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Investigators can infer how much reduction in volume has occurred since brain
volume was at its peak, by combining measures of brain volume with mea-
sures of intracranial volume (ICV). Several methodologies have been proposed
to asses the ICV. However, we have not seen a gold-standard study evaluating
the results of the methodologies for the assessment of ICV. In the present
study, the actual intracranial volume of 20 dry skulls was measured using the
water-filling method, using this as a gold standard. Anthropometry, cephalom-
etry, point-counting, and planimetry techniques were applied to the same
skulls to estimate the ICV. Anthropometric and cephalometric measurements
were carried out directly on skulls and roentgenograms, respectively. Consecu-
tive computed tomography sections at a thickness of 10 mm were used to esti-
mate the ICV of the skulls by means of the point-counting and planimetry
methods. The mean (6SD) of the actual ICV measured by the water-filling
method was 1,262.0 6 160.4 cm3 (1,389.5 6 96.5 cm3 for males and 1,134.5
6 94.3 cm3 for females, respectively). Our results showed that the estimated
values obtained by all four methods differed from the actual volumes of the
skulls (P < 0.05). The data obtained by anthropometry resulted in overestima-
tion. However, cephalometry, point-counting, and planimetry methods pro-
duced underestimation. After calibration, there were no significant differences
between the actual volumes and the results of the four methods (P > 0.05).
While the anthropometric method is easy and quick to apply, its result may
deviate from the actual values. The optimized stereological techniques of
point-counting and planimetry methods may provide unbiased ICV results
since they take the third dimension of the structures into account. Clin. Anat.
20:766–773, 2007. VVC 2007 Wiley-Liss, Inc.

Key words: intracranial volume; water-filling; cephalometry; point-counting;
planimetry; stereology

INTRODUCTION

Brain growth drives skull growth during childhood
(Sgouros et al., 1999; Knutson et al., 2001). At about 20 years
of age, the volume of the brain starts to decrease, while it is
presumed that the intracranial volume (ICV) remains constant
(Rushton and Ankney, 1995; Wolf et al., 2003). Thus, the ICV
is generally considered to be a more accurate indicator of
mature brain volume than head size (Wolf et al., 2003). By
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combining measures of brain volume with measures of
ICV, investigators can infer how much reduction in volume
has occurred since brain volume was at its peak (Jenkins
et al., 2000; Knutson et al., 2001). Hence, ICV provides a
more stable and accurate normalization factor for estimating
volumetric changes at the onset of a disease (Eritaia et al.,
2000).

Several methods have been proposed for the assess-
ment of ICV. The packing/filling method is the most accu-
rate in vitro method for the measurement of ICV (Manju-
nath, 2002a). The others are the linear measurement and
cephalometry methods predicting the ICV using the mea-
sures of length, width, and height of the skull directly over
the bony structure or lateral and anteroposterior roent-
genograms (Manjunath, 2002a).

Unbiased estimation of organs or structures can be made
using the Cavalieri principle of stereological approaches (Rob-
erts et al., 1993; Cruz-Orive, 1997). The requirement for the
application of this method is an entire set of two-dimensional
slices through the object, provided they are parallel, sepa-
rated by a known distance, and begin randomly within the
object, criteria that are met by standard sectional radiological
imaging techniques (Roberts et al., 2000; Sahin and Ergur,
2006). Planimetry and point-counting are two methods for
estimating volume based on the Cavalieri principle (Gong et
al., 1999; Sahin and Ergur, 2006). There are some studies
reporting that the application of stereological techniques to
computed tomography (CT) scans may provide an unbiased
estimation of ICV (Mazonakis et al., 2004; Acer et al., 2007).
Their studies are mainly conducted to estimate efficiency of
the applied method. However, none of them are gold-stand-
ard studies which compare the known ICV with the results of
stereological estimations.

In this gold standard study, we aimed to compare the
accuracy and the reliability of anthropometry, cephalome-
try, point-counting, and planimetry methods for the estima-
tion of ICV. We also propose an easy way to calibrate
underestimation effects of sectioning on the estimation of
ICV on routine CT images.

MATERIALS AND METHODS

This study was performed on 20 adult skulls (10 males
and 10 females) obtained from the collection of the Depart-
ment of Anatomy, Medical Faculty, Adnan Menderes Univer-
sity, Aydın, Turkey.

The ICV of the skull was determined by filling the skulls
with water and subsequently measuring the quantity of
water using a cylindrical measuring glass. For this purpose,
ordinary balloons were introduced into the cranial cavity via
the foramen magnum and filled with water under the pres-
sure from the tap. Following the filling process, the water
was poured into a measuring cylinder and the volume taken
as a measure of the total ICV. The measured ICV values
were used as the gold standard of the present study.

The linear dimension measurements were obtained from
all dry skulls included, using standard anthropometric
methods and measuring gadgets described in the literature.
Cephalometric measurements were made on standard lat-
eral and anteroposterior cephalograms of the skulls. An iron
bar was placed next to the skull to calibrate the measure-
ments on the roentgenograms.

CT scanning of the skulls was performed on a conven-
tional scanner (Philips Tomoscan LX). Consecutive images

were acquired with the use of 320 3 320 field of view,
120 kV, and 100 mAS for all CT scans. All subjects were
scanned in coronal plane and the slice thickness was
10 mm without interval. Total ICV was estimated using the
Cavalieri principle. The point-counting method and the
planimetry technique were applied for the estimation of
sections cut surface area. The same sections were used for
both volume estimation methods.

Anthropometry

The measurements were calculated in centimeters and
made by the same author with the subject in the Frankfurt
horizontal plane. The following linear dimensions of the
head were recorded by craniometry:

1. Maximum head length (glabella-inion length: L).
2. Maximum head width (measured between parietal

eminences: W).
3. Auricular height (external acoustic meatus to the

highest point of the vertex: H), using an auricular
head spanner.

The ICV was calculated using the following formula given
by Williams et al. (1989).

Males: 0:337� L�W �Hþ 406:01 cm3 ð1Þ

Females: 0:400� L�W �Hþ 206:60 cm3 ð2Þ

Cephalometry on Roentgenograms

For this purpose, internal length (L), internal height (H),
diameter from bregma to posterior cranial fossa (B), and
length of width (W) of the skulls on roentgenograms were
measured (Fig. 1). The ICV was calculated using the for-
mula proposed by Bergerhoff as interpreted below (Manju-
nath, 2002a).

V ¼ ðL=2Þ � ðHþ B=4Þ � ðW=2Þ � 0:51� 8 cm3 ð3Þ

Point-Counting Method

The CT images of a section series at thicknesses of 10 mm
were used to estimate ICV. The images were printed on films.
A square grid test system with d ¼ 0.4 cm between test points
was used to estimate the sectioned surface area of the slices.
To estimate ICV, the modified formula used for volume esti-
mations of radiological images was applied (Akbas et al.,
2004; Bilgic et al., 2005; Sahin and Ergur, 2006):

V ¼ t � SU� d

SL

� �2
�
X

P ð4Þ

where t is the section thickness of consecutive sections (1
cm), SU is the scale unit of the printed film, d is the distance
between the test points of the grid (0.4 cm), SL is the meas-
ured length of the scale printed on the film, and SP is the total
number of points hitting the sectioned cut surface areas of in-
tracranial space.

The films were placed on a negatoscope and the trans-
parent square grid test system was superimposed, ran-
domly covering the entire image frame (Fig. 2a). The points
hitting the intracranial sectioned surface area were counted
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for each section and the volume of the ICV was estimated
using the fourth formula. The mean time for the volume esti-
mations was also provided. The coefficient of error (CE) of
the point-counting method was calculated using the formula
described in previous studies (Sahin et al., 2001; Sahin et
al., 2003b). Calculation of ICV, CE of estimates, and other
related data were obtained as a spreadsheet using Micro-
soft Excel. After initial setup and preparation of the formula,

the point counts and other data were entered for each scan
and the final data were obtained automatically.

Planimetry Method

The cross-sectional surface area of intracranial space
was measured by means of the planimetry method using

Fig. 1. Two standard anteroposterior (a) and lateral (b) cephalograms of a
skull. Internal length (L), internal height (H), diameter from bregma to posterior
cranial fossa (B), and diameter of width (W).

Fig. 2. A computed tomography scan in coronal sec-
tion. A transparent square grid test system was superim-
posed, randomly covering the entire image frame to esti-

mate the section cut surface area (a). Inner boundaries
of the skulls were manually traced on images to calculate
the section cut surface area in planimetry method (b).
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software, namely, DICOMWORKS (version 1.3.5). For the
planimetry measurements the same scans were used. Pic-
tures were taken from the CT images, which use a millimet-
ric scale for the calibration. Each scale measurement was
carried out at least three times to the nearest millimeter
using the tools of software, and the average was considered
for calculation. Inner boundaries of the skull were manually
traced on each CT image using the computer’s mouse. The
software automatically calculated the number of pixels
enclosed by the traced skull contours on each section and
provided the cross-sectional area of the skull on a slice-by-
slice basis (Fig. 2b). The sum of the areas multiplied by the
section thickness provided the ICV. The planimetric volume
estimation formula can be written as follows:

V ¼ t �
X

A ð5Þ

where t is the section thickness of consecutive sections (1
cm) and SA is the total sectional area of the consecutive
sections.

The CE of planimetric volume estimations was calculated
using the formula described in the literature (Mazonakis et
al., 2002; Sahin et al., 2003a; Sahin and Ergur 2006). The
mean time for the volume estimations was also provided.
Calculation of ICV, CE of estimates, and other related data
were obtained as a spreadsheet using Microsoft Excel as
the given point-counting method.

Statistical Analysis

The differences in the estimated volumes obtained by four
different approaches were compared using Bland and Altman
(1995) statistical test to check the methodological differen-
ces. Pearson correlation test was also applied to assess the
relation agreements between the results of four different
approaches and the actual values. A ‘‘P’’ value lower than
0.05 was accepted as being statistically significant.

RESULTS

The volume values obtained by means of the water-fill-
ing method were used as the gold-standard data of the
present study. The ICV estimation results of the other four
methods were obtained and compared with the results of
the water-filling method. The estimated ICV values were
calibrated regarding the actual volume of skulls. The cali-
brated results showed neither a difference from the actual
volume of the skulls nor from the other prediction methods
(P > 0.05). The agreements between four methods were
evaluated using Bland and Altman statistical test. All three
methods correlated well with each other and with the actual
ICV data. The statistical analysis also showed that the
point-counting and the planimetry methods have the high-
est correlation with the actual ICV of skulls. The details of
the measured or estimated ICV values are shown in Table
1. The results of statistical comparisons between the meth-
odologies and between the actual volume and the results of
estimation methodologies and their correlation analyses are
presented in Table 2.

Water-Filling Method

The mean (6SD) of the ICV measured by water-filling
method was 1,262.0 6 160.4 cm3. It was 1,389.5 6 96.5

cm3, and 1,134.5 6 94.3 cm3 for males and females,
respectively.

Anthropometry

The mean (6SD) of the ICV estimated by means of the
regression formula, based on the anthropometric measure-
ments, was 1,495.1 6 132.4 cm3. It was 1,581.7 6 79.9
cm3 and 1,408.5 6 118.1 cm3 for the males and females,
respectively. The estimated volume results were statisti-
cally significantly different from the actual volumes of the
skulls (P < 0.05). In spite of an overestimation of anthropo-
metric data by 18.5%, the results correlated well with the
actual volume of the skulls (r ¼ 0.839, P < 0.001). The final
analysis shows that the anthropometric results systemati-
cally deviate from the actual volume of the skulls. The esti-
mated ICV values were not statistically different from the
other three volume estimation methods (P > 0.05). Hence,
we propose new regression formulae for the prediction of
ICV using anthropometric measurements for both genders
as follows:

Predicted volume for males ¼ 392:306

þ ð0:286� L�W �HÞ cm3 ð6Þ

Predicted volume for females ¼ 474:33

þ ð0:220� L�W �HÞ cm3 ð7Þ

The mean (6SD) of the ICV estimated by means of the new
prediction formula, based on the anthropometric measure-
ments was 1,262.7 6 145.8 cm3. It was 1,390.1 6 67.8 cm3,
and 1,135.4 6 56.0 cm3 for males and females, respectively.
The estimated ICV results did not show a statistically significant
difference from the actual volumes of the skulls (P > 0.05).

Cephalometry

The mean (6SD) of the ICV estimated by means of the
regression formula, based on the cephalometric measure-
ments, was 1,161.5 6 226.1 cm3. It was 1,312.5 6153.1
cm3, and 1,010.5 6 184.0 cm3 for males and females,
respectively. The estimated volume results were statisti-
cally significantly different from the actual volumes of the
skulls (P < 0.05). In spite of an underestimation of 8% by
cephalometric data, the results correlated with the actual
volume of the skulls (r ¼ 0.639, P < 0.001). The final analy-
sis shows that the cephalometric results systematically

TABLE 1. The Details of the Measured or
Estimated ICV Values

Method Minimum Maximum Mean SD

Actuel 1,010.0 1,550.0 1,262.0 160.4
Anthropometry 1,246.8 1,681.3 1,495.1 132.4
Cephalometry 757.3 1,590.9 1,161.5 226.1
Point counting 925.9 1,450.6 1,135.5 134.6
Planimetry 961.0 1,395.0 1,153.6 126.8
CAnthropometry 1,046.5 1,474.6 1,262.7 145.8
CCephalometry 1,096.8 1,487.8 1,276.1 146.8
CPointCounting 1,018.5 1,595.7 1,249.0 148.0
CPlanimetry 1,105.2 1,604.3 1,326.7 145.8

C, Calibrated; SD, standard deviation.
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deviate from the actual volume of the skulls. The estimated
ICV values also were statistically significantly different from
the other three volume estimation methods (P < 0.05).
Hence, we propose a new regression formula for the predic-
tion of ICV using cephalometric measurements as follows:

Predicted volume for males ¼ 1169

þ ð0:008� L�H� B�WÞ cm3 ð8Þ

Predicted volume for females ¼ 1199

þ ð�0:003� L� H� B�WÞ cm3 ð9Þ

The mean (6SD) of the ICV estimated by means of the new
prediction formula, based on the cephalometric measure-
ments, was 1,276.1 6 146.8 cm3. It was 1,415.6 6 41.9
cm3 and 1,136.7 6 23.6 cm3 for the males and females,
respectively. The estimated ICV results did not differ statis-
tically significantly from the actual volumes of the skulls
(P > 0.05).

Point-Counting

The mean (6SD) volume of the ICV estimated using the
point-counting method was 1,135.5 6 134.6 cm3. It was
1,230.1 6 116.5 cm3, and 1,040.9 6 69.0 cm3 for the
males and females, respectively. The estimated volume
results were statistically significantly different from the
actual volumes of the skulls (P < 0.05). There was no stat-
istically significant difference between the results of point-
counting and planimetry methods (P > 0.05). However, the
estimated ICV values were statistically significantly differ-
ent from anthropometric and cephalometric results (P <

0.05). Analysis of ICV estimates using the point counting

showed that the section thickness has an underprojection
effect on the obtained section scan images. In spite of a
10.0% underestimation, the results correlated well with the
actual volume of the skulls (r ¼ 0.944, P < 0.001). The final
analysis shows that the results of the point-counting method
systematically deviate from the actual volume of the skulls.

We simply calibrated the data obtained using the point-
counting method by multiplying them by the coefficient
1.10. The mean (6SD) calibrated ICV based on the point
counting method was 1,249.0 6 148.0 cm3. It was 1,353.1
6 128.1 cm3 and 1,144.9 6 75.9 cm3 for the males and
females, respectively. The estimated ICV results did not dif-
fer statistically significantly from the actual volumes of the
skulls (P > 0.05).

The mean time needed for the point counting was 7 and
24 min (minimum 4, 29 and maximum 9 min). The mean
CE was 1.12% (minimum 0.6% and maximum 1.16%).

Planimetry

The mean (6SD) volume of the ICV estimated using the
planimetry method was 1,153.6 6 126.8 cm3. It was
12,557 6 80.6 cm3 and 1,051.5 6 65.6 cm3 for the males
and females, respectively. The estimated volume results
were statistically significantly different from the actual vol-
umes of the skulls (P < 0.05). There was no statistically sig-
nificant difference between the results of planimetry and
point-counting and methods (P > 0.05). However, the esti-
mated ICV values were statistically significantly different
from anthropometric and cephalometric methods (P <

0.05). Analysis of ICV estimates using the planimetry
showed that the section thickness has an underprojection
effect on the obtained section scan images. In spite of
8.6% underestimation, the results correlated well with the

TABLE 2. The Results of Bland and Altman (B and A Test) Statistical Analysis Between
the Methodologies, Actual Volume, and Their Correlation Analyses

Pairs

B and A test Correlations

Proportional bias P r P

Actual–Anthropometry 233.1 0.001 0.839 0.001
Actual–Cephalometry �100.5 0.701 0.639 0.002
Actual–PointCounting �126.6 0.005 0.944 0.001
Actual–Planimetry �108.4 0.001 0.940 0.001
Actual–Canthropometry 0.7 0.067 0.909 0.001
Actual–Ccephalometry 14.1 0.065 0.838 0.001
Actual–CpointCounting �12.9 0.089 0.944 0.001
Actual–Cplanimetry 64.6 0.062 0.940 0.001
Anthropometry–Cephalometry �333.6 0.986 0.589 0.006
Anthropometry–PointCounting �359.6 0.274 0.839 0.001
Anthropometry–Planimetry �341.5 0.072 0.742 0.001
Cephalometry–PointCounting �26.0 0.001 0.690 0.001
Cephalometry–Planimetry �7.9 0.001 0.674 0.001
PointCounting–Planimetry 18.1 0.143 0.918 0.001
CAnthropometry–CCephalometry 13.4 0.450 0.922 0.001
CAnthropometry–CPointCounting �13.7 0.352 0.876 0.001
CAnthropometry–CPlanimetry 63.9 0.257 0.857 0.001
CCephalometry–CPointCounting 27.1 0.140 0.781 0.001
CCephalometry–CPlanimetry 27.1 0.222 0.824 0.001
CPointCounting–CPlanimetry 77.6 0.313 0.918 0.001
Anthropometry–CAnthropometry �232.4 0.874 0.923 0.001
Cephalometry–CCephalometry 114.6 0.001 0.700 0.001
PointCounting–CPointCounting 113.6 0.001 1.000 0.001
Planimetry–Cplanimetry 173.0 0.001 1.000 0.001

C indicates Calibrated.
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actual volume of the skulls (r ¼ 0.940, P < 0.001). The final
analysis shows that the results of the planimetry method
also deviate systematically from the actual volume of the
skulls.

We simply calibrated the data obtained by the planimetry
method by multiplying them by the coefficient 1.086. The
mean (6SD) calibrated ICV based on the planimetry method
was 1,252.8 6 137.7 cm3. They were 1,363.7 6 87.4 cm3

and 1,141.9 6 71.3 cm3 for the males and females, respec-
tively. However, the calibrated ICV results did show a statisti-
cally significant difference from the actual volumes of the
skulls (Proportional bias: �16.1; P < 0.05). In the light of
Bland and Altman analysis, we assessed 1.15 as the new
coefficient. The mean (6SD) calibrated ICV based on the
planimetry method was 1,326.7 6 145.8 cm3. They were
1,444.1 6 92.6 cm3 and 1,209.3 6 75.5 cm3 for the males
and females, respectively. The results of last calibration coef-
ficient to obtain ICV did not show a statistically significant dif-
ference from the actual volumes of the skulls (P > 0.05).

The mean time needed for the planimetric delineation
was 15 and 30 min (minimum 12, 10 and maximum 20, 25
min). The mean CE was 0.2% (minimum 0.1% and maxi-
mum 0.3%).

DISCUSSION

The human brain varies widely in size (Knutson et al.,
2001). There are several factors that contribute to this vari-
ation. Factors related to brain growth, such as gender and
physical size, are thought to influence the maximal size of
an individual’s brain (Raz et al., 1998; Sgouros et al.,
1999). Many studies have shown that the ICV increases
with age from birth throughout childhood. Most growth is
achieved in the first 5 years (Piatt and Arguelles, 1991;
Sgouros et al., 1999). At the age of 16–20, the ICV reaches
its final size and it is thought that it does not change its size
thereafter (Knutson et al., 2001; Wolf et al., 2003).
Reported experience has suggested that the ICV remains
stable even after brain atrophy. Large variability in brain
size related to age, sex, and body size makes it difficult to
compare the degree of brain atrophy or swelling among
individuals, or correlate histopathological findings with the
degree of brain atrophy or swelling. To calibrate these var-
iations, the volume ratio between the brain and the intra-
cranial cavity should be evaluated (Yamada et al., 1999;
Whitwell et al., 2001; Mazonakis et al., 2004). Alterna-
tively, ICV measurements may provide reliable indications
of the premorbid brain size in neurodegenerative diseases
(Jenkins et al., 2000). For this reason many studies are
focused on the assessment of ICV.

Several investigators have estimated the ICV, mostly in
dry skulls using linear dimensions, packing methods, or
occasionally radiological methods (Manjunath, 2002a,b).
The packing/filling method involves packing the interior of
the skull with filling materials and then measuring it. This is
the most accurate in vitro method for measuring ICV, but
since it could not provide a volume measurement for living
subjects, some approaches have been suggested for pre-
dicting the volume using anthropometric measurements.
The linear measurement and cephalometry methods are
the most common approaches predicting the ICV using
measures of length, width, and height of skull directly over
the bony structure or lateral and anteroposterior roent-
genograms (Manjunath, 2002a).

Published studies use different formulae for the estima-
tion of ICV on roentgenograms, the most commonly used
being the ellipsoid formula and MacKinnon’s formula or its
variations (Sgouros et al., 1999). MacKinnon (1955) was
the first to demonstrate a method to estimate the cranial
capacity using the cranial length measured on lateral roent-
genograms. MacKinnon et al. (1956) in their further studies
derived a reliable method for estimating cranial capacity
from roentgenograms. The internal lengths, height, and
some other data were measured and a prediction formula
proposed. This formula had been advanced and a new pre-
diction formula based on the resemblance of the cranial
cavity to an ellipsoid had been proposed (Manjunath,
2002a).

In addition to the MacKinnon’s formula and its varia-
tions, several formulae have also been constructed to indi-
cate cranial capacity from length, width, and height of the
cranium. However, such volume determinations may be
considered to be inaccurate due to their dependence on lin-
ear measurements and due to the limited cephalometric
landmark validity characterizing the skull radiographs. Vari-
ous corrections do not entirely remove this inaccuracy
(Williams et al., 1989; Sgouros et al., 1999; Mazonakis
et al., 2004).

Kragskov et al. (1997) compared the reliability of ana-
tomic landmarks based on lateral and frontal cephalometric
radiographs and 3D CT scans. The authors found that lat-
eral cephalogram measurements were more reliable than
the 3D CT ones, with interobserver variations of less than
1 mm for most points compared with about 2 mm for 3D
CT. Lateral cephalometry also showed significantly fewer
interobserver variations for six variables. This was, how-
ever, less obvious when 3D CT was compared with frontal
cephalograms. The authors concluded that according to
their results, there was no evidence that 3D CT is more reli-
able than conventional cephalometry in normal skulls.

Our results showed that the volume prediction results
obtained by anthropometry and cephalometry were statisti-
cally significantly different from the actual volume of skulls
obtained by the water-filling method. However, the results
of these two methods correlated well with the actual vol-
ume of skulls. The volume prediction formulae may result in
differences due to the racial, regional, and gender differen-
ces, a problem which may be solved by proposing new for-
mulae for different societies or nations. No one can, how-
ever, give the assurance that the calibrated results are
accurate, since, the last two methods obtain data from two-
dimensional linear measurements. As the third dimension is
lacking, the method always fails to provide accurate infor-
mation about the third dimensional value, the volume.

Sectional imaging modalities have provided an opportu-
nity for volumetric quantification of the intracranial cavity.
Both CT and magnetic resonance (MR) imaging may produce
reliable measurements of ICV. MR imaging offers optimal
soft tissue contrast resolution and multiplanar capability
without the use of ionizing radiation. However, CT imaging is
still a powerful modality for central nervous system imaging
and for subsequent routine ICV measurements because of
the reduced scanning duration, the availability and the
detailed depiction of bony structures (Sugouros et al., 1999;
Mazonakis et al., 2004).

Most of the studies adopting the point-counting tech-
nique for organ volume estimations have mentioned that
this volumetric approach is superior to the technique of
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planimetry (Roberts et al., 1993; Mazonakis et al., 2002).
There are limited studies performing measurements to
compare the two volumetric techniques. Gong et al (1999)
reported that the planimetry technique should be preferred
approach for the measuring tumor volume. However, Mazo-
nakis et al. report that the point-counting method is the
most efficient way for the estimation of liver volume (Mazo-
nakis et al., 2002).

ICV measurements using CT scans have already been
reported in the literature (Abbott et al., 2000; Wolf et al.,
2003; Mazonakis et al., 2004). Most of the above attempts
to determine ICV were carried out using the technique of
manual planimetry (Lyden et al., 1994; Abbott et al., 2000;
Mazonakis et al., 2004). The studies reported that operator
intervention was necessary to manually trace the intracra-
nial cavity borders on CT sections. However, manual delin-
eation of the intracranial cavity boundaries is a tedious and
labor intensive process. Point-counting estimations are
based on the process of point-counting and not on the
user’s skill in delineating the boundaries of the structure of
interest (Mazonakis et al., 2004).

In the present study, we used point-counting and
planimetry techniques to estimate ICV on a series of CT
sections. The results obtained with these two methods are
compared with each other and also with the results of other
methods. Finally, the results of stereological estimates were
compared with the actual volume of skulls to check the ac-
curacy. Our findings revealed that there was no difference
between the results of the point-counting and planimetry
methods. The results of both stereological methods were,
however, statistically significantly different from the actual
volume of the skulls. Correlation analysis revealed that the
results of point-counting and planimetry not only correlated
well with each other but also with the actual volume of the
skulls. The systematic deviation from the actual volume for
the point-counting and planimetry methods resulted in
underestimation. Since the deviation degree was fluctuating
between certain percentages we calibrated the estimated
results simply by multiplying the estimated result by the
underestimation degree in percentages. Calibrated results
of point-counting and planimetry did not show a difference
from the actual volumes.

The underestimation problem of the stereological meth-
ods probably originated from the effect of section thickness
on the printed two-dimensional images. There are restricted
studies evaluating the effects of section thickness on the
estimated volume of structures using CT and MR images
(Emirzeoglu et al., 2005; Sahin and Ergur, 2006). In the
present study, however, we did not evaluate the effect of
section thickness on the estimated ICV. Decreasing the slice
thickness to less than 10 mm may decrease the underpro-
jection effect of sectioned structures which may result in a
smaller degree of underestimation (Emirzeoglu et al., 2005;
Sahin and Ergur, 2006). In the present study, the thickness
of the CT scans was 10 mm since it is routinely used for
brain studies in most radiological departments. Smaller
slice thicknesses are rarely used for specific clinical pur-
poses.

During the windowing of frames, different levels of set-
tings to obtain best view are chosen. Windowing adjust-
ments are related to the nature of scanned structure and
the imaging technique. Moreover, Diederichs et al. (1996)
showed that a proper windowing must be chosen to obtain
maximum intensity projections. In the living subjects, the

skull is filled up with brain, meninges, and cerebrospinal
fluid. During the scanning, all those structures absorb or
reflect X-ray waves in different degrees. However, in the
present study we used dry skulls that only contain air inside
it. Therefore, windowing process may produce overprojec-
tion of the bony structure on air spaces. Hence, the
obtained results may be resulted in underestimation.

Good agreement was found between results obtained
with the point-counting and planimetry techniques, the for-
mer being 50% faster. As the point-counting method can
be applied to any sets of printed CT images, this approach
allows one to perform retrospective and prospective stud-
ies, and the CT machines and their PC accessories do not
have to be engaged. Moreover, the procedure of manually
tracing boundaries of the intracranial cavity in all CT sec-
tions using planimetry is tedious and requires experience
(Mazonakis et al., 2002; Sahin and Ergur, 2006).

In a previous study, we also compared the methodolo-
gies proposed for the estimation of ICV on living subjects
(Acer et al., 2007). Results showed that there were good
agreements between the anthropometric assessments and
three dimensional methods, i.e., point-counting and planime-
try approaches. It was mainly conducted to check the effi-
ciency of the methods and relation between the estimated
results. However, it was not a gold standard study which
compares the known ICV with the results of stereological or
anthropometric estimations. In the presented study, we
were able to compare the estimated results with the actual
values.

The stereological technique may be optimized by sys-
tematically sampling CT sections and by determining an op-
timum distance between test points of the grid (Mazonakis
et al., 2004). The counting of *115 points on six to eight
systematically sampled CT sections enables the determina-
tion of the ICV with a CE below 5% in less than 3 min. The
combination of the optimized stereological technique with
CT scanning gives the possibility of obtaining acceptable
ICV estimations with minimal effort (Mazonakis et al.,
2004). Eritaia et al. (2000) reported that there is a positive
relationship between the number of slices used to estimate
ICV and the accuracy of that measurement. As the number
of slices sampled decreased, the ICV between the estimated
ICV and the actual ICV also decreased. In addition, the var-
iance of the estimated ICVs increased. They also reported
that ICV can be confidently traced using a 1/10 section
sampling strategy, which should result in significant time-
saving. This sampling strategy produced 5–10% differences
between the estimated volumes. However, it reduced the
time required for ICV measurement from 120 to 10 min
with minimal loss of accuracy or reliability (Eritaia et al.,
2000). In the present study, we evaluated all consecutive
sections with 1 cm thickness. Decreasing the number of
examined slices by using systematic random sampling will
decrease the required time period for the point-counting
and delineation process.

In the present study, we used different formulas to esti-
mate CE of the point-counting and planimetry methods. In
the planimetry method, unbiased estimation of the ICV is
obtained by means of manually contouring the boundaries
on each section and it is considered to coincide with the
exact areas. Therefore, the formula for the CE estimation
does not consider the error due to the manually traced
boundaries and it gives information about the sufficiency of
the number of sections.
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In conclusion, the current study evaluates four different
techniques for determining the ICV. Our results showed
that the results of four methods have differences from each
other. While the anthropometric and cephalometric meth-
ods are easy and quick to apply, their results may deviate
from the actual values. The stereological methods, i.e.,
point-counting and planimetry can be used to determine
ICV on CT images. The optimized stereological techniques
may provide unbiased ICV results since they take the third
dimension of the structures into account. Finally, estimated
ICVs should be calibrated or thin sections should be used to
obtain realistic results.
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