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Abstract

In the volumetric studies of the brain, there are often confl icting results due to the presence of confounding factors such as age and gender, and covariates like brain 
volume. At times, in comparison with a control group, for example, this large variability is enough to confound any effect due to the pathology. For this reason, data are 
generally corrected or normalized by empirical methods as found in other fi elds of brain studies. In this study, we proposed a normalization method based on a theoretical 
approach. This method, based on a simple geometrical brain model, has been tested by a comparison with the empirical ones in 16 brain regions, considering two samples 
of subjects: 19 dyslexics and 10 healthy controls. The results show a good and interesting agreement between data and model and give a new basis for the single subject 
brain volume normalization. In particular, it is possible to show how the amygdala and the whole brain volume should be thought of, as linked by shape and physiological 
relation due to the ratio between their volumes.

Introduction 

In the volumetric Magnetic Resonance Imaging (MRI) 
studies it is very diffi cult to compare the volumes of brain areas 
between groups of subjects because the mean differences are 
often small and dependent on spurious variables. Generally, the 
pathology of patients and the brain area volume differences are 
linked as cause and effect, other variables, such as age, gender 
and education could mask this relation, and for this reason, 
are usually considered confounding factors (or bias). However, 
the weight of the confounding factors could be eliminated or 
reduced, with a better selection of the studied cohort or could 

be evaluated with statistical methods, as done in the neurology 
studies of normative data [1,2]. 

Another variable that infl uences the volume of the 
brain’s areas is the Intracranial Volume (ICV), defi ned as the 
intracranial volume within the whole cranium, i.e. the sum 
of the brain and cerebellar parenchymal and vessels volume 
and cerebrospinal fl uid [3,4]. In particular, the volume and 
the surface of the brain areas linearly and signifi cantly depend 
on the size of the ICV [5,6]. In this context, the ICV can be 
considered a covariate, i.e. a variable that changes predictably 
and can be used to predict the effect studied. In practice, the 
weight of the covariate on the mean difference of brain area 
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volume should be considered if predictable or eliminated, or 
attenuated, if not. For this reason, mathematical methods exist 
to try to remove the dependence from the ICV using empirical 
rules (normalization methods), because there is no way, so 
far, of predicting its infl uence on the volume of brain cortical 
areas. Some of these methods were compared, such as the 
methods of proportional, residual and covariate approaches 
[7,8]. The proportional approach uses the brain area volume/
ICV ratios instead of the brain area volume raw data, without 
any particular justifi cation other than that the two volumes 
are linearly dependent. The residual approach eliminates the 
ICV variability considering how much each patient’s brain area 
volume is different from that corresponding to the patient 
with mean ICV. The covariate approach is used in volumetric 
analysis software estimating the plastic deformation of the 
brain volume, to adapt it to a reference brain (template) in the 
voxel-based package Statistical Parametric Map [9], as well 
as in the packages that do not provide this deformation and 
based on the surface based analysis [10,11]. In this software, the 
dependence of a brain area volume (or cortical volume) from 
the ICV is evaluated by a linear regression analysis for each 
group, which determines the intercept and the slope of the 
regression line. Statistical tests of signifi cance on the difference 
between groups are successively based on those data. In slope 
comparison, practically, the within-group mean volume of 
a given cortical area is divided by the within-group ICV; this 
ratio is then compared to the value derived from another 
group. Even if correct, this procedure reduces the statistical 
precision in the between-group comparison, because of the 
potential presence of patients with ICV varying in a wide range. 
Therefore, the mean value does not well represent such values. 
However, the empirical methods are not very satisfactory, and 
there is not, currently, a widely accepted method [7]. Moreover, 
the segmentation techniques of the brain’s areas cause 
further variability, in particular in the analysis of subcortical 
areas [12-14]. Thus, there are often confl icting results in the 
literature. For example, in the amygdala volumetric study [15] 
the results range between ‘Reduction in bilateral amygdala 
volume’ and ‘Enlargement in bilateral amygdala volume’. 
While in the corpus callosum volumetric study [16] the results 
range between ‘Reduction in corpus callosum volume’ and ‘NO 
differences in volume’.

We propose a method of comparison between homologous 
cortical areas among different subjects based on the evaluation 
of the solid angle subtended by these areas because this method 
is independent of variations in cerebral volume. 

The main aim of this study is to show an equation, derived 
from a geometrical model of the brain, for predicting how the 
ICV affects the volume of the brain’s cortical and subcortical 
areas, and to prove its effectiveness in the data analysis 
of the brain’s volume. To this end, we compare different 
normalization methods, some empirical and some proposed by 
the model, to study which is the best to obtain the differences 
between the volumes of the brain’s areas in two subject groups: 
the control group and the dyslexic patients. Since dyslexia is 
considered to derive from a mild but specifi c alteration in brain 
physiology [17-19], this method turns out to be a sensitive 

tool to compare normalization procedures. Moreover, with the 
validation of the proposed model, it is possible to observe the 
volumetric relation between different brain areas from a new 
viewpoint.

Materials and methods

In this study, we included children, both boys and girls, who 
were diagnosed with a Specifi c Learning Disorder between 1 
January 2007 and 31 December 2012 at the Child Neuropsychiatry 
and Developmental Department of the Local Health Unit 2 
Umbria. The study has been approved by the Ethics Committee 
for health public companies in Umbria. A total of 19 dyslexic 
patients (14 males and 5 females) were considered, with the 
mean age ± SD = 12.1 ± 2.3 years, range = 9 years - 18 years. 
In addition, a control group of 10 healthy subjects (4 males 
and 6 females) age-matched (p = 0.84) was evaluated, with 
mean age ± SD = 11.7 ± 1.7 years, range = 9 years - 15 years. In 
the dyslexic group, Specifi c Learning Disorder diagnoses were 
made through psychometric tests. Initially, a cognitive test was 
performed: the Wechsler scale WISC-III to identify a normal 
cognitive level (IQ > 85), and, subsequently the Sartori DDE-II 
and the dysorthography tests for the assessment of dyslexia 
were administered [20]. IQ was also investigated in the control 
group, with normal results (IQ > 85). 

All subjects underwent MRI with tomograph Siemens 
Magnetom Verio using 3 Tesla magnetic fi eld, acquiring a 
sequence MPRAGE volumetric Gradient-echo T1 weighted 
with high contrast between grey and white matter with the 
following characteristics: 176 sagittal images, isotropic voxel 
of 1 mm3, TE = 1900 ms, TR = 2.52 ms, IT = 900 ms, fl ip angle 
= 9°, Transmitting coil: Body, FOV = 250 mm. The MRI exam 
of all subjects was performed after obtaining valid informed 
consent from the parents of both the patients and the controls.

The images in T1 were post-processed with the software 
Freesurfer (Martinos Center for Biomedical Imaging) following 
the protocol for group comparison [9,10,21], obtaining the 
automatic segmentation and the evaluation of volume, 
thickness, and cortical surface of 74 cortical areas and ICV 
as defi ned in aparc.a2009s.volume.stats3 and 9 volumes of 
subcortical areas as defi ned in aseg.volum.stats3 fi les, for both 
hemispheres of each subject. Automatic segmentation was 
rechecked by a neuroradiologist. 

16 segmented areas, related to the pathology and the 
networks of language and processing of emotions [17] were 
selected out of a total of 83 to perform the statistical analysis. 
The areas considered for the study were: inferior frontal gyrus 
pars opercularis, orbitalis and triangularis, superior frontal 
gyrus, superior temporal gyrus, frontal cingulum, superior 
temporal gyrus temporal planum, middle temporal gyrus, 
temporal pole, middle occipital gyrus, inferior parietal and 
supramarginal angular gyrus, entorhinal and parahippocampal 
cortex, cerebellar cortex and amygdala.

The statistical analysis included only the 16 selected areas 
and the data of cortical volumes as shown in the previously 
mentioned fi les produced by the Freesurfer software. 
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The data were analyzed in two different ways. Initially, a 
linear regression study was performed on the whole group of 
subjects (dyslexics + controls) to verify, for the selected cortical 
areas, the relationship between cortical volumes and ICV. This 
study has allowed for a defi nition of the theoretical model, 
discussed in the results, using a more representative sample. 

Subsequently, a comparison test (unpaired t-test) was 
conducted between groups on the data, dyslexic versus 
controls, to highlight areas where the volume differences 
were statistically signifi cant (p < 0.05). The tests were 
repeated on the volumes of the considered areas in the right 
and left hemispheres and on the average value. The tests 
were conducted by normalizing the volume data according to 
four different procedures to allow for a comparison between 
each standardization procedure and to identify the best way 
to discriminate signifi cantly different areas between the two 
groups.

For this purpose, the criterion used was the evaluation 
of the decrease in the p-value of the Student-T test. By 
defi nition, the p-value represents the probability of obtaining 
experimental data as extreme as, or more extreme than the 
experimental data, once the null hypothesis is assumed to be 
true. Specifi cally, our null hypothesis was that the volume of 
the cortical area in the dyslexic group and the control group 
was the same. Moreover, in the Student-T test between the two 
groups, the P-value depends (both inversely) on the sample 
size and on the effect size (a measure of distance between the 
distributions of the two groups, expressed as the ratio between 
the difference of the two means and the standard deviation). In 
the comparison of different normalizations for a chosen area, 
both these variables are fi xed and a decrease in P-value could 
note a better elaboration of the experimental data [22-25]. 
Normalization tests were as follows, for both the right and left 
hemisphere areas:

A - No normalization: cortical and subcortical volumes 
considered absolute volumes (frequently used approach)

B - Cortical and subcortical volumes were divided by the 
subject’s ICV (proportional approach and our model-
based approximated approach).

C - Cortical and sub-cortical volumes were fi tted fi rst 
using the linear regression line against the ICV (group 
by group) and then the slopes of the straight line were 
compared between the two groups to check if statistically 
signifi cant differences appeared (covariate approach). 
This data processing was carried out using the MINITAB 
17 software package that allows to evaluation of the 
signifi cance of the regression line in each group and 
the whole data set (dyslexics and controls) as well as 
the signifi cance of the difference between the slopes 
of the regression lines between the two groups. This 
normalization procedure is similar to that shown in 
the volumetric analysis software tools such as those 
used in spam for Voxel-Based Morphometry (VBM) or 
automatic segmentation as in free surfer.

D - Cortical and sub-cortical volumes were divided by the 
ratio between ICV and the radius of the brain of the 
subject (our model-based approach). The brain radius 
was calculated assuming the brain was a sphere with 
the same volume (ICV).

Results and discussions

The proposed geometrical model and its application in 
the ‘all subjects analysis’ 

Geometrical model: A simple model for the study of volumes 
of different brain areas and their proportions was developed in 
this work. This model attempts to interpret the experimental 
data presented and to create quantitative relations between 
the observations. The basic idea of the model is to consider the 
brain as a sphere, even if it is not generally true. This strong 
choice can fi nd a justifi cation considering that it is always 
possible to approximate a brain with a sphere once a geometric 
topological transformation, connecting the brain to a sphere 
(and vice versa), can be found. The same type of transformation 
is used for example in the so-called cerebral cortex ‘infl ated’ 
representation [26]. This method, in which the cortical areas 
are represented as exposed to the outer surface, is considered 
‘smooth’ and differentiable, which recalls the surface of the 
cerebral hemispheres, including the areas generally hidden 
located in the grooves of the convolutions. The brain, during 
the topological transformation described, can be visually 
depicted as a balloon in which we blow air so that all the 
cortical invaginations emerge.

The radius r can defi ne a sphere with volume V as the 
volume of a brain. The cerebral cortex can be represented as 
the external layer Δr<<r of the sphere. For each cortical area 
s with volume Vs and surface S, exists a similar area on the 
sphere, defi ned by the solid angle Ω.

In a sphere:

V = 4/3 π r3                  (1)

From which

r2 =3/(4 π) V/r                  (2)

Furthermore, for a generic cortical area ‘s’ it approximately 
follows that:

Vs = S ∆r                    (3)

In addition, for the defi nition of solid angle:

S = Ω r2                    (4) 

Therefore: 

Vs = Ω r2 ∆r                    (5)

From which, placing the relation (2) in (5) we have: 

Vs = 3/(4 π) Ω ∆r/r V                  (6)

As a consequence of the relation (6), the volume Vs of a 
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single cortical area is linearly dependent on the solid angle 
Ω and the thickness Δr (local variables). In addition, the 
geometry, and the size, of the sphere are described by the 
parameter V/r (global variables). Accordingly, in (6), the ‘local’ 
contributions from the cortex are emphasized in comparison 
with the ‘global’ contributions coming from the whole brain 
once the solid angle Ω, defi ning the projection of a single 
cortical area, is independent of the whole brain volume. By 
contrast, the same relation is not valid in (3), since it only 
allows us to defi ne Vs by its area S, which is strictly related to 
the whole brain volume. Therefore, as suggested by (6), the 
normalization of Vs to the ratio V/r eliminates the dependence 
of Vs on the size of the sphere (size of the brain). Nevertheless, 
the normalization to the single volume V represents a good 
alternative method, as shown after. Finally, it should be noted 
that, for a sphere, the Δr/r ratio is independent of r, because 
we might suppose Δr as a fi rst-order differential of r. In fact, 
under this assumption, Δr is proportional to r, and the ratio 
Δr/r is independent of r. unfortunately, this assumption is 
not valid in the case of the brain where cortical thickness is 
independent from the radius of the brain, as proven by the 
data reported in the next paragraph. For this reason, (6) can 
be reshaped as follows by applying it to the anatomical case:

Vs = 3/(4 π) Ω ∆t/r V                (7)

With ∆t equal to cortical thickness. The relation (6) is 
graphically depicted in Figure 1. A consequence of (7) is that, 
under this model, the effect of a pathology that changes some 
of the brain area volumes between two groups of subjects, even 
if present in some mean ICV difference (V/r), could be due, 
separately and independently only to: the mean size (Ω) and 
the mean thickness (∆t). In practice, the Vs/(V/r) ratios (i.e. 
for the relation of r to V, Vs/(4 π V2/3)1/3) produce data that is 
independent of global brain size variability.

An application of this model is presented in Figures 2A,2B 
and 2C in which different brain areas are regrouped under 

different solid angle sizes (i.e. different slopes of straight 
lines). In all this data we could hypothesize that the thickness 
does not depend on the V/r ratio (∆t≈constant). In fact, from 
our data, the mean (left-right) thickness over the whole 16 
areas varies between subjects in the range 2,7 and 3,2 mm 
(mean ± sd = (2.9 ± 0.1)mm) and the correspondent variation 
coeffi cients in the range 11% - 18%. Furthermore, the linear 
regression between the mean brain thickness (y) and the brain 
volume(x) is not a signifi cant straight line with a very low 
slope (y = -0.0002x +3.18; R2 = 0,0486; R2(limit 5%, 14 fd) =  
0.264). The T-tests for thickness differences between the two 
groups are not signifi cant, over the 16 brain areas. 

For all the brain areas in Figure 2A-C, a regression test for 
the volume dependence by the subject’s age and gender was 
checked, with no signifi cant results. 

All subjects analysis: A linear regression study 

Table 1 presents in numerical form the results shown in 
Figures 2A, 2B, and 2C.

Different normalizations comparison: The ‘between sub-
jects’ analysis

Table 2 data shows that for the amygdala, a redundant 
and signifi cant statistical certainty that between the dyslexics 
and the control group, a difference in the volume of this brain 
area exists, regardless of the hemisphere considered (or their 
mean) but not for the normalization approach. This difference 
is signifi cant only from the B and D-type normalizations. 

The B and D type normalizations highlighted even the 
differences in the left hemisphere for the superior temporal 
gyrus – planum temporale (area 7).

The C-type normalizations highlighted signifi cant 
differences in the left hemisphere in areas 8 and 11, and areas 
5 and 12 on the right.

Figure 1: On the left, a spherical calotte is depicted, where, the thickness, indicated by ∆r (∆r<<r), the solid angle by Ω, and the spherical surface of the calotte by S, allow 
us to calculate the calotte volume Vs like in the equation on the right. The equation on the right, and the diagram shows that the volume Vs of the truncated cone is linearly 
dependent on the ratio V/r, where V and r represent the ‘global variables’. While V and rare characteristics of the whole sphere, Ω and ∆r represent the ‘local variables’ 
describing the single cortical area. In addition, the slope of the linear dependence of Vs by V/r increases when the product Ω ∆r increases.
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Figure 2A: 

Figure 2B: 
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A geometric model is proposed in this article, and an 
equation describing the relationship between the volume of 
brain areas and the volume of the whole brain. The effectiveness 
of the descriptive capacity of the proposed model is expressed 
and verifi ed by the following considerations.

‘all subjects analysis’: In this study, we proposed a 
normalization method based on a theoretical approach. In the 
normal brain, volume brain areas increase with volume, but 
at a different rate. The bigger ones increased more than the 
smaller ones. Considering data from 16 brain regions of normal 
subjects our model shows the same trend. 

The all-subject analysis shows systematically (Figures 2A-
C), that the bigger the (mean) cortical (or sub-cortical) volume 
the higher the slope of the regression line. The result persists 
even when the data are fi tted with a regression line with a non-
zero intercept. The cortical areas that are worst represented 
by the linear model are those with a strong lateralization of 
the function specifi cally the inferior parietal angular gyrus 
(R2 = 0.132) and triangular inferior frontal gyrus (R2 = 0.077). 
For such areas, the average value between the right and left 
hemispheres is not appropriate. 

Figures 3A and 3B allow some additional observations 
compared to what was shown in Figures 2A, 2B, and 2C.

- Quantitatively, the higher the average volume of the 
cortical areas is, the higher the slopes of the best linear 
fi t are, but this signifi cant relation is linear, as predicted 
in the proposed model (R2(limit 5%, 14 f.d.)=0.264). 

- The linear relationship includes cortical areas with a 
wide range of average volume and located in different 
brain regions. The minimum average cortical volume is 
in the superior temporal gyrus (average size of about 
1000 mm3) and the maximum is in the cerebellar cortex 
(average volume of about 60000 mm3).

- When the fi t is performed with the intercept as a free 
parameter, the regression coeffi cient is lower than the 
case of the fi t with the intercept fi xed to zero (lower 
freedom degree). Inversely due to statistical reasons, 
but conformably concerning the proposed model. 
It is possible to justify this choice also with a second 
consideration.

Figures 4A and 4B graphically show the (7). In (7) Vs is 

Figure 2A-C: Figures 2A, 2B, and 2C show the mean of the right and left hemisphere volumes of 16 cortical and subcortical areas to the subject’s intracranial volume for 
the whole group of subjects (19 dyslexics and 10 controls). These data were obtained from the Freesurfer’s fi le aparc.a2009s.volume.stats3 e aseg.volum.stats3. The best 
linear fi ts, the relative equations, and the corresponding value of the regression coeffi  cient are also shown. The regressions are considered signifi cant when R2 ≥ 0,1369 (p 
≤ 0.05). These graphs show that the larger the (mean) cortical (or sub-cortical) area is, the higher the slope of the regression line results, as predicted by equation (7) in the 
text. Since the differences between the two groups are, generally, not signifi cant, they are not shown in the fi gures.
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expressed as a function of V once the values of Ω, ∆t are 
assumed as 1.22 steradians, 3.5 mm respectively, while r is 
deduced by V by making use of (1). These data are the result 
of the data analysis of a superior frontal cortical area of the 
fi rst control. Figure 4A shows the values of Vs as deduced 
from (7) for a range of values of V much wider than that of the 
physiological values. Figure 4B shows more realistic values V 
ranging around values considered physiological for subjects in 
the age range of 8 - 10 years. Both of these fi gures show that a 
regression line with a non-zero intercept, generally used in the 
analysis of data derived from images, better approximates the 
(7) when a linear regression is performed. Conversely, the (7) 
assumes an intercept value of zero. Consequently, reproducing 
the experimental data with a regression line provided with a 
non-zero intercept systematically introduces an error. This is 
the basic reason for using zero as the intercept value of the 
model, as shown in Figures 2A, 2B, and 2C. A comparison of 
Figures 3A and 3B clearly shows the introduction of a systematic 
error in the data analysis. Noteworthy, is the factor 1/r in (7) 
which is not compatible with a perfectly straight line in the 

simulations shown in Figures 4A and 4B. For this reason, the 
normalization of Vs by V does not eliminate the dependence 
on the size of the brain due to the factor 1/r but represents a 
good compromise. Plotting as a function of V/r would show a 
linear behavior in Figures 4A and 4B. Once normalization to the 
volume V is applied, a maximum difference of 2% is obtained 
when the non-zero intercept is assumed, while the maximum 
difference rises to 24% in the case of zero intercept. 

The main information in (7) is that it accurately describes the 
data derived from the images and the automatic segmentation 
of individual cortical areas through the Freesurfer software. 
The (7) predicts that:

1. In a Vs against V graph, the slope grows linearly with the 
solid angle Ω, once the cortical thickness is assumed 
approximately constant. This trend is visible both in 
the graphs shown in Figures 2A-2C as well as in Figure 
3A, where it is resumed in a single graph. A large 
enough spread in the brain’s volumes, as in our case, is 
necessary to test and graphically reproduce such a trend 

(A)

(B)

Figure 3A,B: Figures 3A and 3B show the values of the slopes of the regression lines of Figures 2A, 2B, and 2C plotted as a function of the average volume of the 16 
considered areas (average value on all the 29 subjects) when the intercepts are fi xed to zero (3A) or are left as a free parameter of the linear fi t (3B), respectively.
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on other series (groups of patients and/or controls). 
The (7) addresses the difference between a group with 
a pathology and a healthy one to two possible causes 
once the V volume is not linked to the disease, that is 
Ω and ∆t. 

2. The normalized values of Vs by V (subject by subject), 
still show a slight dependence on the value of V. 
The literature shows several examples of a slightly 
decreasing linear trend of Vs/V as a function of V. From 
a quantitative point of view:

Vs/V = 3/(4 π) Ω ∆t/r                 (8)

And by placing the value of r that deducted by (1) you have:

Vs/V = 3/(4 π) Ω ∆t/[3V/(4 π)]^1/3              (9)

The (9) is a weakly decreasing function concerning V. 
The (9) implicitly explains the values in t Table 1 column 6, 
showing negative data to all the entries except just two values. 
Numerically, making use of the simulated data, the slope of the 
(9) is about -3E-6 while in Table 1 there is an average value of 
about -1.4E-3.

3. The (7) provides that, as shown in Figures 4A and 4B, 
fi tting Vs as a function of V with null intercept, leads to an 

(A)

(B)

Figure 4A,B: Figures 4A and 4B show (blue dots) the equation (7): Vs = 3/(4 π) Ω ∆t/r V, as described in the text, in which the volume Vs of a cortical brain area, underlying a 
solid angle Ω and with thickness ∆t (respectively for the frontal superior gyrus area of the control n.1 equal to 1.22 steradians and 3.5 mm), is calculated for a range of brain 
volumes V wider than (4A) or ranging around (4B) physiological values of subjects around 8 and 10 years old. In addition, the Figure shows the regression lines in which the 
intercept is a free parameter (dashed line) or is fi xed to zero (whole line). It is possible to note that the Vs values follow a curve line due to the 1/r infl uences (r is the radius 
of a sphere with the same brain volume V). This feature is even more evident in 4A. Furthermore, the use of the not zero intercept regression (dotted line), as currently used 
in literature, leads to a better fi t, but this is paid for by the introduction of a confounding term (and a systematic error) not provided by the (7).
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overestimation of the slope values compared to the non-
zero intercept case. This result is in agreement with the 
experimental data reported in the fourth and fi fth columns of 
Table 1. From the simulation data in Table 1, the percentage 
difference between the two slopes is about 45%, similar to the 
difference between the mean values of column 4 and column 5 
of Table 1 (46.5%).

‘Between subjects analysis’: The results and the 
data analysis of this work show that the B- and D-type 
normalizations are more reliable than C from a clinical point 
of view. In addition, such methods can distinguish the two 
groups of data more signifi cantly as shown in Table 3A-C with 
an elaboration of results reported in Table 2 and the following 
considerations. 

Considering the reduction of the p - value on the highest 
number of cortical areas, such as the criterion used to perform 
the comparison between normalizations, we see that: 

It is generally necessary to normalize the data. Regardless 
of the analysis being carried out on one or both (mean values) 
of the hemispheres, the three normalizations (B, C, and D) 
proposed, determine the decrease of the p - values in some 
areas and the increase in others. The percentage of decreased 
p-values ranges between twice and three times the percentage 
of increased p - values (Tables 3A-C).

The B-type standardization gives better results than the 
C- and D-type. Similar results as highlighted in the preceding 
point, are obtained by comparing the B-type normalization 
with C- and D-type.

The choice of normalization strongly determines the areas 
with signifi cant results. As a consequence, the normalization 
used has a strong clinical impact.

It is generally necessary to make separate assessments for 
each hemisphere. Considering the area n° 7 (Table 2) as an 
example, in the superior temporal gyrus - temporal planum, 
the difference between the volumes of the two groups is 
signifi cant with both the B- and D-type normalizations only 
on the left hemisphere. Numerically, applying normalization 
of type A, the average volume ± sd of 7SIN area in the controls 
is (1980 ± 420) cm3, while, in dyslexics, it is (2270 ± 520) cm3 
(p = 0.117, standard difference = 0.58). When the normalization 
of B-type is in use, the average volume ± sd of 7SIN area is 
(1.39 ± 0.2) arbitrary unit (a.u.) and (1.64 ± 0.35) a.u. for the 
controls and the dyslexics respectively (p = 0.022, standard 
difference = 0.77). Applying the D-type normalization, the 
7SIN average volume ± sd is (9.7 ± 1.6) cm and (11.3 ± 2.4) cm 
for the control group and the dyslexic respectively (p = 0.038, 
standard difference = 0.72).

It is possible to show that signifi cant differences highlighted 
for the C-type normalization, albeit signifi cant, are due to the 
statistical instability of the regression line (outlier data) used 
to fi t the data and don’t have clinical meaning as shown in 
more detail in the Appendix.

In summary, B- and D-type normalizations work better 
concerning C- and A-type because B- and D-type are based on 
a geometric descriptive model. The model takes into account 
the volumetry of the brain both as a whole organ and as an 
assembly of its parts. In addition, it is worth noting that the 

Table 1: In the second and third columns, Table 1 reports the cortical brain areas considered and the value of the volume-averaged over all the subjects considered. The fourth 
and fi fth columns show the slope of the linear regression line between cortical volume and intracranial volume (ICV) when the intercept is assumed to be zero and when it is left 
as a parameter of the fi t, respectively. The last column shows the value of the slopes of the linear fi t versus ICV when the volumes of the cortical areas are already normalized 
to the ICV. Almost all the values in the last column are slightly negative.

n
Cortical and Subcortical 

areas

<V>               cortical area  mean volume of 
all subjects (DYSL+CONT)

(mm3)

slope Vs  vs.  ICV linear 
relation

without intercept
(x 10-3)

slope                 Vs  vs.  ICV linear 
relation with intercept

(x 10-3)

slope              Vs/ICV  
vs.  ICV linear

relation

1 G_front_inf-Opercular 4137,8 2,96 2,08 -0,0007

2 G_front_inf-Orbital 1204,0 0,86 0,63 -0,0002

3 G_front_inf-Triangul 3451,5 2,46 0,92 -0,0011

4 G_front_sup 20302,2 14,54 12,17 -0,0016

5 G_temp_sup-G_T_transv 1028,0 0,74 0,55 -0,0002

6 G_and_S_cingul-Ant 5829,0 4,19 4,41 0,0002

7 G_temp_sup-Plan_tempo 1969,9 1,41 1,49 0,0001

8 G_temporal_middle 9903,8 7,08 4,70 -0,0018

9 Pole_temporal 5854,3 4,19 2,98 -0,0008

10 G_occipital_middle 6496,6 4,65 3,88 -0,0007

11 G_pariet_inf-Angular 8915,8 6,36 2,43 -0,0028

12 G_pariet_inf-Supramar 8065,1 5,77 4,19 -0,0013

13 entorhinal 1767,3 1,26 0,82 -0,0003

14 parahippocampal 2372,3 1,70 1,52 -0,0001

15 Amygdala 1609,5 1,15 1,02 -0,0001

16 Cerebellum-Cortex 59972,5 42,85 26,14 -0,0115
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fi t in Figure 3A has a regression coeffi cient of 0.9999904, 
which demonstrates a strong linear relation. Furthermore, (7) 
determines the relationships of scale between volumes of the 
individual areas and the whole brain which vary from subject 
to subject. The common analysis, using the average values in 
the groups, hides the differences between brains in the sample, 
giving results less sensible to the single subject characteristics. 
In addition, the outliers have infl uences on the average values 
as well as the fi t goodness, as represented in the Appendix. 
As a consequence, assuming that this model represents the 
truth, it follows that in brain volumetric studies, it is necessary 
to normalize the volume of any cortical or subcortical brain 
area before performing group analysis. Therefore, these 
relationships must be taken into account. In addition, (7) gives 
a completely different meaning to the covariate effect linked to 
brain volume. Some considerations follow:

- The (7) describes the most simple geometrical model of 
the brain among a class of similar models.

- The (7) applied to the whole brain leads to a total solid 
angle of about 2.6 times that of a sphere. This implies 
that (7) takes account of the external surfaces of the 
cortical areas that can contain invaginations due to the 
shape of the convolutions.

- The (7), coming from a geometrical model of the brain, 
relates the characteristics of cortical areas with each 
other in the brain. Particularly, the volumes of the 

different cortical areas in healthy subjects seem 
not to be independent of each other and the whole 
brain volume. To be clearer, certain dimensional 
relationships are respected as in another anatomical 
region of the human body. For example, the scapula 
bone size is not independent of the size of the homers 
bone. Seemingly, the signifi cant regressions shown in 
Figure 5 imply that between amygdala volume and the 
volume of the whole brain the following ratio exists: in 
99% (3 standard deviations) of the healthy population, 
the amygdala volume (sum of the volumes of the two 
hemispheres) is 2.3 ± 0.6 mm3 for each cm3 of the whole 
brain. Consequently, the ratio of the two volumes is 
as meaningful as or more than the absolute volumes. 
Figure 5 shows, for all the subjects (healthy and 
not), taken as a representative sample of the healthy 
population, the combined intervals of variability within 
three standard deviations, defi ned and identifi ed for the 
volume of the whole brain and the amygdala and their 
ratio. This highlights that possible pathological values 
are detectable for alterations of the relationship between 
amygdala volume and whole brain volume even in the 
case of absolute values inside the range considered as 
normal.

Clinical details

In this publication, given the technical approach described, 
the clinical aspects relating to the results for which the 

Table 2: Group analysis and effect of the normalizations. Table 2 shows the probabilities (p-values) associated with the Student's T-test for comparison between unpaired 
data (group comparison). In particular, for each considered area, the cortical volumes of dyslexic subjects were compared with the controls to vary the normalizations used 
and hemisphere. In Table 2 the used normalizations are: column A indicates the p-values for the non-normalized data, while B and D columns report data, normalized to the 
intracranial brain volume (B-type) and to the ratio between intracranial and cerebral radius (deducted considering the brain as a sphere) (D-type), respectively. In addition, 
column C shows the p-values for comparison of the slopes of the two regression lines between cortical volumes against intracranial volume, evaluated once for each group 
(C-type). The grey background highlights the p-values on the edge of the signifi cance level (0,05 ≤ p < 0.1), while squared and underlined data identify p-values with statistical 
signifi cance p < 0.05.

    p - Values for T-Test Group Dyslexics - Controls  Comparison        

Cortical and Subcortical Brain 
Areas

(R+L)/2       R       L      

  A B C D A B C D A B C D

1 G_front_inf-Opercular 0,983 0,635 0,304 0,769 0,966 0,088 0,484 0,877 0,990 0,659 0,469 0,769

2 G_front_inf-Orbital 0,522 0,303 0,559 0,361 0,647 0,716 0,895 0,542 0,611 0,407 0,384 0,471

3 G_front_inf-Triangul 0,319 0,161 0,504 0,185 0,340 0,146 0,604 0,248 0,484 0,268 0,558 0,319

4 G_front_sup 0,654 0,195 0,418 0,304 0,606 0,154 0,378 0,291 0,721 0,245 0,524 0,369

5 G_temp_sup-G_T_transv 0,890 0,539 0,604 0,643 0,821 0,439 0,028 0,563 0,991 0,815 0,462 0,876

6 G_and_S_cingul-Ant 0,515 0,119 0,158 0,224 0,423 0,068 0,131 0,170 0,667 0,258 0,325 0,390

7 G_temp_sup-Plan_tempo 0,328 0,097 0,659 0,149 1,000 0,387 0,896 0,812 0,117 0,022 0,543 0,038

8 G_temporal_middle 0,639 0,973 0,166 0,847 0,940 0,163 0,227 0,652 0,327 0,507 0,047 0,396

9 Pole_temporal 0,856 0,791 0,119 0,921 0,888 0,336 0,057 0,850 0,840 0,882 0,393 0,983

10 G_occipital_middle 0,724 0,327 0,311 0,449 0,860 0,560 0,079 0,620 0,590 0,216 0,340 0,323

11 G_pariet_inf-Angular 0,879 0,561 0,063 0,647 0,960 0,634 0,647 0,906 0,750 0,393 0,015 0,491

12 G_pariet_inf-Supramar 0,651 0,993 0,495 0,842 0,143 0,287 0,006 0,124 0,329 0,090 0,652 0,127

13 entorhinal 0,271 0,131 0,795 0,162 0,445 0,293 0,644 0,331 0,192 0,069 0,410 0,096

14 parahippocampal 0,588 0,826 0,795 0,701 0,580 0,765 0,951 0,676 0,664 0,952 0,688 0,817

15 Amygdala 0,095 0,024 0,266 0,023 0,091 0,051 0,403 0,034 0,103 0,048 0,253 0,047

16 Cerebellum-Cortex 0,354 0,581 0,867 0,452 0,380 0,615 0,801 0,488 0,339 0,556 0,940 0,429
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ratio between amygdala volume and intracranial volume is 
signifi cantly smaller in the dyslexic group compared to that of 
normal subjects are not extensively described. Nevertheless, it 
is possible to speculate that diffi culties in focusing in dyslexic 
subjects, both in visual perception and in the next steps involved 
in the reading process, can arise from the functions and the 
reduced connectivity of the amygdala which has, concerning 
brain volume, a small volume.

Some particular aspect

Ultimately one might ask why this proposed model 
should be used? The fact that it allows us to justify the use of 
normalization for the cerebral volume V alone, frequently used 
in the literature, is not in itself a justifi cation given that the 
normalization which should have been more advanced (division 
by V/r), does not seem to give better results in the range of 
variation of V considered for the subjects of this publication.

So I try to outline some further reasons to underline its 
interest. Firstly, it has been demonstrated that it behaves as 
the data predict, both through the dependence of these on the 
brain volume as the solid angle varies, positioning cortical 
areas with larger volumes in areas higher up in the graph, 
but at the same time, always tilting the regression line that 
approximates them is more. Both by the presence of the not 
completely linear trend of equation (7) as the brain volume 
varies. That is, by the presence of the ‘hump’ corresponding 
to ICV values   around 50 cc, in this relationship. This, although 
not corroborated by real data, is shown through its direct effect 
on the slope of the regression lines with or without angular 
parameters free to vary.

Furthermore, the model is interesting as it justifi es why we 
move, in cerebral volumetry, from the use of the volumes or 
surfaces of the cortical areas to the solid angle they subtend. 
Since this does not vary if ICV varies.

Finally, some further considerations on the use of the solid 
angle.

Imagine drawing a circle in the plane and delineating 
an angle from its center. The extension of this angle can be 
expressed in radians through the ratio between the length of 
the chord subtended on the circumference and the radius of the 
circumference. Let us then consider an angle of approximately 
one radian, such as that approximately subtended by a cerebral 
convolution in an axial slice of a normal human brain. The effect 
of the convolution is confi gured as that of extending the length 
of the subtended arc, compared to if it were a circumference, and 
also lengthening the length of the radius. As reported in Figure 

Table 3A:

(R+L)/2 p - Values Decrease p - Values Increase

Normalization 
effect 

comparison

Numbers of 
areas 

Mean p - values 
decrease

Numbers of 
areas 

Mean p - values 
increase

B VS A 12/16 (75%) -0,26 4/16 (25%) 0,29

C VS A 9/16 (56,2%) -0,46 7/16 (43,7%) 0,28

D VS A 11/16 (68,7%) -0,21 5/16 (31,2%) 0,13

B VS C 8/16 (50%) -0,30 8/16 (50%) 0,41

B VS D 11/16 (68,7%) -0,08 5/16 (31,2%) 0,13

Table 3B:

L p - Values Decrease p - Values Increase

Normalization 
effect comparison

Numbers of 
areas 

Mean p - values 
decrease

Numbers of 
areas 

Mean p - values 
increase

B VS A 12/16 (75%) -0,25 4/16 (25%) 0,18

C VS A 9/16 (56,2%) -0,39 7/16 (43,7%) 0,26

D VS A 9/16 (56,2%) -0,19 7/16 (43,7%) 0,11

B VS C 12/16 (75%) -0,31 4/16 (25%) 0,31

B VS D 11/16 (68,7%) -0,08 5/16 (31,2%) 0,09

Table 3C: 3A-C Tables report processing done on the data in Table 2, respectively, 
considering the mean data on the two hemispheres (3A), the right hemisphere (3B) 
and the left (3C). In particular, it compares the four normalizations considered: type 
A, B, C, and D (see text). For example, the fi rst line of Table 3C shows the comparison 
between the B and A normalization for all the 16 areas considered. It shows that in 
12 of 16 areas the p-value decreases (average of 0.25), while in the remaining four 
areas, the value of p remains the same or increases (average of 0.18). In general, it 
is noted that, regardless of the considered hemisphere, the B-type standardization 
is the best because, when compared with all others, it always involves a systematic 
decrease in the p - value on a high percentage of cortical areas.

R p - Values Decrease p - Values Increase

Normalization 
effect comparison

Numbers of 
areas 

Mean p - values 
decrease

Numbers of 
areas 

Mean p - 
values increase

B VS A 12/16 (75%) -0,42 4/16 (25%) 0,16

C VS A 10/16 (62,5%) -0,47 6/16 (37,5%) 0,30

D VS A 14/16 (87,5%) -0,15 2/16 (12,5%) 0,10

B VS C 12/16 (75%) -0,25 4/16 (25%) 0,21

B VS D 11/16 (68,7%) -0,28 5/16 (31,2%) 0,11

Figure 5: The average volume of the amygdala (averaging between the left and 
right side volume) is plotted against intracranial volume (ICV) for all the 29 subjects 
considered in this article, separated between controls (red dots) and dyslexic 
(blue points). In addition, the lines through the origin describing relations between 
amygdala volume (in mm3) and ICV (in cm3) are drawn ranging from 1.6 to 0.6. 
Assuming the two groups are a single ensemble, it is possible to determine the 
range of variability to 99% (mean ± 3SD) of the average volume of the amygdala 
(the horizontal sides of the square in blue, 1600 ± 570 mm3), ICV (vertical sides 
of the square in blue, 1390 ± 430 cm3) and their relationship (oblique sides of the 
hexagon in red, 1.15 ± 0.30 in mm3/cm3). The triangles (upper left and bottom right), 
delimited by the external square described by the average values ± 3SD and the red 
hexagon, could contain pathological values for the ratio between amygdala volume 
and ICV but non-normal absolute values.
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6, it can be demonstrated that the presence of the gyrus leads 
to an increase in the size of the subtended angle. This growth 
brings the angle from 1 to a maximum of 2 radians. This can be 
demonstrated geometrically. So why does the proposed model 
hold up, compared to the geometry of a sphere from which it 
is inspired, despite the presence of the convolutions that alter 
this plane angle and consequently also the corresponding solid 
angle in 3D? Probably precisely because the variation in solid 
angle introduced by the gyrus is also independent of the brain 
volume. So it would seem that the most salient feature of the 
proposed model is, fundamentally, that expressing the cortical 
extensions in solid angles (steradian) rather than in volumes 
(cm3) or surfaces (cm2) makes us completely independent 
of the brain volume. At this point, we could think of further 
perfecting the technique by developing the geometry and 
considering not a single average ray for the whole brain, as 
supposed in that publication, but a different abscissa for each 
brain area that starts from a single point common to the whole 
brain inside the brain and extends to the middle apex of each 
convolution.

Limitations, perspectives, and recommenda-
tions

This study shows two principal limitations. First, the 
prevalent fenomenologic exposition. Second, the mathematical 
approach doesn’t contain a clear theoric topologic justifi cation 
of the geometry aspect that links the cortical volume of a 
brain area to the correspondent on the sphere. For that, we 
could develop a study with a deeper clinical database validated 
in pathologic vs health subjects comparison to improve the 
statistical aspects of the work and to reduce uncertainties. 
Secondly, to develop a non-fenomenologic approach to the 
theory. For example, describing a continuum 3D topologic 
transformation between sphere and brain.

Appendix

The problems of C-type normalization: The standard 
difference is defi ned here as the ratio between the absolute 
difference in the average volume of the cortical areas in the 
two groups and the standard deviation on the whole sample 
of subjects (dyslexic and controls). The p - value generally 
decreases when the standard difference increases when A-, 
B- and D-type normalizations are applied, as shown in the 
literature [23,26]. This is shown in Figure 7. By contrast the 
C-type standardization, based on a two-slope comparison, does 
not have this effect and gives different results. Such behavior 
can be explained as follows. For a given cortical (or subcortical) 
area, the regression lines are generally signifi cant for the 
whole sample of 29 subjects but not for both groups, and this is 
because the regression lines for less numerous groups strongly 
depend on the noise level of the data and the presence of 
outliers data, but surprisingly this often produces signifi cantly 
different slopes. As an example, this situation occurred (Table 
2), in the areas identifi ed by the number 5 (p = 0.028) and 12 (p 
= 0.006) on the right hemisphere and in areas 8 (p = 0.047) and 
11 (p = 0.015) on the left. The results shown in these areas are 

not clinically reliable. More in detail, the analysis of the area 
12 data on the right inferior parietal gyrus – supramarginal 
gives the following values   of the square regression coeffi cients 
R2 and p-values on the whole group (29 subjects) of data: R2 = 
47.3%, p < 0.001. When the two groups are analyzed separately, 
R2 is 64.1% and 2.7% for the Dyslexic and for the Control group 
respectively, while p(different_slope_C_vs_D) results < 
0.006. In practice, it is clear that the R2 values for the whole 
group and the p-value for the different slopes are driven only 

Figure 6: The deformations of one angle. Up: The angle alfa is the same because 
the a/r ratio is the same. Down: The angle subtended for deformation of arc a in to 
a’, increase the angle a/r (≈1 rad) till 2 rad, as exposed in the middle and the graph.

Figure 7: This Figure shows an elaboration of the data in Table 1. For left hemisphere 
data, the p-values for the Student test between the two groups versus the standard 
differences defi ned were shown, for the selected cortical areas, as the ratio between 
the mean normalized volume difference between the two groups and the standard 
deviation of the whole subjects group (a measure of the effect size between the 
two populations). As shown for the normalization types A, B, and D an increased 
standard difference (bigger effect size) corresponds to a p – p-p-value decrease. 
For this reason is corrected considering better a normalization with lower p-value. 
The data for the C-type are noisy and follow an unusual decrease likely due to the 
effect on the regression line by the outliers data. The data for the right hemisphere 
weren’t shown because there was only one equivalent graph.
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by one outlier data present in the Dyslexic group, as shown in 
Figure 8. These cannot be clinically accepted, as in the other 
C-type signifi cant results. Figure 9 shows an opposite scenario 
when considering the right amygdala area. In this case, even 
if the difference between the linear regression slopes is not 
signifi cant, the regression on both groups taken separately 
is signifi cant. In addition, the regression is signifi cant on the 
whole sample of data. The consequence is that the amygdala, 
regardless of the hemisphere (Table 2), is the only area 
showing signifi cant redundancy between both the normalized 
(B and D-Type)and non-normalized data (A-Type), but not for 
the C-type. 

Figure 8: Scatterplot of the right Gyrus parietal inferior–supramarginal volume vs 
Intracranial Volume for the two groups of subjects (D-Dyslexics and C-Controls) and 
correspondent regression lines. We noted that despite the signifi cant regression 
model for the whole group of subjects (p(regression_modell_D+C) < 0,001; R2(D+C) 
= 47,3%), the signifi cant different slope (p(different_slope_C_vs_D) < 0,006) is due 
to only one outlier isolated data ((x,y) = 1670, 12957) and this is also described 
by these statistics for single groups: R2(D) = 64,1%; R2(C) = 2,7%. In practice, if 
the difference between slopes is tested only with the signifi cance of the whole 
group regression and not for the single group, the C-type normalization results are 
clinically unreliable.

Conclusion

In this publication, the need for the use of normalization 
methods of data in studies of brain volume, to take into 
account the variability of the volume of the whole brain, has 
been highlighted.

Key points

- A geometric model of brain area volume evaluation is 
presented. This model justifi es why the normalization 
method of brain area volume with ICV is corrected. 
This model allows us to compare two different brains 
without considering that one is bigger than the other.

- The geometric approach is due to the use of a solid angle 
subtended of a cortical area and the idea that the cone 
of this solid angle remains unchanged also for severe 
distortions like it was made of foam.

Take home messages

- To compare angles solid subtended by a brain cortical 
area should be better than comparing the correspondent 
volume.
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