
S urgical treatment is often performed in children 
with craniosynostosis if their brain growth is at risk 

of being stunted or cosmetic deformities are remarkable.  
However,  there are no standard perioperative measure-
ment methods or normal values for the assessment of 
cranial morphology in healthy Japanese children.

The cephalic index is a widely used parameter that 
describes the ratio of the maximum width of the head to 
the maximum occipitofrontal length.  Despite several 
reports on normal cephalic index values [1-3],  this 
index does not characterize the cranial morphology in 
sufficient detail to be useful in most cases.

Three-dimensional photogrammetric techniques,  

such as 3dMDface System® (3dMD,  Atlanta,  CA,  
USA),  and eye-safe laser surface scanning,  such as 
STARscanner® (Orthomerica,  Orlando,  FL,  USA),  are 
increasingly being used for the morphological evalua-
tion of cranial deformities [4-7].  As these are rapid,  
easy-to-apply,  and non-invasive methods,  they are very 
useful for pre and postoperative evaluations of the sil-
houettes of patients’ heads.  Nonetheless,  it is difficult to 
apply the collected images and data to detailed preoper-
ative planning.  They are not beneficial for making deci-
sions regarding the amount and directions of move-
ments of skull bones.

Some studies have performed three-dimensional 
measurement of cranial morphology using dedicated 
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software and workstations [8-11] and have recorded 
normal values using these devices [12-14]; however,  
the devices are expensive,  so these methods have also 
shown a lack of versatility.

Prior to the emergence of these three-dimensional 
measurement methods [8],  Marcus et al.  introduced a 
simplified method for measuring detailed cranial mor-
phology on the midsagittal plane using midsagittal vec-
tor analysis (MSVA) [15].  MSVA is a radial vector 
analysis that uses a full circular protractor on the mid-
sagittal plane,  and the distances from the summit of the 
dorsum sellae (DS) to the outer surface of the skull are 
presented in 10° increments (Fig. 1A).  The cranial mor-
phology from the lateral view is shown in Fig. 1B.  
Senoo et al.  used MSVA to determine the normal cranial 
values for different age groups of Japanese children [16].

Very few studies have reported in detail the simpli-
fied normal cranial morphology of Japanese children 
[16 , 17]; thus,  it is necessary to determine the normal 
values on planes other than the midsagittal plane to 
broaden the field of application.

The horizontal or axial plane of the head is frequently 
used in clinical practice; indeed,  the traditional mea-
surement of head circumference assesses this plane.  
Therefore,  this study aimed to introduce horizontal 
vector analysis (HoVA),  which is a simplified and 
detailed cranial measurement method based on the hor-
izontal plane,  and to establish the normal HoVA values 

for Japanese children of different ages.

Materials and Methods

Patient selection. We extracted head computed 
tomography (CT) scans of patients aged 0-83 months 
taken at Okayama University Hospital between January 
2010 and December 2019.  Patients were classified into 
nine age groups: 0M,  0-2 months; 3M,  3-5 months;  
6M,  6-11 months; 1Y,  12-23 months; 2Y,  24-35 months;  
3Y,  36-47 months; 4Y,  48-59 months; 5Y,  60-71 months;  
6Y,  72-83 months.  We selected the age groups with 
reference to previous studies that have reported on the 
normal cranial morphology of children using the mid-
sagittal plane [16] and three-dimensional images [12].

We retrospectively reviewed the electronic charts of 
all cases and set the following exclusion criteria: height 
and weight ≤ −2 or > 2 standard deviations [SD] in the 
Japanese standard growth curve,  low birth weight 
(< 2,500 g),  hydrocephalus,  intracranial mass,  cranio-
synostosis,  huge subarachnoid cyst,  including fracture 
or skull defect at the measurement site,  intractable epi-
lepsy (requiring permanent medication),  developmen-
tal disorder (with developmental quotient < 70 in the 
Kyoto Scale of Psychological Development 2001),  long-
term chemotherapy,  chromosomal abnormality,  and 
hypothyroidism.  Similarly,  we excluded cases with 
highly blurred images or cases wherein the imaging 
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Fig. 1　 Midsagittal vector analysis.  (A) The measurement is performed on the screen.  (B) The measurement result reveals the cranial 
morphology from the lateral view.



ranges were insufficient for measurement.  We included 
diseases such as acute encephalopathy and small dermoid 
cyst because in our opinions they were not affecting 
cranial growth at the time of the CT.  We averaged all 
measurement values for cases in which CT was per-
formed several times while the patient was the same age.

We collected 3,951 head CT images,  from which we 
extracted 731 images after excluding patients with 
characteristics affecting cranial growth.  Similarly,  we 
excluded insufficiently constructed images (n = 119) and 
optimized overlapping samples (47×2,  20×3,  7×4,  
2×5,  and 1×10 images were combined).  Finally,  we 
analyzed 487 images (251 male and 236 female).  
Figure 2 presents the study participant flowchart.  

Tables 1 and 2 present the characteristics of the study 
population and reasons for examination,  respectively.

This study was conducted in accordance with the 
principles embodied in the Declaration of Helsinki and 
was approved by the ethics committee of the Okayama 
University Hospital (research no. 2002-008).  Informed 
consent was obtained using the opt-out method on the 
hospital website.  We adhered to the STARD guidelines.
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119 images were excluded due to inadequate image construction

47 pairs of 94 images were combined because they were a series of the same patient at the same age group

20 three-piece sets of 60 images were combined into one each (40 images were excluded)

7 four-piece sets of 28 images were combined into one each (21 images were excluded)

2 five-piece sets of 10 images were combined into one each (8 images were excluded)

A 10-piece image was combined into one (9 images were excluded)

CT images in Okayama University Hospital January 2010 to December 2019/0-6 years (n=3,951)

CT images extracted according to the inclusion criteria (n=731)

CT images matched for normal HoVA value study (n=487)

Fig. 2　 Subject flow chart.  CT,  computed tomography; HoVA,  horizontal vector analysis.

Table 1　 Characteristics of the study population

Age group Female Male Total

0M  20  22 42
3M  15  21 36
6M  31  26 57
1Y  51  57 108
2Y  28  26 54
3Y  27  17 44
4Y  19  29 48
5Y  24  28 52
6Y  21  25 46

Total 236 251 487

0M,  0-2 months; 3M,  3-5 months; 6M,  6-11 months; 1Y,  
12-23 months; 2Y,  24-35 months; 3Y,  36-47 months; 4Y,  
48-59 months; 5Y,  60-71 months; 6Y,  72-83 months.

Table 2　 Reason for examination

Acute inflammation 54
Seizure or epilepsy 33
S/O cranial dysplasia 58
Trauma 124
Hematologic disease (early screening after onset) 39
H&N tumor (early screening after onset when malignancy 
was diagnosed) 26

Intracranial hemorrhage or vascular lesion 18
Cephalic or subcutaneous hematoma 6
Screening for latent spina bifida or spinal lipoma 16
Screening for neuromuscular disease 5
SIDS or CPAOA 11
Drowning 8
S/O intracranial tumor or brain metastasis 22
S/O intracranial lesion associated with congenital disease 15
Head and neck pain 12
S/O growth or developmental disorder 9
Whole body screening for benign lesion 9
Others 22

Total 487

S/O,  suspected of; H&N,  head and neck; SIDS,  sudden infant 
death syndrome; CPAOA,  cardiopulmonary arrest on arrival.



Determination of the measuring method and vali-
dation of the method. To determine and validate the 
measurement method,  we only used a small number of 
subsets out of a total of 487 cases: 45 cases (all age cat-
egories) for determining the distance between the first 
and second measurement planes,  5 cases (0M and 6M 
female; 3M,  1Y,  and 3Y male) for estimating the 
inter-rater reliability,  and 5 cases (0M,  3M,  and 6M 
female; 1Y and 5Y male) for evaluating the difference 
caused by the tilt of the plane.  Statistical calculations 
were performed using SPSS version 25.0 (IBM Corp.,  
Armonk,  NY,  USA).

We used two CT scan slices parallel to the orbitome-
atal (OM) plane for the measurement because the OM 
plane is the most common horizontal plane of the head.  
When slices were not constructed parallel to the OM 
plane,  we used AZE Virtual Place® (AZE,  Tokyo) for 
reconstruction.  The measurement was performed using 
SYNAPSE VINCENT® (Fujifilm,  Tokyo) and a digital 
protractor (protractor. exe; Daigo,  https://www.vector.
co.jp/soft/winnt/util/se345469.html).

Determination of the first/second measurement 
plane. We determined the plane passing through the 
summit of the DS as one of the measurement planes 
(Fig. 3,  lower left),  which we termed the “DS plane.” 
Another measurement plane superior to the DS plane 
was established because the range of clinical applica-
tions for craniofacial surgery is restricted when using 
the DS plane only.  We used the plane with a maximal 
cranial area,  which we termed the “Max plane” (Fig 3,  

upper left).  Although this plane could be hand-selected 
for each case,  to do so would require considerable 
effort.  Thus,  to ensure clinical usefulness,  we decided 
to fix the distance between these two planes.  One 
cross-section in one patient from the 45 cases was arbi-
trarily selected and the area was measured 20 times to 
verify the reliability of manual measurement (Fig. 4).  
The mean (95% confidence interval [lower limit-upper 
limit]) for the area was 18,816.6 (18,805.8-18,827.3) mm2;  
hence,  the width of the confidence interval was 21. 5 
(i.e., = 18,827.3-18,805.8).  This width was small,  so we 
considered the measurement to be reliable.  Subsequently,   
we decided the maximal cranial area in all 45 cases.  
The distances for each age group were plotted in the 
scatter diagram,  and an approximation straight line was 
fitted.  Finally,  we fixed the distance and the two mea-
surement planes.  

Inter-rater reliability. The center of the digital 
protractor was placed at the center of the summit of the 
DS,  and the 0° line was set at the nasofrontal suture.  
The lengths from the central surface to the skull surface 
were measured from 0° to 180° in 10° increments.  We 
recorded the average of the left and right values from 
10° to 170°.  After measuring the distances on the DS 
plane,  images were scrolled up to the Max plane,  with 
the protractor fixed; subsequently,  the lengths from the 
central surface to the skull surface were measured cir-
cumferentially,  as performed on the DS plane (Fig. 3).

Three trained readers independently measured the 
DS and Max planes seven times in the above-men-
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Fig. 3　 The orbitomeatal (OM),  dorsum sellae (DS),  and maximal 
cranial area (Max) planes.  The DS plane is the plane passing 
through the summit of the DS,  and the Max plane is the plane with 
the maximal cranial area.

Fig. 4　 Measurement of cranial areas.  The area was measured 
20 times to verify the reliability of manual measurement.



tioned 5 cases,  for a total of 21 measurements each for 
the DS and Max planes in these cases.  We thought that 
the verification of the measurements via typical statisti-
cal approaches would be difficult; thus,  we used the 
following methods.

First,  the lengths at 0° in the 5 cases were measured 
seven times by reader A; i.e.,  reader A measured the 
lengths at 0° a total of 35 times.  Subsequently,  we cal-
culated the Pearson correlation coefficient between all 
35 lengths at 0° measured by reader A and those mea-
sured by reader B.  The correlation coefficients from 10° 
to 180° were also calculated similarly between readers A 
and B.  Furthermore,  we conducted the same calculation 
between readers B and C and between readers A and C.

Next,  we calculated the Pearson correlation coeffi-
cient between lengths from 0° to 180° measured by 
reader A and those measured by reader B in a 0M 
female patient.  The correlation coefficient between 
readers B and C and between readers A and C were cal-
culated in the same manner for this patient.  We per-
formed the same calculation for the remaining 4 cases.

Lastly,  we compared the between-readers and with-
in-reader errors using analysis of variance (ANOVA).

Effect of the tilt of the OM plane on measurement 
error. The OM plane is defined as the plane passing 
through both the external auditory openings and the 
outer canthi of the eyes or the center of the orbits.  The 
center of the orbits is often defined subjectively,  and a 
tilt from the true OM plane can occur in the sagittal plane.

We created the true OM plane (0° plane) passing 
through both the external auditory openings and the 
outer canthi of both eyes three-dimensionally.  The 0° 
plane was rotated in 1° increments to ± 5° on the mid-
sagittal plane using AZE Virtual Place®.  We calculated 
the measurement errors from the 0° plane on each tilted 
plane.  We did not investigate the effect of the tilt of the 
OM plane on the coronal plane because the definition of 
the 0° plane is considered difficult due to the variable 
left-right asymmetry of the human body [11 , 18].

Creation of a normative database of HoVA in 
Japanese children. After determining and validating 
the measuring method,  we performed HoVA for all 
cases over 487.  We then calculated the means and SDs 
of the measured values for each plane,  sex,  and age 
group.  Radar charts of each mean HoVA value were 
created using Microsoft Excel® 2019 (Microsoft,  
Redmond,  WA,  USA).

Results

Determination of the Max plane. Figure 5 shows 
the measurement results of the distance between the DS 
and Max planes.  The distance became slightly 
decreased at more advanced ages; however,  the fitted 
straight line (red line) passed through approximately 
30 mm.  Therefore,  we fixed the Max plane as the plane 
30 mm superior to the DS plane for all age groups.

Inter-rater reliability. Table 3 presents the cor-
relation coefficients at the 36 measurement sites and for 
each of the 5 cases on the DS and Max planes.  The cor-
relation coefficients ranged from approximately 0.898 to 
1.000 on both planes.  In addition,  ANOVA did not 
reveal significant differences between readers on the DS 
plane (F = 0.348,  p = 0.706) or the Max plane (F = 0.427,  
p = 0.653).

Effect of the tilt of the OM plane on measurement 
error. Table 4 presents the means of the measure-
ment errors for the 5 cases at each measurement site 
from 0° to 180° from the 0° plane.  We averaged the left 
and right values from the 10° to 170° sites.  Moreover,  
we calculated the means for every angle between 0° to 
180° for each degree of tilt.  If the tilt was within ± 3°,  
the means were less than 1.1 mm.  However,  if the tilt 
was greater than ± 4°,  the means ranged from 1.28 to 
1.99 mm.

Normal HoVA values in Japanese children.
Tables 4-8 present the measurement results of the 
means and SDs using HoVA.  Figure 6 shows the radar 
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Fig. 5　 Distance between the DS and Max planes for each age 
group.  DS plane,  dorsum sellae plane; Max plane, plane with the 
maximal cranial area above the DS plane; 0M,  0-2 months; 3M,  
3-5 months; 6M,  6-11 months; 1Y,  12-23 months; 2Y,  24-35 months;  
3Y,  36-47 months; 4Y,  48-59 months; 5Y,  60-71 months; 6Y,  
72-83 months.
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Table 3　 Correlation coefficients among three readers (reader A,  B,  and C)

DS plane a) 0° L10° L20° L30° L40° L50° L60° L70° L80° L90° L100° L110° L120° L130° L140° L150° L160° L170° L180°

A and B 0.998 0.997 0.997 0.997 0.993 0.966 0.989 0.981 0.987 0.99 0.993 0.993 0.996 0.996 0.993 0.997 0.997 0.998 0.998
B and C 0.997 0.998 0.997 0.998 0.997 0.981 0.996 0.992 0.992 0.993 0.995 0.996 0.997 0.989 0.992 0.996 0.995 0.998 0.997
A and C 0.997 0.996 0.996 0.997 0.992 0.963 0.988 0.978 0.985 0.988 0.993 0.994 0.995 0.988 0.992 0.997 0.996 0.997 0.998

R10° R20° R30° R40° R50° R60° R70° R80° R90° R100° R110° R120° R130° R140° R150° R160° R170°

0.997 0.994 0.995 0.987 0.923 0.963 0.982 0.969 0.977 0.983 0.993 0.996 0.996 0.997 0.998 0.999 0.999
0.997 0.995 0.995 0.993 0.934 0.966 0.973 0.98 0.991 0.994 0.997 0.998 0.998 0.999 0.999 0.999 0.999
0.995 0.993 0.994 0.99 0.898 0.929 0.954 0.947 0.975 0.983 0.99 0.996 0.995 0.998 0.998 0.998 0.998

Max plane b) 0° L10° L20° L30° L40° L50° L60° L70° L80° L90° L100° L110° L120° L130° L140° L150° L160° L170° L180°

A and B 0.996 0.996 0.996 0.995 0.994 0.992 0.991 0.992 0.989 0.991 0.99 0.99 0.986 0.988 0.989 0.996 0.997 0.998 0.998
B and C 0.996 0.997 0.997 0.997 0.997 0.996 0.995 0.995 0.996 0.996 0.996 0.995 0.993 0.991 0.988 0.995 0.996 0.998 0.998
C and A 0.996 0.996 0.995 0.993 0.992 0.989 0.992 0.992 0.991 0.989 0.986 0.99 0.978 0.986 0.99 0.995 0.995 0.997 0.997

R10° R20° R30° R40° R50° R60° R70° R80° R90° R100° R110° R120° R130° R140° R150° R160° R170°

0.995 0.996 0.993 0.989 0.987 0.992 0.992 0.986 0.99 0.994 0.995 0.996 0.997 0.997 0.997 0.998 0.999
0.994 0.995 0.992 0.99 0.991 0.991 0.995 0.995 0.996 0.998 0.997 0.998 0.998 0.998 0.998 0.998 0.999
0.994 0.994 0.992 0.991 0.986 0.987 0.989 0.986 0.985 0.993 0.993 0.997 0.997 0.998 0.997 0.998 0.998

DS plane c) A and B B and C C and A Max plane d) A and B B and C C and A

0M,  female 0.979 0.998 0.978 0M, female 0.99 0.999 0.99
3M,  male 0.957 0.988 0.938 3M, male 0.978 0.993 0.966
6M,  female 0.996 0.999 0.997 6M, female 0.998 0.999 0.999
1Y,  male 0.994 0.999 0.993 1Y, male 0.986 0.995 0.978
3Y,  male 1.000＊ 0.999 0.999 3Y, male 1.000＊ 0.999 0.998

DS plane,  dorsum sellae plane; Max plane,  plane with the maximal cranial area above the DS plane; L,  left; R,  right; M,  months; Y,  years.  ＊0.995 or more.
a) correlation coefficients at the 36 measurement sites on the DS plane.  b) correlation coefficients at the 36 measurement sites on the Max plane.
c) correlation coefficients for each of the 5 cases on the DS plane.  d) correlation coefficients for each of the 5 cases on the Max plane.

Table 4　 Average measurement error of 5 cases at all measurement sites on the DS plane and Max planes

0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160° 170° 180° Mean of 0° to 180°

DS plane (mm)

＋1° 0.58 0.74 0.69 0.47 0.4 0.64 0.37 0.61 0.54 0.46 0.48 0.55 0.54 0.49 0.46 0.6 0.61 0.69 0.92 0.57
＋2° 1.02 1.11 1.07 0.8 0.41 0.89 0.62 0.49 0.47 0.33 0.43 0.57 0.56 0.67 0.75 0.64 0.8 0.97 0.8 0.71
＋3° 1.88 2.14 2.04 1.42 0.55 1.25 1.02 0.68 0.48 0.37 0.33 0.61 0.56 0.85 1.15 1.21 1.34 1.58 1.46 1.1
＋4° 2.62 3.03 2.76 1.89 0.78 1.66 1.27 1.7 0.53 0.34 0.47 0.69 1.01 1.33 2.09 2.03 1.96 2.12 2.18 1.6
＋5° 3.18 3.43 3.15 2.26 0.86 2.09 1.54 0.99 0.65 0.39 0.45 0.86 1.2 1.48 2.32 2.31 2.18 2.51 2.24 1.79
－1° 0.76 0.79 0.99 0.44 0.29 0.55 0.28 0.35 0.43 0.48 0.32 0.57 0.56 0.5 0.69 0.79 0.81 0.87 1.56 0.63
－2° 1.22 1.61 1.72 0.68 0.35 1.09 0.78 0.78 0.69 0.46 0.4 0.57 0.64 0.61 1.08 1.07 1.28 1.39 1.84 0.96
－3° 1.24 1.68 1.61 0.58 0.27 1.16 0.77 0.51 0.52 0.34 0.44 0.72 0.75 0.91 0.96 1.24 1.53 1.75 1.88 0.99
－4° 2.24 2.81 2.39 1.08 0.43 1.57 1.25 0.74 0.63 0.52 0.5 0.85 1.1 1.39 1.39 2.08 2.23 2.94 3.64 1.57
－5° 2.64 3.13 2.63 1.06 0.36 2.01 1.42 0.94 0.67 0.37 3.6 1.13 1.27 1.66 2.05 2.28 2.7 3.52 4.32 1.99

Max plane (mm)

＋1° 0.48 0.32 0.42 0.36 0.25 0.43 0.38 0.22 0.29 0.24 0.26 0.38 0.36 0.44 0.32 0.48 0.64 0.63 0.38 0.38
＋2° 0.46 0.41 0.47 0.33 0.5 0.37 0.47 0.32 0.28 0.22 0.31 0.28 0.39 0.5 0.63 0.72 0.93 1.08 0.68 0.49
＋3° 0.82 0.86 0.9 0.64 0.75 0.82 0.79 0.69 0.54 0.41 0.43 0.48 0.71 0.97 1.05 1.33 1.68 1.97 1.58 0.92
＋4° 1.36 1.24 1.19 0.95 1.08 1.1 1.03 0.99 0.67 0.46 0.35 0.51 1.1 1.21 1.45 1.94 2.23 3 2.44 1.28
＋5° 1.36 1.34 1.19 0.99 1.14 1.19 1.18 1.12 0.85 0.54 0.48 0.64 1.19 1.5 1.73 2.23 2.67 3.54 3 1.47
－1° 0.6 0.45 0.34 0.41 0.35 0.31 0.32 0.35 0.26 0.22 0.33 0.35 0.51 0.48 0.51 0.55 0.54 0.76 0.8 0.44
－2° 1.16 1.06 0.9 0.83 0.84 0.84 0.54 0.56 0.47 0.3 0.3 0.37 0.6 0.84 1.06 1.02 1.25 1.71 1.58 0.85
－3° 1.04 0.94 0.78 0.8 0.79 0.83 0.69 0.81 0.66 0.32 0.29 0.43 0.77 0.97 1.13 1.19 1.36 1.61 1.5 0.89
－4° 1.86 1.68 1.42 1.32 1.32 1.26 0.92 1.1 0.92 0.39 0.37 0.72 1.15 1.49 1.81 1.97 2.09 2.53 2.4 1.41
－5° 2.16 1.94 1.55 1.5 1.59 1.44 1.18 1.32 0.96 0.52 0.77 0.73 1.28 1.81 2.21 2.26 2.48 2.79 2.6 1.64

DS plane,  dorsum sellae plane; Max plane,  plane with the maximal cranial area above the DS plane.



charts of the mean values obtained using HoVA.  The 
male HoVA values were several millimeters greater than 
those of the female participants in each age group.  
Cranial growth was rapid in the first 2 years (especially 

the first 6 months) of life; afterwards,  the growth rate 
became evidently slower in both sexes and both planes.  
The growth rate reached a plateau at around 50° earlier 
than it did at approximately 0° and 180°.
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Table 5　 Measurement results of the mean of the DS plane using HoVA

Female Angle 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160° 170° 180°

0M 46.6 46.6 47 47.6 46.6 43.1 40.2 40.7 40.5 40.4 40.6 41.6 43.5 45.4 46.5 47.8 47.7 47 47
3M 53.4 53.1 53.5 54.5 53.9 49.4 47.2 48.3 48.7 49.1 49.8 51.4 53.8 55.6 56.9 57.9 57.6 56.3 55.6
6M 59.5 58.5 58.7 59.4 57.4 51.7 49.3 50.3 50.7 51.3 53 56 59.2 62.2 64.4 66.9 67.3 66.2 65.5
1Y 64.1 62.8 62.8 63 60.6 54 56.3 52.8 53.6 54.4 56.2 59.3 63.2 66.2 68.6 70.7 71.1 70.3 69.3
2Y 66.3 65 64.9 65.1 62.5 54.5 52.2 53.9 55.6 57.2 59.4 62.9 67.3 70.6 73.1 75.3 75.9 74.8 73.6
3Y 67.5 66.3 66.3 66.2 63.9 55.7 52.9 54.5 56.6 58.3 60.4 64 68.9 72.8 75.4 78 78.8 77.9 76.5
4Y 67.1 66.1 65.9 66 64.9 58.2 54.4 55.6 58 60.2 62.9 66.7 71.4 75.2 77.6 80 80.4 79.4 78.4
5Y 69.2 68.3 67.9 68 66.6 58.6 55.3 56.8 59.6 61.7 63.9 67.6 72 75.1 77.1 79.5 80 79 78.1
6Y 69.9 69.2 68.9 68.8 67.7 60 55.8 56.9 59.4 62.3 65 69.1 74.2 78 79.9 82 82.3 81.6 80.6

Male Angle 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160° 170° 180°

0M 48.8 48.9 49.7 50.6 49.3 46.1 43.6 43.7 43.7 43.7 44 45.1 47.1 49.2 50.3 51.5 51.6 50.9 51.1
3M 53.4 53.4 54.3 55.8 55.3 51.1 48.5 49.8 50.4 50.6 51.5 53.4 55.9 58.1 59.6 60.6 60.6 59.7 59.6
6M 60.1 59.1 59.4 60.2 58.8 53.3 51 52.5 53.2 53.8 55.3 57.9 60.6 63.1 65 66.7 66.6 65.4 64.7
1Y 65.4 64.1 64.2 64.6 62.5 56.8 53.7 54.9 56.1 56.9 58.5 61.7 65.3 68.7 71.4 74 74.6 73.7 72.6
2Y 66.8 65.5 65.6 66.2 64.4 58 55.2 56.5 58.6 60 62.1 65.6 69.5 73 75.7 77.8 78.6 77.6 76.7
3Y 68.4 67 66.9 67.3 65.7 57.1 55 56.6 58.5 60.2 62.6 66.7 71.2 74.7 77.6 80.5 81.4 80.6 79.9
4Y 69.6 68.5 68.4 68.3 66.7 59.9 56.5 57.7 60.1 62.1 64.4 67.7 72.1 76 78.8 81.9 83 82.2 81.4
5Y 71.1 70.1 69.7 69.6 68.2 60.5 56.7 58 60.5 63 65.6 69.5 74.4 78.2 80.6 82.9 83.8 83.1 82.2
6Y 71.4 70.6 70.4 70.4 68.8 61.2 57.7 58.7 61.2 63.8 66.6 70.8 75.5 79.6 82.1 85 85.9 85.2 84.7

Calculated values are rounded off to one decimal place.
DS plane,  dorsum sellae plane; HoVA,  horizontal vector analysis; 0M,  0 month to 2 months; 3M,  3 to 5 months; 6M,  6 to 11 months; 1Y,  12 to 23 months; 2Y,  
24 to 35 months; 3Y,  36 to 47 months; 4Y,  48 to 59 months; 5Y,  60 to 71 months; 6Y,  72 to 83 months.

Table 6　 Measurement results of the standard deviation of the DS plane using HoVA

Female Angle 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160° 170° 180°

0M 2.5 2.4 2.5 2.4 2.4 2.4  2.5 2.4 2.7 2.7 2.6 2.5 2.9 3.3 4.1 4.4 4.6 4.8 5.1
3M 3.3 3.2 2.9 2.6 2.2 2.5  2.8 2.9 3.1 3.4 3.7 3.8 4.1 4.6 5 5.6 6 5.5 5.3
6M 3.1 3.1 3.1 2.6 2.3 3  2.7 2.9 3.5 3.7 3.6 3.5 3.4 3.3 3.2 3.2 3.7 4 4.4
1Y 3.3 3.4 3.2 2.7 2.5 3.8 33.6 3.1 3.5 3.6 3.3 3.2 3 2.7 2.8 3.3 4.1 4.7 4.8
2Y 3.3 3.3 3.1 2.4 1.8 2.9  2.3 2.4 2.8 3.1 2.8 2.8 2.5 2.8 2.9 2.9 3.4 3.9 4.5
3Y 3.4 3.4 3.5 3.2 2.6 3.3  2.4 2.3 3 3.7 3.9 4.1 3.6 3.6 3.6 3.7 4.1 4.7 5
4Y 3.1 3 2.9 2.4 2 3.8  2.8 2.5 2.5 2.8 3.1 3.1 2.6 2.7 2.6 2.5 2.7 3.2 3.3
5Y 2.9 3 2.9 2.8 2.7 3.2  3 2.8 3 3.2 3.6 3.4 3.2 3.5 3.9 3.8 3.9 3.9 4
6Y 3.9 3.9 3.6 2.5 1.8 2.9  2.3 2.3 2.6 2.6 2.9 3.1 2.8 2.4 2.6 2.8 3.5 4.2 4.9

Male Angle 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160° 170° 180°

0M 3.8 4 49.7 3.8 3.5 3.6 3.8 4.1 4.5 4.7 4.7 4.8 5.1 5.4 5.5 5.7 5.8 5.7 5.7
3M 3.9 4.2 54.3 4.1 3.8 3.8 3.5 3.6 4 3.8 3.3 3.5 3.5 3.7 4.3 4.8 5.5 6 6.1
6M 4.1 4.2 59.4 3.4 3 3.1 3.3 3.3 3.3 3.6 3.7 3.6 3.5 3.1 3.3 3.4 4 4.4 4.2
1Y 3.7 3.7 64.2 3.2 2.6 3.2 3.1 3.1 3.4 3.4 3.6 3.7 3.4 3.3 3.6 4 5 5.9 6.1
2Y 3.8 3.8 65.6 2.7 2.4 3.3 3.1 2.7 3 3.6 3.8 3.8 3.7 3.8 3.9 4 4.9 6 6.3
3Y 3.2 2.9 66.9 2.4 2.2 3.1 2.8 2.5 2.5 2.7 2.7 2.5 2.6 2.5 2.5 3 4 5 5.4
4Y 2.5 2.5 68.4 1.7 1.5 3.1 2.9 2.5 2.8 3.4 3.6 3.3 2.8 2.7 2.9 3.3 4 4.7 5.2
5Y 3.5 3.4 69.7 2.7 2.3 2.5 2.1 2 1.8 1.9 2.1 2.2 2 2.1 2.3 2.5 3 3.8 4.2
6Y 2.7 2.8 70.4 2.4 1.9 2.6 2.6 2.5 2.5 2.3 2.2 2.3 2.1 2.3 2.7 2.9 3.4 3.7 4.1

Calculated values are rounded off to one decimal place.
DS plane,  dorsum sellae plane; HoVA,  horizontal vector analysis; 0M,  0 month to 2 months; 3M,  3 to 5 months; 6M,  6 to 11 months; 1Y,  12 to 23 months; 2Y,  
24 to 35 months; 3Y,  36 to 47 months; 4Y,  48 to 59 months; 5Y,  60 to 71 months; 6Y,  72 to 83 months.
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Table 7　 Measurement results of the mean of the Max plane using HoVA

Female Angle 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160° 170° 180°

0M 51.5 51.4 51.5 51 49.9 49.3 48.3 47.5 47.8 48.6 49.3 50 51.3 53.2 55.9 58.3 60 61.5 62
3M 61.4 61.5 61.8 61.3 59.9 58.6 57.3 57.5 58.2 58.8 59 59.5 60.3 61.3 62.7 64 65 66 66.2
6M 66.5 66.3 66.6 65.4 63.6 61.6 59.5 59.2 59.9 60.9 62.1 63.3 64.9 67.1 70 73.1 75.4 77 77
1Y 70.9 70.6 70.7 69.2 67.1 64.6 62.1 61.7 62.8 64.2 65.6 66.9 68.5 70.6 73.6 76.5 78.6 79.9 79.6
2Y 73.5 73.2 73.1 71.3 69 66.2 63.4 62.8 64.1 65.9 68 69.6 71.3 73.6 77.2 80.9 83.3 85.1 84.8
3Y 74.3 74 73.9 71.9 69.4 66.6 64 63.3 64.7 66.8 69.1 70.9 72.9 75.5 79.1 82.9 85.8 87.8 87.4
4Y 73.1 72.6 72.4 71 69 66.9 64.9 64.2 65.6 67.9 70.2 72.2 74.2 76.8 80.3 84 86.9 88.5 88
5Y 75 74.8 74.8 72.9 70.5 68 65.9 65.2 66.6 68.9 71.3 73.2 74.9 77 80.2 83.8 86.6 88.2 87.8
6Y 74.7 74.3 74.3 72.8 70.8 68.5 66.6 65.6 66.8 69 71.6 74 76.2 78.5 81.8 85.6 88.4 90.1 89.8

Male Angle 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160° 170° 180°

0M 54.6 54.9 55.4 55 53.8 52.9 52.1 51.6 51.8 52.2 52.8 53.3 54.4 56.2 58.7 60.5 62 63.1 63.6
3M 61.4 61.5 62.3 62.3 61.3 60.1 59.1 59.3 60 60.5 61.2 61.8 62.9 64.1 66 67.3 68.8 70 70
6M 68.1 68 68.4 67.4 65.6 63.8 62 62.3 63.5 64.4 65.4 66.4 67.8 69.2 71 72.8 73.7 74 73.6
1Y 72.5 72.2 72.4 71.1 69.1 66.9 64.6 64.4 65.4 66.7 68.3 69.7 71.4 73.8 77 80.1 82.2 83.2 82.9
2Y 73.2 73 73.4 72.3 70.2 68.2 65.9 65.4 67 68.9 71 72.9 74.6 76.7 79.7 82.8 84.9 86.1 85.3
3Y 75 74.6 74.4 72.8 70.8 68.5 66.3 65.7 67.1 68.8 71 72.8 74.8 77.3 81 85 87.5 89.3 89.1
4Y 75.5 75.3 75.3 73.9 71.7 69.4 67.2 66.3 67.4 69.3 71.6 73.8 75.8 78.3 81.9 86.4 89.5 91.3 90.9
5Y 76.2 76 76.2 74.5 72.2 69.6 67.4 66.4 67.8 70 72.6 75 76.9 79.3 82.5 86.2 89.3 91.2 90.7
6Y 76.9 76.8 77 75.2 73 70.5 68.4 67.5 68.8 70.9 73.4 76.1 78.5 81.1 84.2 88.2 91.5 92.6 92.9

Calculated values are rounded off to one decimal place.
Max plane,  plane with the maximal cranial area above the dorsum sellae plane; HoVA,  horizontal vector analysis; 0M,  0 month to 2 months; 3M,  3 to 5 months;  
6M,  6 to 11 months; 1Y,  12 to 23 months; 2Y,  24 to 35 months; 3Y,  36 to 47 months; 4Y,  48 to 59 months; 5Y,  60 to 71 months; 6Y,  72 to 83 months.

Table 8　 Measurement results of the standard deviation of the Max plane using HoVA

Female Angle 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160° 170° 180°

0M 4.1 4 3.9 3.9 3.6 3.5 3.3 3.3 3.4 3.4 3.3 3.1 2.9 2.7 2.8 3.7 4.5 5.3 5.3
3M 4.8 4.7 4.5 4 2.9 2.2 2.2 2.6 2.9 2.8 3 3 2.9 2.7 2.9 3.4 4 4.2 4.2
6M 3.8 3.8 3.8 3.4 3 2.7 2.6 3 3.5 3.6 3.7 3.6 3.7 3.3 3.1 3.4 4 4.5 4.6
1Y 3.9 3.9 3.9 3.6 3.3 3.1 3 3.2 3.3 3.3 3.2 2.9 2.7 2.5 2.8 3.7 4.7 5.7 5.9
2Y 3.6 3.6 3.6 3.1 2.6 2.3 2.4 2.6 2.7 2.6 2.4 2.3 2.4 2.3 2.6 3.1 3.7 4.4 4.5
3Y 4.7 4.9 4.8 4.3 3.8 3.2 2.8 2.7 2.8 3 3.3 3.5 3.5 3.5 3.7 4.3 4.9 5.8 5.9
4Y 3.6 3.5 3.2 2.6 2.3 2.2 2.3 2.3 2.4 2.3 2.4 2.5 2.5 2.5 2.8 3.2 3.6 4.1 4.4
5Y 3.1 3.1 3 2.8 2.8 2.8 2.5 2.7 2.5 2.3 2.4 2.6 2.8 3 3.3 4.2 4.9 5.5 5.2
6Y 4.4 4.2 4 3.6 3.3 2.7 2.6 2.8 2.5 2.5 2.5 2.6 2.9 2.9 3.2 3.7 4.5 5.6 6

Male Angle 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160° 170° 180°

0M 5.2 5.3 5.3 5.2 5 4.9 4.7 5 5.2 5.3 5.1 4.7 4.3 4 3.8 4.3 4.8 5.2 5.2
3M 5 5.1 5 4.9 4.2 3.8 3.5 3.4 3.5 3.2 3 3 3.2 3.6 4.5 6 6.7 7.4 7.2
6M 5.7 5.7 5.6 5.3 4.8 4.3 3.7 3.8 3.9 3.8 3.6 3.2 3 2.8 3 3.7 4.8 5.7 5.8
1Y 5.1 5.1 5 4.6 4 3.5 3.2 3.4 3.7 3.7 3.7 3.5 3.4 3.4 3.8 4.7 6 7.1 7.2
2Y 4 3.9 3.7 3.4 2.9 2.5 2.3 2.5 3 3.3 3.5 3.5 3.6 3.4 3.5 4.1 5.3 6.4 6.7
3Y 4.3 4.2 4 3.5 3.2 2.7 2.6 2.8 2.9 2.8 2.9 2.9 3 3.1 3.3 4.6 5.4 6.6 7.1
4Y 3.1 3 2.9 2.5 2.1 2.2 2.3 2.3 2.5 2.7 2.8 2.7 2.7 2.4 2.7 3.3 4.2 5.4 5.5
5Y 4.1 4.2 4.3 3.9 3.4 2.6 2.1 1.9 2 2.2 2.2 2.3 2.3 2.6 2.7 3 3.7 4.6 4.8
6Y 3.5 3.8 3.9 3.6 3.1 2.6 2.3 2.5 2.7 2.6 2.6 2.3 2.2 2.1 2.6 3.2 4.2 5.7 5.6

Calculated values are rounded off to one decimal place.
Max plane,  plane with the maximal cranial area above the dorsum sellae plane; HoVA,  horizontal vector analysis; 0M,  0 month to 2 months; 3M,  3 to 5 months;  
6M,  6 to 11 months; 1Y,  12 to 23 months; 2Y,  24 to 35 months; 3Y,  36 to 47 months; 4Y,  48 to 59 months; 5Y,  60 to 71 months; 6Y,  72 to 83 months.



Discussion

This study demonstrated that HoVA is a reliable 
method for measuring two different cranial horizontal 
planes; furthermore,  this study established normal 
values and the cranial silhouette for each age group by 
sex in Japanese children.  

Imai and Tajima measured the normal morphology 
for each age group at the anterior half of the DS plane in 
Japanese children and reported the effectiveness of the 
values for perioperative evaluation in cases requiring 
fronto-orbital advancement surgery [17].  Thus,  we 
measured the posterior half of the DS plane,  for appli-
cation to other types of surgeries,  as well as the entire 
Max plane.

Once the measurement error for the area of the Max 
planes was accepted,  there were two or more possible 
planes within the limits,  and the adjacent planes havd 
similar silhouettes.  Thus,  we considered 30 mm as an 
appropriate distance between planes for all age groups,  
despite the distance between the DS and Max planes of 
0M subjects being 1 mm larger than that of 6Y subjects.

After determining the inter-rater reliability,  we 
regarded the correlation coefficients between readers to 
be sufficiently high and judged that the errors between 
raters were not different from those within a single 
rater.  Subsequently,  we decided that a single person 

(the primary author) could measure the remainder of 
the cases.

If the tilt from the true OM plane was within ± 3° on 
the midsagittal plane (a 6° range),  the measurement 
errors were usually minimal.  Realistically,  the OM 
plane could be consistently set within this range in clin-
ical practice.  Waitzman et al.  concluded that if the tilt 
of the horizontal plane was within ± 4° from the true 
OM plane,  the measurement errors were within clini-
cally acceptable limits [19].  Accordingly,  our results 
were similar to theirs.  Therefore,  we consider that 
HoVA was also a reliable method for the determination 
of measurement error.

In this study,  the growth rates measured with HoVA 
for each age group and sex were consistent with those of 
reports on the growth rate of head circumference [20] 
and the growth change shown using MSVA [16].  The 
cranial growth at the 50° radian reached a plateau on 
HoVA earlier than the other regions; this site is consis-
tent with the origin of the temporalis.  We speculate that 
this result reflects the development of the temporalis 
coincident with the development of mastication after 
age 1-2 years [21 , 22].  

Our previously published surgical case was exam-
ined based on this study’s data.  We performed cranio-
plasty using multidirectional cranial distraction osteo-
genesis [23 , 24] in a 31-month-old male patient with 
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Fig. 6　 Horizontal vector analysis radar charts of mean values.  DS plane,  dorsum sellae plane; Max plane,  plane with the maximal 
cranial area above the DS plane.



scaphocephaly.  We compared the preoperative and 
postoperative cranial shapes using the Max planes of 
HoVA and MSVA.  The patient’s cranial shape improved 
post-surgically and nearly matched the normal shape 
when he was 52 months (Fig. 7).  

We assume that the decision to use the DS plane or 
Max plane in clinical practice depends on the patient’s 
original cranial shape and/or the planned operative 
procedure.  The DS plane will be used mainly for fron-
to-orbital advancement while the Max plane is recom-
mended for cases like our representative case.  In addi-
tion,  combining HoVA with MSVA makes it possible to 
assess the cranial shape accurately using without com-
plex machines or software.

This study had some limitations.  First,  although we 
attempted to exclude cases for whom cranial growth was 
likely affected,  selection bias might have occurred 
because we did subjectively exclude some patients with 
conditions that have never been demonstrated to have a 

negative effect on cranial growth.  Second,  it is rela-
tively difficult to apply our results to children older than 
6 years.  Third,  it is also difficult to generalize our 
results to other races because our method was estab-
lished using only Japanese children.

In future studies more data should be collected,  
especially for patients older than 6 years.  Moreover,  
although we simply applied the HoVA data of the age 
group to which the patient belonged for our representa-
tive case,  it may be necessary to adjust the age group 
upwards or downwards,  depending on the realistic 
target values.  In addition,  future studies should estab-
lish normal cranial values for coronal planes,  and the 
basement plane should be differently established when 
the creation of the OM plane becomes difficult,  such as 
in plagiocephaly.  Similarly,  we should consider devel-
oping a new versatile measurement tool to simplify 
manual measurement.

In conclusion,  our HoVA proved a reliable method 
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A B

C D

Fig. 7　 Clinical application of HoVA.  (A) Orange lines,  preoperative HoVA of the Max plane and MSVA; green lines,  normal HoVA and 
MSVA of the 2Y male group; green dotted-lines,  ±1SD lines for normal HoVA and MSVA of the 2Y male group; light blue line,  the MAX 
plane on the midsagittal plane.  (B) Preoperative 3D CT images.  (C) Orange lines,  postoperative HoVA of the Max plane and MSVA; dark 
blue lines,  normal HoVA and MSVA of the 4Y male group; dark blue dotted-lines,  ±1SD lines for normal HoVA and MSVA of the 4Y male 
group; light blue line,  the MAX plane on the midsagittal plane.  (D) Postoperative 3D CT images. HoVA,  horizontal vector analysis;  
MSVA,  midsagittal vector analysis; DS plane,  dorsum sellae plane; Max plane,  plane with the maximal cranial area superior to the DS 
plane; 3D CT,  three-dimensional computed tomography; 2Y,  24-35 months; 4Y,  48-59 months; SD,  standard deviation.



for assessing cranial morphology.  We used HoVA to 
collect the normal cranial values on two different hori-
zontal planes for each age group by sex among Japanese 
children under 7 years.  With HoVA,  precise preopera-
tive planning and postoperative follow-up for craniofa-
cial surgery in multiple facilities should be easier to 
carry out.  Future studies should consider more tailored 
application of HoVA depending on the individual cra-
nial morphology,  such the combined use of HoVA with 
the normal values in the cranial midsagittal plane 
derived from the previously reported MSVA [15].
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