements: rotated factor V in Table 4, PC |
in Table 7, and PC I in Table 11. All these three
are those from the male data. In the results for fe-
males, there is no corresponding factor which
has significant correlations with both cranial and
ulnar/radial measurements simultaneously.

Spearman’s rank correlation coefficients be-
tween males and females (Tables 19 to 22) show
that there are several factors whose factor load-
ing variation patterns are highly significantly
similar to each other (P<0.01). Among them,
however, there is no couple of factors both of
which are significantly correlated with both cra-
nial and ulnar/radial measurements.
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Table 3. Principal component analysis of the correlation matrix on the first set of measurements of the neurocra-
nium and the ulna from Japanese males."

Factor loadings Total

Variable?! variance
PC 1 Il 111 v \Y VI VII (%)
1 Cranial length 23 -.39 —.10 .56 —.52 A5 -.23 87.51
8 Cranial breadth 23 —.04 —.47 .50 59 —.02 —-.05 86.87
17 Basi-bregm. height 16 =53 —.30 .35 =17 —-.30 =16 66.20
1 Maximum length 89x** =07 31 =.01 .03 =13 =17 93.95
2 Physiol. length BO*** =12 36 .01 .07 =.10 -.19 93.67
3 Minimum circumf. .39 =.39 =05 —.24 -.19 .50 35 77.62
K4 Chord of shaft cur. 84 xx =15 40 14 .06 =15 -.10 94.77
K35 Ht. of shaft cur. 18 —.10 .59 44 —.03 12 44 79.36
6 Br. of olecranon X —.26 =32 —.08 —.00 A7 .05 72.90
8 Ht. of olecranon S54%* —.40 —.28 —.47 —.10 {02 .19 80.21
7 Dep. of olecranon STH* -, 10 47 —.35 A9 .03 —.15 73.31
5 Ht. of olecr. top 24 .26 -.14 —.28 —.23 ~57 5% 23 90.03
K10 Br. of coro. proc. DR 51 —23 .20 .05 15 .19 93.24
K11 Br. of lat. port. 40 .82 .05 .09 -.26 .05 .08 92.20
K12 Br. of med. port. Bl —J12 -.30 19 35 —.18 34 83.42
10 Post. br. of L.p. 43 71 —11 .20 —.39 .03 —.04 89.75
9 Ant. br. of . p. 41 53 =21 —.23 .30 27 -.30 80.48
K15 Ant. dep. of c. p. L —.18 —.40 —.25 —.30 .07 -.19 64.74
Total contribution (%) 30.32 15.07 10.22 9.02 7.37 6.48 4.87 83.35
Cumulative proportion (%) 30.32 4538  55.60  64.63 7199 7848  83.35 83.35

" The sample size is 28. The number of the principal components shown here was so determined that the cumula-
tive proportion of the variances of the principal components exceeded 80%.

2 See the second footnote to Table 1.

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

Table 4. Solution obtained through the normal varimax rotation of the first seven principal components for the
correlation matrix on the first set of measurements of the neurocranium and the ulna from Japanese males."

Factor loadings

Variable?

Fac | 11 11 v A% VI VII

1 Cranial length .08 .10 —.14 .88* -.03 23 13

8 Cranial breadth —.00 .02 .09 13 9*** .16 ==L 150

17 Basi-bregm. height .06 —:26 —.08 %+ .26 =117 —.06

1 Maximum length 90* 22 —.20 A2 A2 — 10 .02

2 Physiol. length 92%* 16 —5ul 7 A2 A2 —.04 .05

3 Minimum circumf. .10 —-.03 —. 82 %% .01 —.07 .20 21

K4 Chord of shaft cur. 90* 14 —. 13 A8 17 -.07 20
K5 Ht. of shaft cur. 26 .07 .04 .05 01 A3 84 x*

6 Br. of olecranon .35 .14 —.66 18 33 .01 =13

8 Ht. of olecranon .26 —13 —:, 78 .03 .07 =28 -.17

7 Dep. of olecranon 8% —.04 =19 =226 —.10 .04 —.02

5 Ht. of olecr. top .09 .20 -.02 —.05 -.02 =, 92*%*%  —10

K10 Br. of coro. proc. 24 78 =25 -.07 44% -.03 .04

K11 Br. of lat. port. 12 93 .08 =15 —.06 —.12 .05

K12 Br. of med. port. 28 1 —.34 .03 JJ4%% —.25 13

10 Post. br. of L. p. .08 93 .04 12 -.03 .12 —i05

9 Ant. br. of . p. 24 .50 -.07 —.38 22 22 —.50

K15 Ant. dep. of c. p. .19 17 —.56 .30 .00 —.10 —.41

" The sample size is 28. The cumulative proportion of the variances of the seven principal components is 83.35%.
2 See the second footnote to Table 1.
* P<(.05; ** P<0.01; *** P<0.001, by a two-tailed bootstrap test.
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Table 5. Principal component analysis of the correlation matrix on the first set of measurements of the neurocra-
nium and the ulna from Japanese females."

Factor loadings Total

Variable?! variance
PCI 11 11 v \Y% VI (%)
1 Cranial length .56 12 .09 12 —.68* =14 84.02
8 Cranial breadth -.29 -.07 .38 59 42 .04 75.86
17 Basi-bregm. height 22 18 31 .70 A2 39 82.89
1 Maximum length .88* .08 —.33 18 21 .01 97.30
2 Physiol. length 74%* 13 —52 28 28 =01 96.72
3 Minimum circumf. 37 42 .50 .26 .00 —.14 64.91
K4 Chord of shaft cur. .84 —07 —.46 .05 .07 .00 95.16
KS Ht. of shaft cur. 57 —.36 —.32 .06 =31 22 71.03
6 Br. of olecranon .65 =22 46 —.04 22 —.05 73.56
8 Ht. of olecranon .61 .03 ) 11 = ) .02 70.86
7 Dep. of olecranon .61 .03 .39 —.08 18 =29 65.18
5 Ht. of olecr. top 29 51 =11 =39 .02 .58 83.36
K10 Br. of coro. proc. A5 .81 .04 —27 38 —.26 96.86
K11 Br. of lat. port. —.05 97* —.07 =207 .06 .07 96.81
K12 Br. of med. port. 23 —.48 —.18 —.35 .63 =.28 90.99
10 Post. br. of I p. —-.05 97 —.07 -.07 .06 .07 96.81
9 Ant. br. of L. p. .14 48 -.07 .67 =12 =39 87.87
K15 Ant. dep. of c. p. 46 —-.28 53 —.23 27 28 79.46
Total contribution (%) 25.07 21.18 12.28 10.63 8.90 5.82 83.87
Cumulative proportion (%) 25.07 46.24 58.52 69.15 78.05 83.87 83.87

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

%) See the second footnote to Table 1.

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

Table 6. Solution obtained through the normal varimax rotation of the first six principal components for the cor-
relation matrix on the first set of measurements of the neurocranium and the ulna from Japanese females."

Factor loadings

Variable?

Fac | 11 11 v A% VI
1 Cranial length 25 -.02 53 —.48 —.49 -.12
8 Cranial breadth =25 —-.09 —.03 .80 12 -.19
17 Basi-bregm. height 21 .05 19 78 —.36 -.01
1 Maximum length 93 13 27 .05 .09 =400
2 Physiol. length 95 il .03 .08 .08 =12
3 Minimum circumf. —.09 45 .66%* —.08 —.00 .04
K4 Chord of shaft cur. .93 —lEl 18 =1 il | .04
K5 Ht. of shaft cur. .63 —.41 1 =21 —.24 17
6 Br. of olecranon 24 —.14 .74 .16 25 13
8 Ht. of olecranon .16 —.03 .78 .14 —-.22 .02
7 Dep. of olecranon 17 .01 .76 =16 —.03 =15
S Ht. of olecr. top 25 .56 .03 =12 ~.23 .62
K10 Br. of coro. proc. .03 .92 17 —.06 26 =10
K11 Br. of lat. port. —.01 95 -.09 .02 —.24 -.03
K12 Br. of med. port. 25 =21 .05 =12 BB *kx 12
10 Post. br. of L. p. —.01 95 —.09 .02 —.24 -.03

9 Ant. br. of . p. 24 31 .04 27 —.31 =i J5*

K15 Ant. dep. of c. p. .06 —.16 .64 21 23 S1%

! The sample size is 20. The cumulative proportion of the variances of the six principal components is 83.87%.
2 See the second footnote to Table 1.
* P<().05; ** P<(0.01; *** P<<0.001, by a two-tailed bootstrap test.
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Table 7. Principal component analysis of the correlation matrix on the second set of measurements of the neuro-
cranium and the ulna from Japanese males."

Factor loadings Total

Variable”! variance
PC 1 11 111 v \Y VI (%)
1 Cranial length A43* .30 -.03 13 .63 —.31 77.64
8 Cranial breadth 19 15 .38 38 33 .65 88.38
1% Basi-bregm. height 27 -39 31 31 35 —-.50 78.15
K16 Total dep. of c. p. JEE 13 23 .| —.34 .00 79.84
12 Transverse diameter JSexE =08 —.42 .01 19 18 85.09
11 Dorso-volar diam. 84x*x —27 - 12 .04 —.06 -.09 81.31
K19 Max. d. of midshaft SRR s DD —.34 .04 23 —.09 73.96
K20 Min. d. of midshaft i§3%kk — 2D —.13 —.08 —-.18 .05 80.53
14 Up. dorso-volar d. 81%x 18 s/ —.12 =25 18 82.28
13 Up. trans. diameter g3xxk .03 24 .03 .10 .03 76.73
K23 Max. diam. of head .39 =25 .54 =57 =11 —.18 88.29
K24 Trans. d. of head 42 —.46 46 —.24 .09 =511 67.64
K25 Angle of up. s.-c. .16 —.44 —.52 43 =33 =21 83.30
K26 Angle of low. s.-c. —.32 45 42 20 —.36 —.26 71.83
K27 Back. flec. angle 46 21 33 59 =31 .03 80.01
K28 Inward flec. angle =33 =107 51 .10 A8 14 87.19
15 Ulnar joint angle 21 87* =17 —.18 -.05 A3 88.83
K30 Arm angle 27 .84%* =315 —.31 .01 .07 90.23
Total contribution (%) 3115 17.61 11.51 7.75 7.34 5.81 81.18
Cumulative proportion (%) 31.15 48.77 60.28 68.03 7537 81.18 81.18

" The sample size is 29. The number of the principal components shown here was so determined that the cumula-
tive proportion of the variances of the principal components exceeded 80%.

? See the second footnote to Table 1.

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

Table 8. Solution obtained through the normal varimax rotation of the first six principal components for the cor-
relation matrix on the second set of measurements of the neurocranium and the ulna from Japanese males."

Factor loadings

Variable?

Fac | 11 111 v \Y VI

1 Cranial length 31 21 .02 —.04 A9* A2

8 Cranial breadth .04 —.04 —.08 25 .09 9QX**

17 Basi-bregm. height =12 .10 .05 .26 83* .01
K16 Total dep. of c. p. .30 21 .30 5% .06 .02
12 Transverse diameter 91* .08 .00 J13 .03 .06
11 Dorso-volar diam. 74* —.03 24 43 11 —:l 3
K19 Max. d. of midshaft .81 .02 .05 A3 24 —.09
K20 Min. d. of midshaft b7 ke .08 29 43%* -.07 —-.10
14 Up. dorso-volar d. 40 38 40 HBF —.04 A3
13 Up. trans. diameter 49 A3 40 48 .29 21
K23 Max. diam. of head .07 —.06 9% A1 =.02 —-.10
K24 Trans. d. of head .25 —.34 .68 A3 .10 .05
K25 Angle of up. s.-c. 41 —.36 — .45 210 =15 —.49
K26 Angle of low. s.-c. =75 A2 -.03 34 212 =l
K27 Back. flec. angle =02 —.00 —.08 .86* 18 A7
K28 Inward flec. angle =49 =% 24 =.16 ~ialkd .30
15 Ulnar joint angle =07 92 =10 10 .10 411
K30 Arm angle —.01 93* .04 .04 .14 .07

" The sample size is 29. The cumulative proportion of the variances of the six principal components is 81.18%.
?) See the second footnote to Table 1.
* P<(.05; ** P<0.01; *** P<(0.001, by a two-tailed bootstrap test.
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Table 9. Principal component analysis of the correlation matrix on the second set of measurements of the neuro-
cranium and the ulna from Japanese females."

Factor loadings Total

Variable? variance
PC 1 11 111 IV \Y VI (%)
1 Cranial length 19 -.17 —.54 —.50 —-.24 —.16 69.49
8 Cranial breadth —.04 35 28 78 A3 =05 82.31
17 Basi-bregm. height 74 47 —.26 .32 46 —,18 77.27
K16 Total dep. of c. p. .63 —. 15 -.03 .50 —.48 =07 93.57
12 Transverse diameter .63 —.37 22 —: 15 22 =13 67.43
11 Dorso-volar diam. .63 —l9 29 —=.21 .04 —.49% 79.96
K19 Max. d. of midshaft 77 —.23 .05 —.18 21 .07 72.10
K20 Min. d. of midshaft .81 —.20 .04 =27 =25 =12 84.35
14 Up. dorso-volar d. .81 =dd —.06 43 —.00 .03 87.11
13 Up. trans. diameter .30 =33 32 =10 =.13 J5EE 88.35
K23 Max. diam. of head 45 -.02 =76 18 —.06 21 85.88
K24 Trans. d. of head .68 32 —.24 —.04 .06 34 1325
K25 Angle of up. s.-c. .03 27 .69 —.35 —.09 —.04 67.44
K26 Angle of low. s.-c. =39 =,33 —.06 27 —.69 —el2 82.88
K27 Back. flec. angle 42 22 .65 .26 —.19 .06 75.07
K28 Inward flec. angle .19 .87 —i21 —.08 =22 —.12 90.59
15 Ulnar joint angle -.19 -.91 —.05 27 A2 .04 96.01
K30 Arm angle —12 —.86 —03 .16 .26 =19 87.36
Total contribution (%) 24.66 19.21 1252 10.92 7.46 6.37 81.13
Cumulative proportion (%) 24.66 43.87 56.38 67.31 74.77 81.13 81.13

" The sample size is 20. The number of the principal components shown here was so determined that the cumula-
tive proportion of the variances of the principal components exceeded 80%.

?) See the second footnote to Table 1.

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

Table 10. Solution obtained through the normal varimax rotation of the first six principal components for the cor-
relation matrix on the second set of measurements of the neurocranium and the ulna from Japanese females."

Factor loadings

Variable?
Fac | 11 111 1A% \Y% VI
1 Cranial length 18 .09 —.24 —.76* —d =l
8 Cranial breadth gt £ .09 —.08 B7* —.04 =17
17 Basi-bregm. height 18 .30 —.43 35 46 =39
K16 Total dep. of c. p. .61 .06 —.42 .30 —.54* .03
12 Transverse diameter 74 —.24 .03 =05 24 sl
11 Dorso-volar diam. .85 —.02 .20 —.06 .06 =18
K19 Max. d. of midshaft 72 =05 —.18 =10 32 25
K20 Min. d. of midshaft 84* 14 =12 =225 —.08 19
14 Up. dorso-volar d. .67 =02 —.54 33 =02 .14
13 Up. trans. diameter 18 —.14 .01 .02 .02 R R
K23 Max. diam. of head 2 A1 =/89* —.20 .02 .06
K24 Trans. d. of head 34 46 —.48 .00 3l .30
K25 Angle of up. s.-c. A8 3l 71 .10 .06 17
K26 Angle of low. s.-c. =422 =22 .00 —.04 —.85% —.03
K27 Back. flec. angle 44 28 25 57 —.13 .28
K28 Inward flec. angle —.04 91 —.13 .02 .03 —.24
15 Ulnar joint angle —.01 —.95 —.14 —.02 —.18 .10
K30 Arm angle 13 —.92 —.05 —J07 —i05 =110

" The sample size is 20. The cumulative proportion of the variances of the six principal components is 81.13%.
% See the second footnote to Table 1.
* P<0.05; ** P<0.01; *** P<0.001, by a two-tailed bootstrap test.
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Table 11.
nium and the radius from Japanese males."

Principal component analysis of the correlation matrix on the first set of measurements of the neurocra-

Factor loadings Total

Variable” variance
PC1 11 I11 v \% (%)
1 Cranial length A41* 25 49 o I —i.26 56.75
8 Cranial breadth 21 —.36 47 .28 .70 95.70
17 Basi-bregm. height 34 .20 .56 47 -.30 77.63
1 Maximum length 84 Hk* .08 18 —.45 .10 96.56
2 Physiol. length Bk .08 A8 —.49 14 95.98
3 Min. cir. of shaft T9H** —.37 —.16 -.03 -.15 80.99
K4 Cir. below rad. t. FAxkX —.54 —.16 18 —.19 89.40
K5 Chord of shaft cur. B2xkx  — 13 .16 —-.33 —.18 86.44
K6 Ht. of shaft cur. 43%* —.69 15 19 —.09 73.26
K7 Max. diam. of head SIRFE 43 -.03 23 18 89.15
K8 Min. diam. of head /S fd 45 -.07 18 13 87.55
K9 Max. diam. of neck T xE* .30 —.46 .20 —.04 84.63
K10 Min. diam. of neck S54%%% —.10 —.62 21 A5 75.77
Total contribution (%) 44.13 12.73 11.89 8.56 6.53 83.83
Cumulative proportion (%) 44.13 56.86 68.75 77.31 83.83 83.83

") The sample size is 30. The number of the principal components shown here was so determined that the cumula-
tive proportion of the variances of the principal components exceeded 80%.
prop! princip p

2 See the second footnote to Table 2.

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

Table 12.

Solution obtained through the normal varimax rotation of the first five principal components for the

correlation matrix on the first set of measurements of the neurocranium and the radius from Japanese males."

Factor loadings

Variable?

Fac | 11 111 v \Y%
1 Cranial length .09 —.04 70* —.27 .00

8 Cranial breadth =02 =17 .09 —.08 96**
17 Basi-bregm. height .10 s ) 86* .00 10
1 Maximum length 28 =418 13 —91* .08
2 Physiol. length 25 —.14 .09 —.93%* 10
3 Min. cir. of shaft 34 —.72 .03 —.42 —.04
K4 Cir. below rad. t. .30 —.87 .06 =20 .03
K5 Chord of shaft cur. 17 — 45 21 =76 -.07
K6 Ht. of shaft cur. —.08 —.80 1 —.09 .26
K7 Max. diam. of head .79 —.01 .34 -.36 15
K8 Min. diam. of head 78%* —.01 32 -.39 07
K9 Max. diam. of neck B5¥H* -.20 .07 -.20 —.19
K10 Min. diam. of neck J1¥ER —.41 -.28 —-.03 —.01

" The sample size is 30. The cumulative proportion of the variances of the five principal components is 83.83%.

2 See the second footnote to Table 2.

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

Discussion

Previous analyses on the neurocranium and the
scapula, clavicle or humerus (Mizoguchi, 2000,
2001) suggested that cranial breadth had no con-
sistent association with any measurements of

these three upper limb bones. Also in the present
study, this is the case: cranial breadth was found
to have no consistent association with any of the
ulnar or radial measurements dealt with. There-
fore, it can be concluded that cranial breadth has
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Table 13. Principal component analysis of the correlation matrix on the first set of measurements of the neurocra-
nium and the radius from Japanese females."

Factor loadings Total

Variable” variance
PCT 11 111 v \Y% (%)
1 Cranial length 35 —.43 —.22 —.65 28 86.14
8 Cranial breadth -.20 73 49 14 —.21 87.52
17 Basi-bregm. height —.05 25 74 —.28 28 77.51
1 Maximum length Sy —-.38 51 .01 —.09 92.68
2 Physiol. length L64%** —.46 53 -.02 =S 93.24
3 Min. cir. of shaft OT** .36 —.07 —:50 —.14 86.00
K4 Cir. below rad. t. B 20 —.03 —.01 —.04 7347
K5 Chord of shaft cur. NP —-.38 —.06 .08 —.43 86.00
K6 Ht. of shaft cur. H5* 27 =22 10 =57 74.86
K7 Max. diam. of head 0% 43 —.06 =12 .25 74.54
K8 Min. diam. of head 67* 46 =.25 =l 2 12 75.15
K9 Max. diam. of neck JTEEE .03 —.01 42 34 88.51
K10 Min. diam. of neck .63* —.06 —.08 251l 43 84.96
Total contribution (%) 38.34 14.72 11.68 9.66 8.71 83.10
Cumulative proportion (%) 38.34 53.06 64.74 74.39 83.10 83.10

" The sample size is 20. The number of the principal components shown here was so determined that the cumula-
tive proportion of the variances of the principal components exceeded 80%.

? See the second footnote to Table 2.

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

Table 14. Solution obtained through the normal varimax rotation of the first five principal components for the
correlation matrix on the first set of measurements of the neurocranium and the radius from Japanese fe-
males."

Factor loadings
Variable?

Fac | 11 111 v \%
1 Cranial length 26 =17 =7 -.07 .09
8 Cranial breadth A7 11 .82 —,18 31
17 Basi-bregm. height .07 =16 A7 —.09 .84
1 Maximum length .16 =90F** =09 25 A2
2 Physiol. length .07 e Sl I ) 16 1
3 Min. cir. of shaft .89%* -.20 =13 —-.09 .03
K4 Cir. below rad. t. .68%* —.36 —.00 35 =11
K5 Chord of shaft cur. .26 —57 -.14 13 -.50
K6 Ht. of shaft cur. 57 —.26 28 —.01 —.52
K7 Max. diam. of head .75 —i05 —.04 .39%* 14
K8 Min. diam. of head .80 .03 -.03 32 -.07
K9 Max. diam. of neck 33 =29 —.01 B3REE —.06
K10 Min. diam. of neck A8 —.18 —.06 BRFNH —.09

" The sample size is 20. The cumulative proportion of the variances of the five principal components is 83.10%.
% See the second footnote to Table 2.
* P<().05; ¥* P<0.01; *** P<<0.001, by a two-tailed bootstrap test.

no association with the size of any upper limb  males and females (Mizoguchi, 2001), and with
bones. some scapular measurements (P<<0.001) at least

On the other hand, cranial length has been  in males (Mizoguchi, 2000). As regards clavicu-
shown to be highly significantly associated with ~ lar measurements, it has been found that they
many humeral measurements (P<<0.01) in both  have no significant association (P>0.05) with
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Table 15.
cranium and the radius from Japanese males."

Yuji Mizoguchi

Principal component analysis of the correlation matrix on the second set of measurements of the neuro-

Factor loadings Total

Variable? variance
RC1 11 I11 v \% VI (%)
1 Cranial length 51 —.04 .19 A3 .06 —.18 86.31
8 Cranial breadth 42 .29 32 =15 .58 —:12 1272
17 Basi-bregm. height 59 .09 —.47 .37 .29 —.04 80.39
4 Trans. d. of shaft .50 A8 -.07 .06 =62 = 88.64
5 Sagit. d. of shaft A48 .60 45 =13 —21 10 86.68
K13 Tr. d. of dist. end .61 24 —.00 —.44 24 12 70.20
K14 Shaft-curv. angle =31 =.19 .76 J1 .04 -.33 84.00
K15 Ang. b. head & neck —.63 .64 =~ 12 AT 22 .16 92.78
7 Neck-shaft angle —-.56 73 .07 .24 .04 .14 92.49
8 Tub.-position angle 24 —.32 31 22 —.04 L2 97.55
Total contribution (%) 24.97 18.17 12.67 10.58 9.62 9.16 85.18
Cumulative proportion (%) 24.97 43.14 55.81 66.39 76.02 85.18 85.18

" The sample size is 30. The number of the principal components shown here was so determined that the cumula-
tive proportion of the variances of the principal components exceeded 80%.
prop princip: P!

?) See the second footnote to Table 2.

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

Table 16. Solution obtained through the normal varimax rotation of the first six principal components for the cor-
relation matrix on the second set of measurements of the neurocranium and the radius from Japanese males."

Factor loadings

Variable?

Fac I 11 111 1Y \% VI
1 Cranial length .05 —il 2 A1 89* —.16 12
8 Cranial breadth B2 XAR .02 .09 20 .00 —.05
17 Basi-bregm. height 21 —.10 —:59 .63* .02 =07
4 Trans. d. of shaft —.05 —.06 =21 .16 —.89*** —.14
5 Sagit. d. of shaft A48 11 A1 .02 = GFAE 17
K13 Tr. d. of dist. end .70 =22 =32 =11 —.23 .05
K14 Shaft-curv. angle .00 —.00 91 .06 <1l -.02
K15 Ang. b. head & neck —.04 .94 —.05 =12 A1 =1l
7 Neck-shaft angle —.06 94%* 10 —.06 -.12 —.05

8 Tub.-position angle —.01 =13 —.01 .08 .03 Q7=

! The sample size is 30. The cumulative proportion of the variances of the six principal components is 85.18%.

2 See the second footnote to Table 2.

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

cranial length in males nor in females (Mi-
zoguchi, 2000). In the present study, only male
data (Tables 7 and 11) showed that cranial length
was significantly associated with some ulnar and
radial measurements.

Mizoguchi (2001) suggested, mainly on the
basis of the analyses on the neurocranium and
humerus, that the general development of skele-
tal muscles including nuchal muscles and the

muscles of the upper limbs has more influence on
the variation in cranial length than on the varia-
tion in cranial breadth. If so, it is expected that
the same tendency can be found in all the analy-
ses on the neurocranium and upper limb bones of
both males and females. But, in fact, such a
strong association with cranial length was found
only in the results on the humerus. No such asso-
ciation was found in the analyses on the clavicle.
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Table 17.
cranium and the radius from Japanese females."

11

Principal component analysis of the correlation matrix on the second set of measurements of the neuro-

Factor loadings Total

Variable” variance
PC1 11 111 1A% \Y% (%)
1 Cranial length 53 46 =39 55% .01 89.96
8 Cranial breadth =27 —.54 .65 —.02 -.29 86.83
17 Basi-bregm. height .01 —35 51 13 .07 92.20
4 Trans. d. of shaft J2* =39 —.46 —.04 —.02 84.59
5 Sagit. d. of shaft JIEFY =325 .01 =16 =15 71.14
K13 Tr. d. of dist. end .65* —.34 14 A 46 77.74
K14 Shaft-curv. angle 10 .56 A7 =15 .59 91.55
K15 Ang. b. head & neck BgEnE .09 19 .03 =32 87.13
7 Neck-shaft angle .68* 14 53 =35 =03 89.18
8 Tub.-position angle .04 78 28 A3 —.41 87.89
Total contribution (%) 30.93 18.66 16.33 10.50 9.40 85.82
Cumulative proportion (%) 30.93 49.59 65.92 76.42 85.82 85.82

" The sample size is 20. The number of the principal components shown here was so determined that the cumula-
tive proportion of the variances of the principal components exceeded 80%.

2 See the second footnote to Table 2.

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

Table 18. Solution obtained through the normal varimax rotation of the first five principal components for the
correlation matrix on the second set of measurements of the neurocranium and the radius from Japanese fe-
males."

Factor loadings
Variable?

Fac | 11 [11 I\Y% \Y

1 Cranial length 23 a1 —.8OH&* .16 —-.01

8 Cranial breadth .06 .06 .80 45 =13

17 Basi-bregm. height —.01 —.05 .07 .96 —.00

4 Trans. d. of shaft .58 —.49 — 37 —15 —.34

5 Sagit. d. of shaft .80 —:28 —.06 -.03 —:12

K13 Tr. d. of dist. end 49 — 9 9% 3] 31 .26
K14 Shaft-curv. angle .01 i —.08 —.01 95%*

K15 Ang. b. head & neck .88* 17 =23 el =.02

7 Neck-shaft angle .81 Al J5 —.04 44

8 Tub.-position angle A2 B8F* =121 .00 21

' The sample size is 20. The cumulative proportion of the variances of the five principal components is 85.82%.

2 See the second footnote to Table 2.

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

In the results on the scapula, ulna and radius, it
was found only in males, as was stated above.
These findings, therefore, imply that cranial
length or the nuchal muscles may not necessarily
be related to all the other skeletal muscles. It is
unknown for the present how this differential as-
sociation of cranial length with upper limb bone
measurements is generated. But the lack of asso-
ciation of clavicular measurements with cranial

length may be explained in part by the facts that
this bone is intramembranous, i.e., ontogenetical-
ly different from the other limb bones which are
cartilaginous, and that the lower part of the squa-
ma of the occipital bone, which is occupied by
the areas of muscular attachments, is also carti-
laginous (Warwick and Williams, 1973). Namely,
it may be said that the associations between cra-
nial length and some measurements of the upper
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Table 19. Principal components from the measurements of the neurocranium and ulna which show significantly

similar loading variation patterns at the 5% level."

First variable set

Principal components

Second variable set

Principal components

compared compared
Spearman’s Spearman’s
Male Female rank corr. Male Female rank corr.
I - I 0.56* | I 0.74%**
I - I 0.49* m - Il 0.56*
mr - 1 0.55* 111 v 0.47*
111 \Y% 0.56* \% \Y 0.55*
vV - VI 0.53*
vilt - IV 0.48%*

D The similarity in the variation patterns of factor loadings between two PCs, one of which was from males and the
other from females, was assessed by Spearman’s rank correlation coefficient. The signs of rank correlation coefficients
are removed because the signs of factor loadings are reversible. The original factor loadings are listed in Tables 3.5, 7
and 9.

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

Table 20. Rotated factors for the measurements of the neurocranium and ulna which show significantly similar

loading variation patterns at the 5% level."

First variable set

Rotated factors

Second variable set

Rotated factors

compared compared
Spearman’s Spearman’s
Male Female rank corr. Male Female rank corr.
I - [ 0.66** I - [ 0.81%x%
n - 11 0:53* I - 11 0.70%*
mnm - 1 0.58%* I \Y 0.50%*
m - 1 ().78%** [11 11 0.61%*
1 - v 0.49%
v - 11 0.47*
vV - v 0.49%*
VI - VI 0.48%*
vii - 1V 0.76%**

" The similarity in the variation patterns of factor loadings between two rotated factors, one of which was from
males and the other from females, was assessed by Spearman’s rank correlation coefficient. The signs of rank correlation
coefficients are removed because the signs of factor loadings are reversible. The original factor loadings are listed in Ta-
bles 4, 6, 8 and 10.

* P<().05; ** P<(.01; *** P<<0.001, by a two-tailed test.

limb bones except the clavicle are caused in part
by some factors common to the bones formed
through the cartilaginous ossification.

In order to confirm the above differential asso-
ciation of cranial length with upper limb bone
measurements, further analyses should be done
in the future by the simultaneous use of measure-
ments of the neurocranium and two or more

upper limb bones taking account of the interrela-
tions between the upper limb bones as well.

Summary and Conclusions

Principal component analyses on the neurocra-
nium and the forearm bones showed that cranial
length was significantly associated with some
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Table 21.
similar loading variation patterns at the 5% level."”

Principal components from the measurements of the neurocranium and radius which show significantly

First variable set

Second variable set

Principal components

Principal components

compared compared
Spearman’s Spearman’s
Male Female rank corr. Male Female rank corr.
I - I 0.68%* n - I 0.67*
nm - Vv 0.62%* VI \Y% 0.65*
I - | 0.56*
v - 1 0.63*

") The similarity in the variation patterns of factor loadings between two PCs, one of which was from males and the

other from females, was assessed by Spearman’s rank correlation coefficient. The signs of rank correlation coeflicients
are removed because the signs of factor loadings are reversible. The original factor loadings are listed in Tables 11, 13,
15and 17.

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

Table 22. Rotated factors for the measurements of the neurocranium and radius which show significantly similar

loading variation patterns at the 5% level."

First variable set

Second variable set

Rotated factors

Rotated factors

compared compared
Spearman’s Spearman’s
Male Female rank corr. Male Female rank corr.
I - IV 0.75%* I - IV 0.70%*
n - v 0.66* v - I 0.67*
v - I 0.68%* v - 1 0.75*

" The similarity in the variation patterns of factor loadings between two rotated factors, one of which was from
males and the other from females, was assessed by Spearman’s rank correlation coefficient. The signs of rank correlation
coefficients are removed because the signs of factor loadings are reversible. The original factor loadings are listed in Ta-

bles 12, 14, 16 and 18.

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

measurements of the ulna and radius only in
males, and that cranial breadth had no consistent
association with any measurement of the two
upper limb bones. From this and previous find-
ings, it was suggested that cranial length was dif-
ferentially associated with upper limb bone mea-
surements. Although the causes for the differen-
tial association are not exactly determinable for
the present, it was inferred, at least, that the dif-
ference between the clavicle and the other upper
limb bones in the association with cranial length
might be due partly to the difference in their
ways of osteogenesis.
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