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Covariations of the Neurocranium with the Cervical, Thoracic and
Lumbar Vertebrae and the Sacrum: Toward the Solution
of the Brachycephalization Problem
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Abstract A series of analyses by the present author on the correlations between
the neurocranium and individual vertebrae have shown that a few vertebral measure-
ments are relatively highly correlated with cranial length or basi-bregmatic height. In
this study, it was reconfirmed on the basis of male data that cranial length is associ-
ated with the sagittal and transverse diameters of the vertebral body throughout al-
most all vertebrae; and that basi-bregmatic height is also generally associated with
the transverse diameter of the vertebral foramen. In addition, both male and female
data on some representative measurements suggested that cranial length is associat-
ed also with the total transverse diameter of the atlas and with the sacral breadths at
the upper and middle levels. For the causes of these associations, the possibility of
the contribution from some ontogenetic and biomechanical factors was discussed.
Key words: Brachycephalization, Neurocranium, Vertebrae, Principal component
analysis, Bootstrap method.

Since Mizoguchi (1992) found that some vertebral measurements might be cor-
related with cranial length and breadth, he (Mizoguchi, 1994, 1995, 1996, 1997, n.d.)
has intensively analyzed the correlations between the three main neurocranial mea-
surements (Miyamoto, 1924) and almost all the vertebral measurements reported by
Okamoto (1930). In many of these analyses for individual vertebrae and the neuro-
cranium, he confirmed, first, that the size of the vertebral foramen, especially the
transverse diameter, had significant association with basi-bregmatic height (Mi-
zoguchi, 1994, 1995, 1997), though this may not be related with brachycephalization.
Second, Mizoguchi (1997) found in most of the analyses for individual thoracic ver-
tebrae and the neurocranium that the sagittal and/or transverse diameters of the verte-
bral body were significantly associated with cranial length and/or basi-bregmatic
height. And, finally, Mizoguchi (n.d.) found the significant associations between cra-
nial length and the sacral breadths at the upper and middle levels.

The present study was intended to ascertain whether or not the above associa-
tions are found again when the observed values for each measurement item from all
available vertebrae are simultaneously dealt with.
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Materials and Methods

The data used are the measurements of the neurocranium and the vertebrae pub-
lished by Miyamoto (1924) and Okamoto (1930), respectively. These data are of the
same individuals, i.e., 30 male and 20 female Japanese from the Kinai district.

Table 1. Principal component analysis of the correlation matrix on the three main cranial measure-
ments and the superior sagittal diameters of the vertebral bodies of the cervical, thoracic and
lumbar vertebrae from Japanese males."

Factor loadings Total
Variable? variance

PCI 11 111 v \% (%)

1 Cranial length A49%* —.34 —.23 .08 .08 41.98

8 Cranial breadth 22 .03 —.16 .63 49 71.19

17 Basi-bregmatic height 42 —.42 —.07 12 43 56.77
4 Sup. sag. d. of v. body:

Cervical vertebra 111 S56%%* 43 —.14 44 .05 71.84

1A% 34 T0** .05 37 ~.27 81.59

\Y 33 61% =17 .36 —.38 78.73

VI S8k* 65%* .16 =13 -.09 80.45

VII AR 28 18 =13 —-.16 75.06

Thoracic vertebra | TLEHE 13 .60 =J05 12 91.07

11 Jp9HEK 23 46 —.12 32 84.89

11 4HHk —.01 .36 -.02 .01 83.87

1\Y% BErx -.07 27 .04 =05 83.82

\Y 185 ** =22 .36 —-.02 —.08 91.25

VI ] s —32* 21 .09 —.13 94.89

Vil BOxEE —.45% .02 17 =17 90.10

VIII TEHEE —.49% —.06 17 —.10 86.13

IX TTHNH —.56%* -.02 14 -.09 92.98

X L2 —:.36% —:18 .06 —.18 88.60

X1 R —.18 —.36 —=.23 -.09 92.61

XI1 T4xx* .00 —.49 —.24 20l 86.30

Lumbar vertebra | R S .04 —:32 —.16 -.07 84.36

II .70%* .19 =15 -.29 .10 64.29

[11 J1¥EE 45 =32 =10 19 84.75

v B 45 —ul -.20 29 84.57

\Y JO¥** 23 -.19 —.05 .30 67.91

Total contribution (%) 49.31 13.92 7.41 5.19 4.58 80.40

Cumulative proportion (%) 49.31 63.23 70.63 75.82 80.40 80.40

! The sample size is 28. The number of the principal components shown here was so determined
that the cumulative proportion of the variances of the principal components exceeded 80%.

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

*P<(0.05; **P<0.01; ***P<0.001, by the two-tailed bootstrap test.
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In the present study, the superior, middle and inferior sagittal and transverse di-
ameters of the vertebral body, the sagittal and transverse diameters of the vertebral
foramen, the maximum width between the transverse processes and, furthermore, the
total sagittal and transverse diameters of the atlas as well as the anterior superior
transverse arc, maximum breadth, and middle transverse arc of the sacrum were se-
lected for analysis because they are suggested to be strongly correlated with cranial
length or basi-bregmatic height (Mizoguchi, 1994, 1995, 1996, 1997, n.d.). For the

Table 2. Solution obtained through the normal varimax rotation of the first five principal compo-
nents (Table 1) for the correlation matrix on the three main cranial measurements and the supe-
rior sagittal diameters of the vertebral bodies of Japanese males."

Factor loadings

Variable”
Fac 1 11 11 v v
1 Cranial length .56 24 — 00 —.09 21
8 Cranial breadth 12 .04 .00 17 .82
17 Basi-bregmatic height 45 .16 .14 —32 47
4 Sup. sag. d. of v. body:
Cervical vertebra 111 18 32 .19 .63 .39
v -.07 14 23 BO*** .06
A% .03 21 .01 Bk .00
VI —.06 48 .54 S2 =13
VII 33 42 .56 .36 =15
Thoracic vertebra | .26 .14 .90 12 .05
11 A2 32 .84 .05 .16
I11 .50 24 71 5 .03
v .60* 25 .62 18 .05
\Y% .68* A5 .65 .06 -.03
VI 81 15 .50 .10 .04
VII 90** ALl .26 .06 .08
VIII 89** 14 18 .00 14
IX 199 %% A2 22 —.06 13
X 86%* .33 15 .09 .03
XI .69 .66* .10 .02 -.07
XII 53 T4x* -.02 14 -.09
Lumbar vertebra [ .56 L68** B b .19 -.02
11 .26 .68 32 .09 -.02
11 .14 J9* 22 35 .16
v .05 79% .39 21 17
\Y% 23 .65 .30 15 .29

" The sample size is 28. The cumulative proportion of the variances of the five principal compo-
nents is 80.40%.

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

*P<<0.05; **P<0.01; ***P<0.001, by the two-tailed bootstrap test.
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multivariate analyses on the measurements of the vertebral body, vertebral foramen
and transverse processes, however, only the male sample was used because the size of
the female sample was too small compared with the number of the variables.

To examine the overall relations between the cranial and vertebral measure-
ments, the correlation matrices on them were analyzed by the method of principal

Table 3. Principal component analysis of the correlation matrix on the three main cranial measure-
ments and the middle sagittal diameters of the vertebral bodies of the cervical, thoracic and
lumbar vertebrae from Japanese males."

Factor loadings Total
Variable? variance

PC.1 I I v Vv (%)

1 Cranial length S0%* —.38 22 .00 —.24 50.37

8 Cranial breadth .20 -.20 41 47 59 82.08

17 Basi-bregmatic height .36 —53 .23 35 =15 60.22
6 Mid. sag. d. of v. body:

Cervical vertebra 111 S1* .58 .01 —.01 .39 74.04

v 35 .62 .07 —.38 46 87.83

\% S53* .59 17 —.38 5 83.52

VI 62%* .54 —.06 =21 =.33 83.72

VII T4xx* 33 —.44 15 .00 86.85

Thoracic vertebra I AIERE 24 —.49 21 =15 88.75

11 J9*%E .09 =36 21 .07 81.48

I11 83 ¥ .07 =29 13 —.05 79.11

v S8r¥E  —10 -.21 -.02 .07 86.52

\Y% L6x**  — 19 —.38 —.02 .05 92.62

VI B5*xr =236 =12 —.02 15 87.81

VII J4x**x =53 =13 —.10 A7 88.50

VIII 64r*x  — 58 —.08 =22 22 84.20

IX 59* —.66 A3 —.00 .16 81.64

X A7 =35 .01 —.40 —.04 87.17

XI gerek =7 al7 —37 =.26 87.63

X1I 49 —:23 51 —.36 -.10 69.45

Lumbar vertebra | 59%* 33 45 13 .01 67.08

1I W 24 38 .20 —.18 86.95

I J6F*% 34 36 .19 —.03 85.50

v Bl 36 15 A7 —.16 86.22

\Y% SOFFE 11 .20 .30 ) 80.51

Total contribution (%) 46.61 15.51 8.05 6.00 5.02 81.19

Cumulative proportion (%) 46.61 62.12 70.17 76.17 81.19 81.19

") The sample size is 27. 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<0.001, by the two-tailed bootstrap test.



component analysis (Lawley and Maxwell, 1963; Okuno et al., 1971, 1976; Takeuchi
and Yanai, 1972). In the present study, the number of principal components was so
determined that the cumulative proportion of the variances of the principal compo-
nents exceeded 80%. The principal components obtaind in such a way were then
transformed by Kaiser’s normal varimax rotation method (Asano, 1971; Okuno et al.,
1971) into different factors, which may suggest some other associations hidden be-
hind the measurements dealt with.

Covariations between Neurocranium and Vertebrae

Table 4. Solution obtained through the normal varimax rotation of the first five principal compo-
nents (Table 3) for the correlation matrix on the three main cranial measurements and the mid-
dle sagittal diameters of the vertebral bodies of Japanese males."

Factor loadings

Variable?
Fac I 11 111 v Vv
1 Cranial length .37 =85 —.06 25 —103
8 Cranial breadth 22 =15 .05 —.02 .86*
17 Basi-bregmatic height .30 —.43 -.07 .50 .26
6 Mid. sag. d. of v. body:
Cervical vertebra III 33 .04 —.38 =, 67* 18
v 18 —.01 =13 = g]** .03
v A44% —.11 —.15 —.76* —17
VI .54 —.06 —-42 —.37 —.48
VIl .26 = —.85% =25 —-.08
Thoracic vertebra | .26 —.13 ) i =07 =15
11 25 -.29 —.80* —l2 .09
I11 .34 ~.36 =L73% —.10 -.02
v 23 —.65 —.61 =11 .05
A% 12 —62 —rd 2 —.08 —.01
VI .19 =75 —=.50 —.04 .16
Vil .04 —.84* —.38 .03 .16
VIII -.05 —.87* —.24 —.02 15
IX 11 —-.82 =12 18 .30
X .20 —.86* =23 =13 = 157
X1 .46 =73 —.16 =11 =31
XII 45 —.64 25 =12 —.10
Lumbar vertebra 1 14* ~ul2 .12 —.27 A5
11 B5** ~.22 —-.28 —.10 .05
111 .80* =17 =31 =25 3
v A5 —.17 —.48 -.20 =03
\% J2E* -.28 —.44 .01 11

" The sample size is 27. The cumulative proportion of the variances of the five principal compo-

nents is 81.19%.

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

*P<0.05; **P<<0.01; ***P<<0.001, by the two-tailed bootstrap test.
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The significance of factor loadings was tested by the bootstrap method (Efron,
1979 a, b, 1982; Diaconis and Efron, 1983; Mizoguchi, 1993). In order to estimate
the bootstrap standard deviation of a factor loading, 1,000 bootstrap replications in-
cluding the observed sample were used. The estimation of a bootstrap standard devia-

Table 5. Principal component analysis of the correlation matrix on the three main cranial measure-
ments and the inferior sagittal diameters of the vertebral bodies of the cervical, thoracic and

lumbar vertebrae from Japanese males."

Factor loadings Total
Variable” variance

PCI 11 111 v \Y% (%)

1 Cranial length S54%* =32 -.07 .20 .00 43.90

8 Cranial breadth .24 .02 —.35 .66 .54 90.72

17 Basi-bregmatic height .39 =35 .14 44 —13 51.04
5 Inf. sag. d. of v. body:

Cervical vertebra 11 25 -.38 .36 —.00 .08 34.23

111 62% .54 —.14 =21 27 81.41

v 17 57 —.46 —.24 46 83.16

\Y% .37 ok —.06 =35 .16 82.64

VI ] @R .35 14 -.20 —.01 78.30

VII 60%* .03 .63 =l 27 85.12

Thoracic vertebra | B5*F 18 .58 —:23 —.05 84.68

11 LA TFER =2 .35 —-.05 33 87.75

I1 B5xxx  — 13 .10 .05 14 77.59

v J9xEE — 34 18 =12 .06 79.81

\Y Q2¥*x — 44 —.07 —16 .04 90.14

VI BoFE*  — 4D% —-.05 —.12 .06 93.98

VII Blx*®x  — 44% =2 =05 .06 93.00

VIII JIEEE == STK =21 —.04 14 91.36

IX JO¥k* — 47* —:31 —-.08 —.04 94.71

X 82%%E  —i07 =3 —.13 —.26 89.84

XI TE¥EE .05 -.29 —.19 -.34 81.53

XII SJ4HE* .29 —.30 —07 —.36 86.41

Lumbar vertebra | B3 Hekx 29 —.13 23 -.07 83.89

11 JRxxxE .50 -.07 .32 —.04 88.05

111 Ry (0hdid 53 .14 33 .04 90.13

v Bl 47 18 .23 —.15 82.74

\Y TRk 3l 28 .26 —.35 85.99

Total contribution (%) 46.87 15.28 8.08 5.82 5.18 81.23

Cumulative proportion (%) 46.87 62.15 70.24 76.06 81.23 81.23

! The sample size is 28. The number of the principal components shown here was so determined
that the cumulative proportion of the variances of the principal components exceeded 80%.
) Variable number according to Martin and Saller (1957).

*P<().05; **P<0.01; ***P<0.001, by the two-tailed bootstrap test.
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tion was made by directly counting the cumulative frequency for the standard devia-
tion in the bootstrap distribution.

Further, the reality of a common factor such as a principal component or rotated
factor was indirectly examined by finding similarities between those factors obtained
from the different samples of the same kind, i.e., by estimating a Spearman’s rank
correlation coefficient (Siegel, 1956) between the variation patterns of the factor

Table 6. Solution obtained through the normal varimax rotation of the first five principal compo-
nents (Table 5) for the correlation matrix on the three main cranial measurements and the infe-
rior sagittal diameters of the vertebral bodies of Japanese males."

Factor loadings

Variable?
Fac | 11 111 v \%

1 Cranial length 55 .20 15 .19 .20
8 Cranial breadth .16 A5 -.07 -.07 92*

17 Basi-bregmatic height .34 .26 .16 .50 23

5 Inf. sag. d. of v. body:

Cervical vertebra 11 24 -.07 45 27 —.00

111 22 49 .20 —.69 .08

v .02 12 e 13 —.86 23

A% -.07 45 .14 -.76 -.13

VI 38 61 .39 —.36 =15

VIl .16 .29 .86 =07 —.01

Thoracic vertebra | .16 48 .70 —.08 =.30

11 S 22 74 —.05 15

1 61* 40 46 —.05 .16

v .69 21 .52 .05 -.03

A% B7* A5 34 .01 —.01

VI .88* 19 37 01 .03

VII .93* 15 17 —.01 A2

VIII 91* 01 23 .06 17

IX .96* 15 .09 .03 .05

X BO*E 46 —.08 —.14 =3

X1 68** Sl -.07 —.18 —.25

XII 52 .70 —.14 -.23 —.18

Lumbar vertebra [ 44 .76 .09 =1 .19

11 21 .85% .08 —.22 25

111 .08 .85 27 -.19 25

v 3 .86 25 =il .05

\% 17 .86 25 13 —.08

" The sample size is 28. The cumulative proportion of the variances of the five principal compo-
nents is 81.23%.

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

*P<().05; **P<0.01; ***P<0.001, by the two-tailed bootstrap test.
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loadings.
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The statistical calculations were executed with the mainframe, HITACHI
MP5800 System, of the Computer Centre, the University of Tokyo. The programs
used are BTPCA for the principal component analysis and Kaiser’s normal varimax
rotation, and RKCNCT for rank correlation coefficients. These were written in FOR-
TRAN by the present author.

Table 7. Principal component analysis of the correlation matrix on the three main cranial measure-
ments and the superior transverse diameters of the vertebral bodies of the cervical, thoracic and
lumbar vertebrae from Japanese males."

Factor loadings Total
Variable?) variance

PC1 I1 111 v \% VI (%)

1 Cranial length 3T* all —.50 —.38 38 =k 70.16

8 Cranial breadth .20 .38 —.44 —.04 —595 —.43 86.06

17 Basi-bregmatic height 35 15 —.45 —.21 .36 .14 5431
7 Sup. trans. d. of v. b.:

Cervical vertebra 111 37* 47 —.08 39 —.04 .62*  89.92

1Y .50 .64* 15 .07 —.14 .24 76.45

\Y% A40%* 74 =19 =23 —.07 .02 80.60

VI 62EFF  ST* .14 —.36 .03 —.05 85.48

Thoracic vertebra | 49%* 24 .36 .26 —.32 —.34 70.97

11 J1*¥*  —06 .30 —.24 —.05 .02 65.51

[11 S55*% 18 .53 —.16 42 —.21 86.52

v A 2** A5 33 22 35 -.29 89.83

\Y -5 I 07 .07 21 18 .09 86.37

VI 78% .01 —.04 37 10 =02 76.21

VII B1F*¥* — 14 —.26 35 .03 —.05 86.70

VIII 84*** — 16 =20 22 19 —.04 89.36

IX 84*** — 13 —.33 .19 .06 =12 89.01

X 86%¥% =10 —-.28 .02 —.01 =15 85.72

X1 L N ) .04 —.02 -.09 —.06 82.97

XII 91*** — 08 .09 .01 —.16 —.03 86.69

Lumbar vertebra | 86 = 3] —.03 -.09 =21 .07 88.89

11 86¥**  — 25 —.04 —22 —.22 .07 91.23

[11 ,78%% =30 .08 —.18 -.22 27 85.57

I\Y Bl =27 12 =31 =13 .16 89.08

\Y 85 =11 21 =15 .06 12 81.70

Total contribution (%) 50.36 9.22 7.28 5.56 5.38 4.51 82.31

Cumulative proportion (%)  50.36 59.58 66.86 72.42 77.80 82.31 82.31

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

) Variable number according to Martin and Saller (1957).
*P<(0.05; **P<0.01; ***P<0.001, by the two-tailed bootstrap test.
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Table 8. Solution obtained through the normal varimax rotation of the first six principal compo-
nents (Table 7) for the correlation matrix on the three main cranial measurements and the supe-
rior transverse diameters of the vertebral bodies of Japanese males."

Factor loadings

Variable”
Fac | 11 I v \% VI
1 Cranial length 13 A1 = T9** 18 —13 —.06
8 Cranial breadth .02 —.12 —.06 .14 —.90*** 06
17 Basi-bregmatic height .10 .01 —.68% 22 .02 .16
7 Sup. trans. d. of v. b.:
Cervical vertebra III .05 —.09 —.01 .28 .09 L8k
v .19 .32 —.01 10 =25 T4%*
\Y .08 27 —.40 =02 =50 BE**
VI 25" ST —.32 -.02 —.35 42
Thoracic vertebra 1 22 45 42 .30 —.40 17
11 .68 41 -.03 .14 —-.03 .10
111 .26 87* -.09 N ) 13 .05
v .19 74* -.01 A5 .02 .10
\Y% 44 38 =512 i03% .06 34
VI 32 24 -.03 J4*%¥* - — 03 24
VII .39 .05 —l 1 B2*xx — 09 A3
VIII 41 13 —~.27 Jorxx — 01 .08
IX 43 .08 —.26 JIERE =7 .05
X .54 .14 -.28 B4xxE — D5 .03
X1 .68 28 -.07 S0%%  —15 .09
XI1 JOXX 28 —.00 49%* =] 7 .16
Lumbar vertebra [ .83 .06 —.06 A44*%* - — 09 .03
11 86* .09 —.13 34% —.15 .05
11 .88* .02 —-.03 .25 .04 14
v .89* 18 =13 .20 .01 .06
\Y% 73 37 .12 32 .08 .16

" The sample size is 29. The cumulative proportion of the variances of the six principal components
is 82.31%.

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

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

Results

The direct results of the principal component analyses (PCAs) and the rotated
solutions on the measurements of the vertebral body and foramen are shown in
Tables 1 to 20. From Tables 1, 3 and 5, it is clear that the principal components (PCs)
correlated with cranial length also have significant correlations (£<<0.05) with the su-
perior, middle and inferior sagittal diameters of the vertebral body in about half of
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Table 9. Principal component analysis of the correlation matrix on the three main cranial measure-
ments and the middle transverse diameters of the vertebral bodies of the cervical, thoracic and
lumbar vertebrae from Japanese males."

Factor loadings Total
Variable? variance

PCI I 11 1A% \% (%)

1 Cranial length 38%* =12 .68 =.12 —.46 85.31

8 Cranial breadth .20 46 45 —.46 49 90.45

17 Basi-bregmatic height .30 -.07 .69 .50 .03 81.97
9 Mid. trans. d. of v. b.:

Cervical vertebra VII H5* 53 —.14 23 1 66.27

Thoracic vertebra | 5]k 46 37 -.12 .14 63.50

11 B it .35 —-.17 .06 —.08 69.89

111 .80 *** .08 .02 .34 .06 76.31

v BkwE s 3D —.05 .20 .19 83.12

A% .69%* —.37 .05 23 .32 77:51

VI B6*** - —30 —.04 .01 23 89.16

VIl L8*** .34 =07 =13 —.10 91.73

VIII B2kek U3 .06 —.23 —.10 93.04

IX B2rxx  — 36 .05 =.23 13 87.28

X 90***  — 10 —.08 -.14 .05 85.48

XI B7**F* - — 03 -.07 —.14 A2 78.96

XII B2kkx 25 —.24 .16 .08 82.14

Lumbar vertebra [ B0** 13 =103 —.08 —.07 67.31

11 S2*x% 23 =12 —-.24 =23 85.22

111 90*** 17 -.07 12 -.22 91.36

v BT .16 —.06 —-.02 =20 84.88

\% J8EEE 21 .04 .38 -.19 83.26

Total contribution (%) 56.00 8.78 6.82 5.58 445 81.63

Cumulative proportion (%) 56.00 64.79 71.60 77.18 81.63 81.63

" The sample size is 29. 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<0.001, by the two-tailed bootstrap test.

the cervical vertebrae and nearly all thoracic and lumbar vertebrae. Similar associa-
tions are also found in the analyses on the superior and middle transverse diameters
of the vertebral body (Tables 7 and 9). It is further ascertained that the PCs correlated
with basi-bregmatic height also have significant correlations with the transverse di-
ameter of the vertebral foramen in all cervical and almost all thoracic and lumbar
vertebrae (Tables 17 and 19). On the other hand, the rotated factors from the data on
the vertebral body or foramen do not consistently show significant correlations with
both cranial and vertebral measurements (Tables 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20).































































	01032018-165155908-26421
	01032018-165155908-26422
	01032018-165155908-26423

