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The impact of the X-chromosome and sex hormones on the sexual 

dimorphism in the human brain 

Emilia Lentini 

 

Populärvetenskaplig sammanfattning 

Könsskillnader i hjärnan förekommer i både grå och vit substans. Detta skulle kunna orsakas 

av skillnader i könshormonnivåer och/eller antalet X-kromosomer. För att undersöka detta 

jämfördes i denna studie kvinnor (XX), män (XY) och Klinefelter patienter (XXY), dvs. män 

med en extra X-kromosom. Detta gjordes med hjälp av magnetröntgenbilder av hjärnan och 

ett datorprogram som kan räkna ut och jämföra volymer av de olika substanserna i olika delar 

av hjärnan. Nyligen har en ny version av detta program lanserats och ett mål med denna studie 

är att jämföra denna med den tidigare versionen. Volymer från båda versionerna användes för 

att med hjälp av statistisk testa om det fanns volymskillnader mellan grupperna. Vidare 

testades även om dessa skillnader orsakas av antalet X-kromosomer eller nivån av manligt 

(testosteron) och kvinnligt (östradiol) könshormon. De två programversionerna gav liknande 

resultat, men den nyare gav mer noggranna segmenteringar av hjärnsubstanserna. 

Könsskillnader hittades både i det motoriska systemet, som styr kroppens rörelse, och det 

limbiska systemet, som bland annat styr känslor och sexuell aktivitet. Volymen grå substans 

påverkas av testosteron i delar av hjärnan som hanterar visuella intryck och minnet, och i 

regioner som styr känslor och rörelse påverkas den mer av X-kromosomen. Östradiol verkar 

inte påverka den gråa substansen alls. Den vita substansen påverkas inte av varken X-

kromosomen eller av hormonnivåerna. 
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1. Introduction 

The human brain consists of two types of tissue; grey and white matter (Purves et al. 2008). 

The grey matter (GM) is composed of neuronal cell bodies and dendrites and forms the 

cortex, which is the outer layer of the cerebral hemispheres and of the cerebellum. The white 

matter (WM) consists of myelinated axons, along which rapid nerve impulses travel. The 

axons protrude out of the neuronal cell bodies.  The primary function of GM is to sort, process 

and store neuronal signals, while the WM transports the nerve impulses to different 

processing sites (neuron bodies, cortex). Around, and in the cavities (ventricles) of the brain 

cerebrospinal fluid (CSF) is circulating. The CSF protects the brain by reducing the 

intracranial pressure and removing toxic waste. Another function of the CSF is to transport 

hormones between different regions of the brain. The brain is divided into different parts: the 

brainstem, cerebellum, diencephalon and the cerebrum (Purves et al. 2008). The cerebrum is 

anatomically divided into frontal, parietal, occipital and temporal lobes (Figure 1). The 

cerebral tissue is folded, and the ridges are called gyri, and the grooves are called sulci. The 

basal ganglia (the caudate, putamen and the globus pallidus) organize motor behavior and are 

situated in the center of the brain. The amygdala and the hippocampus are situated in the 

temporal lobe and form the limbic system; whose functions include mediation of emotional, 

autonomic and sexual activities. The diencephalon consists of the thalamus and the 

hypothalamus. The hypothalamus governs reproductive, circadian and homeostatic functions 

while the primary function of the thalamus is to relay sensory information to the cerebral 

cortex. 

  

Figure 1.  Overview of the human brain 

There are known systematic sex differences in the brain structures, and it has been suggested 

that this sexual dimorphism may be related to the hormonal differences, environmental 
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effects, the X chromosome or a combination of these (Giedd et al. 1997). For example, the 

overall brain size seems to be influenced by hormonal effects (Kelley 1988). Environmental 

effects such as toxins, trauma, stress or infections also play a role in determining the size of 

different brain structures (Diamond et al., 1964). One of the two X chromosomes in the 

somatic cells of normal females (46, XX) is randomly inactivated. However, about 15% of the 

X-linked genes escape this inactivation (Purves et al. 2008). The non-inactivated X-linked 

genes expressed in the brain may play a role in sexual differentiation, due to their higher 

expression in XX females. Men with Klinefelter’s syndrome (KS), also known as 47 XXY, 

have an extra X-chromosome (Patwardhan et al., 2000). KS is the most common sex-

chromosome aneuploidy and occurs approximately in one of 600 newborn (Patwardhan et al., 

2000; Giedd et al., 2007). The extra X-chromosome arises from non-disjunction during 

paternal or maternal meiotic cell division (Thomas and Hassold, 2003).  Common features of 

men with KS are language-related learning disorders, difficulties with planning, motor 

activity and inhibitory control, low basal testosterone levels and slower growth rates (Giedd at 

al., 2007). Previous studies have also found decreased head circumference and amygdaloid 

volume (Patwardhan et al., 2002), reduction of GM volume in the left temporal lobe 

(Patwardhan et al., 2000), smaller total intracranial volume and enlarged lateral ventricles 

(Warwick et al. 1999).  

 

It has been shown that sexual dimorphism occurs in both grey and white matter volumes 

(Good et al., 2001). Men have larger GM volume in the mesial temporal lobe, the lingual 

gyrus and the cerebellum (Carne et al., 2006, Good et al., 2001), while women have larger 

GM volumes in the precental gyrus, the orbifrontal cortex and the right inferior parietal (Good 

et al. 2001). The female brain has proportionally larger volumes of the caudate nucleus, 

hippocampus and the anterior cingulate gyrus (Filipek et al., 1994, Paus et al., 2006), whereas 

the male brain has proportionally larger volumes of the amygdala (Giedd et al., 1997). In the 

frontal lobes, the temporal lobes and the internal capsule, it has been found that the WM 

volume is larger in the male brain than in the female brain. In the posterior frontal WM, optic 

radiation and left temporal stem, the WM volume is larger in female than in male brain (Good 

et al., 2001). Sex differences have also been found in hemispheric asymmetry; the right 

hemisphere is larger in men than women (Savic and Lindström, 2008).  

 

One way to study brain volumes is to use magnetic resonance imaging (MRI), which is a 

technique to produce images of the inside of the human body. MRI is based on the principles 
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of nuclear magnetic resonance (NMR) that obtain chemical and physical information about 

molecules (Hornak, 1996). The human body primarily consists of fat and water, both of which 

have many hydrogen atoms. The MRI method starts with an external magnetic field, B0, 

which is applied along the z-axis in the MR scanner (Hendee and Morgan, 1984). The protons 

in the hydrogen atoms become oriented with respect to B0 and produce an additional magnetic 

field (M). The protons absorb energy and all protons start spinning in phase. Then a 

radiofrequency pulse (RF) is applied in the xy-plane to orient M away from the z-axis. The 

first radiofrequency pulse is followed by one or more additional pulses with changed phase. 

The angle between B0 and RF is called the flip angle. 

  

When RF is turned off, M begins to return to its original orientation and the protons emit the 

energy they absorbed and decay to the original spin state (Hendee and Morgan, 1984). This 

realignment process (when M returns to the z axis) is termed spin-lattice relaxation or T1 

relaxation (NessAiver, 1996). The time during which the system returns to thermal 

equilibrium is described by an exponential curve, and the recovery rate is characterized by a 

time constant T1. At the same time the magnetic moment tends to break apart through a 

dephasing process termed spin-spin relaxation or T2 relaxation. Similarly to T1 relaxation, the 

T2 relaxation is also described mathematically by an exponential curve with a time constant 

T2.  The time until the next RF pulse excitation is called time repetition (TR) and the time 

after refocusing of the signal is called time echo (TE). T1 and T2 are unique to every tissue. 

The energy the protons emit produces an electromagnetic signal that the MR scanner detects. 

As the protons in different tissues return to their equilibrium state at different rates, the 

differences are detected, and an image can be constructed.  

Short TR and TE create T1-weighted images, in which fat appears differentiated from water, 

with water darker and fat brighter. Because WM consists of more fat than GM, and CSF 

consists of water, T1 images make good GM/WM/CSF contrasts. Long TR and TE make T2 

weighted images, in which, like T1-weighted scan, fat is differentiated from water. But here 

fat appears darker compared to water (Hornak, 1996). 

One common software that is used to study group differences in brain volume is a Voxel-

based Morphometry (VBM) toolbox of a MATLAB based program called Statistical Parametric 

Mapping (SPM). VBM enables voxel-wise comparison of different tissue classes between two 

or more groups of subjects (Ashburner and Friston, 2000).  The procedure involves 

segmentation and normalization of the magnetic resonance (MR) images to the same 
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stereotaxic space. The segmented images are then smoothed in order to perform voxel-wise 

parametric statistical tests. To detect small differences between tissue classes, high resolution 

T1-weighted MR images are needed. Voxels are assigned to a tissue class according to their 

intensities. VBM then compare the intensity of each voxel to a tissue probability map of CSF, 

GM or WM. This gives every voxel a value between 0 and 1, representing the probability of 

the voxel being in that particular tissue class. 

The segmented images are then normalized and modulated, which involves warping the 

images to the same stereotaxic space, by matching them to a common template image. To get 

a closer alignment, diffeomorphic anatomical registration through exponentiated lie algebra 

(DARTEL) toolbox can be used in these steps (Ashburner, 2007). The ultimate template 

consists of the average of a large number of MR images that have been registered in the same 

space (Mechelli et al., 2005).  Normalization consists of an affine transformation (translation, 

rotation, scaling and shearing) and a non-linear step, which involves warping an image to fit 

onto a template by multiplying the image with a deformation field. The Jacobian matrix 

encodes the local stretching, shearing and rotation of the deformation field. Normalization 

adjusts for global brain shape and head position/orientation in the scanner. The modulation 

step corrects for changes in brain volume caused by non-linear normalization. This is done by 

dividing the image with the Jacobian determinants which indicate relative volumes before and 

after normalization (Mechelli et al., 2005). This makes the voxel intensity represent the 

volume at that point. For example, if one subject’s brain region has half the volume of the 

template, its volume will be doubled and comprize twice as many voxels after normalization. 

The modulation step will halve the intensity of the signal in this region. This ensures that the 

total amount of the tissue class in this region is the same before and after normalization 

(Figure 2) 

 

Figure 2. The normalization and modulation step. The normalization step is warping all images into the same 
space, which gives every image the same size. The modulation step corrects for this transformation change and 
makes the voxel intensity represent the volume at that point, without changing the size of the image. 

The last step is to smooth the modulated images by an isotropic Gaussian kernel, which 

makes each voxel contain the average amount of tissue type (i.e. GM) from around the voxel. 
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Smoothing makes the data more normally distributed and also removes fine scale structures 

from the image. This makes the following voxel-by-voxel analysis comparable to a region of 

interest approach. 

By using standard generalized linear models (GLM), voxel-wise statistical tests are performed 

on the final smoothed images. The GLM is expressed as a design matrix, where each row 

relates to an image and each column represents some effect that is modeled. The results of the 

tests are a statistical parametric map which shows significant regional effects (Friston et al., 

1995). A statistical parametric map contains the results of many voxel-wise statistical tests. 

Therefore it is important to correct for multiple comparisons when calculating the significance 

of an effect in any given voxel. By using family-wise error (FWE) correction, the number of 

false positive regions decreases (Mechelli et al., 2005).  

Recently, a new version of SPM, SPM8, has been released. Compared to earlier versions, 

SPM8 has a more robust initial affine registration and an extended set of tissue probability 

maps, which allows different treatment of voxels outside the brain (Ashburner and Friston, 

2005). SPM8 also has joined pre-processing steps, which leads to fewer steps and is thereby 

less time consuming.  

The aim of this study is threefold. First, we investigate if there are group differences in brain 

volumes and hemispheric asymmetry when comparing data from healthy XX women and XY 

men with an age matched population of XXY patients. Second, we compare the relatively 

more established version of SPM, SPM5, with its new edition, SPM8, using the MR images 

collected from XX women, XY men and XXY patients and reveal advantages and 

disadvantages of these two versions. Third, we investigate the impact of the X-chromosome 

and the sex hormones (testosterone and estradiol) on the sexual dimorphism in the brain of the 

different groups. 

Specifically, we aim to address the following questions:  

- Are there sex differences in brain tissue volumes and hemispheric asymmetry?  

- Is SPM8 more accurate than SPM5 in the assessment of group differences in the brain tissue 
volumes? 

-  In which brain regions are the group differences in regional GM, WM and CSF volumes are 
found and which of these differences can be explained by the X-chromosome or by sex 
hormones (testosterone and estradiol) levels?  
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2. Methods 

2.1 Participants 
Thirty-three Klinefelter´s patients (XXY) (age 39.79±10.48 years, range 21 and 60) 

participated in this study; they were recruited from the Andrology Centre at Karolinska 

University Hospital (Stockholm, Sweden). All of these XXY patients received testosterone 

supplementation treatment, because of their inherently low testosterone levels. Forty-five 

healthy female (XX) controls (35.09±7.27, range 22 and 51), and forty-one healthy male (XY) 

controls (34.98±6.75, range 25 and 50) were recruited from the general public. Exclusion 

criteria for all three groups were: history of psychiatric or neurological disorder, severe 

disease and drug abuse. All participants gave a written informed consent before participating 

in this study. The study was approved by the Regional Ethics Board and Radiation Safety 

Committee at the Karolinska Institute. 

2.2 Hormonal measurement from venous blood samples 
Venous blood samples were taken from twenty females, twenty-eight males and thirty-one 

XXY patients in the morning to assess plasma levels of sex hormones (testosterone and 

estradiol). The blood samples were analyzed in Chemical Laboratory Diagnostics at the 

Karolinska University Hospital. To avoid sex-dependent biases, the sex hormone levels were 

Z-normalized (eqn 1) for all groups together (males + females + patients) and for controls 

(males + females) as one group.  

  
   ̅

 
      (eqn 1) 

2.3 MRI data acquisition 
Structural magnetic resonance imaging was performed using a 1.5-Tesla whole-body MRI 

medical scanner (General Electric, Milwaukee, Wisconsin) equipped with a 8-channel phased 

array receiver. The MR sequence included 3D-weighted T1 SPGR images with 1 mm3 

isotropic voxel size. Images yielded 1.2 mm axial slices (spatial resolution 0.9 mm2, field of 

view = 24 mm, time repetition = 21 ms, time echo = 6 ms, flip angle= 35°). 

2.4 Statistical parametric mapping 
Voxel-based morphometry1  (VBM, Ashburner and Friston, 2000) was performed using the 

DARTEL toolbox with both SPM5 and SPM82 and Matlab 7.5 (Math Works, Natick, MA). 

The VBM pre-processing included following steps: 

                                                           
1
 http://dbm.neuro.uni-jena.de/vbm/ 

http://www.sciencedirect.com.proxy.kib.ki.se/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_cdi=6968&_issn=10538119&_originPage=article&_zone=art_page&_plusSign=%2B&_targetURL=http%3A%2F%2Fdbm.neuro.uni-jena.de%2Fvbm%2F
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SPM5 (Figure 3): 

1) Each subject´s images were checked for scanner artifacts and gross anatomical 

abnormalities. 

2) The zero coordinate of the image was set at the anterior commissure (AC, the midline of 

the brain). This was done to ensure the same origin for all images. 

3) Structural image data were segmented into three tissue classes: GM, WM and CSF.  

4) The segmented images were imported to DARTEL, which gives closer alignment. 

5) Study-specific brain templates were created from all individual tissue-class images of each 

subject. 

6) All the segmented images were normalized to the template images created in step 5 and 

were Jacobian scaled (modulated). The modulation step allowed direct comparison of regional 

volume differences of each tissue class (Ashburner & Friston, 2000). 

7) The templates and the modulated images were spatially normalized to the Montreal 

Neurological Institute (MNI) coordinate reference system (Ashburner, 2007). 

8) Finally, all image data were checked for homogeneity across the sample and smoothed with 

a standard 8-mm isotropic full-width half-maximum (FWHM) Gaussian kernel.

 
Figure 3. The pre-processing steps for the segmentation of GM in SPM5 

                                                                                                                                                                                     
2 The Wellcome Department of Imaging Neuroscience, University College London; www.fil.ion.ucl.ac.uk/spm/ 

http://www.sciencedirect.com.proxy.kib.ki.se/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_cdi=6968&_issn=10538119&_originPage=article&_zone=art_page&_plusSign=%2B&_targetURL=http%3A%2F%2Fwww.fil.ion.ucl.ac.uk%2Fspm%2F
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SPM8 (Figure 4): 

1) Each subject’s images were checked for scanner artifacts and gross anatomical 

abnormalities. 

2) The zero coordinate of the image was set at the anterior commissure (AC, the midline of 

the brain). 

3) Structural image data were segmented into three tissue classes, GM, WM and CSF and at 

the same time imported to DARTEL. 

4) Study-specific brain templates were created from all individual tissue-class images of each 

subject. 

5) The images were normalized to the MNI space, which generate smoothed, normalized (to 

the template image) and Jacobian scaled (modulated) segmented images in MNI space. The 

images were smoothed with a standard 8-mm FWHM Gaussian kernel. 

 
Figure 4. The pre-processing steps for the segmentation of GM in SPM8.  

After segmentation, the volumes of GM, WM and CSF were calculated using both SPM5 and 

SPM8. This was done by summing the voxels in each tissue class and multiplying by the 

voxel size (1.5×1.5×1.5 mm3). The total intracranial volume (TIV) was defined as the sum of 

GM, WM and CSF volumes, and the tissue volume (TV) was defined as the sum of GM and 

WM volumes.  
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2.5 Delineation of volumes of interest 
Homologous volume of interest (VOI) was drawn manually by using MRIcro software3  on 

T1- weighted image (Figure 5) (Savic and Lindström, 2008). The cerebral hemispheres were 

drawn on every fourth coronal slice of the individual MR images. The same coronal section 

was displayed in parallel windows, to avoid overlapping.  The respective VOI included 

ventricles, but the subcortical regions, brainstem, and cerebellum were separated from the 

remaining brain and not included. 

After drawing, the volumes of each hemisphere were calculated. 

 

Figure 5. The right hemisphere drawn using MRIcro. 

2.6 Statistical analysis 

2.6.1 Group differences in volumes and possible age effects 
Possible group differences in volumes (GM, WM, CSF, TV, TIV), relative volumes 

(GM/TIV, WM/TIV, CSF/TIV) and asymmetry hemispheric volume were tested using one-

way analysis of variance (ANOVA, threshold p<0.05) and for pair-wise group comparisons, 

we used Turkey´s post-hoc test (threshold p<0.05).  

The age effect was first tested by comparing the three groups for age using an ANOVA. A 

significant difference was found (p=0.019), where Tukeys post-hoc test showed that XXY 

patients were older compare to males and females.  Therefore, we used age as a regressor and 

GM, WM, and CSF volumes, TV and TIV as independent variables to estimate age effect on 

the total GM, WM, and CSF volumes, TV and TIV. All the volume values in the age 

regression were Z-normalized for each group (females, males and patients) to avoid sex-

dependent volume biases, where males have systematically larger brain volumes than females 

and patients.  

 

 

                                                           
3 www.sph.sc.edu/comd/rorden/mricro.html 

http://www.sph.sc.edu/comd/rorden/mricro.html
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2.6.2 SPM 
Group differences in regional GM, WM and CSF volumes were tested with full factorial 

design in SPM5 and SPM8 (Family-wise Error (FWE) correction, threshold p< 0.05) using 

group as the factor of variance and age and the TV as covariates of no interest (nuisance 

parameters).  For the analysis of CSF volume, TIV was used instead of TV. The nuisance 

parameters correct for individual differences in factors, which are not of main interest. In this 

analysis, by using TV and TIV as nuisance covariates, we correct for greater GM and WM 

volumes in larger brains and also for decrease in the respective volumes with age.  We were 

interested in investigating the following contrasts:  XX>XY, XY>XX, XX>XXY, XY>XXY, 

XXY>XX and XXY>XX. 

To estimate possible common clusters in some groups in relation to other groups, full-

factorial conjunction analysis (threshold p<0.001) was employed for GM and WM volumes, 

with age and TV as covariates of no interest. Following contrasts were investigated: 1) 

XX>XY and XXY>XY as well as for XY>XX and XY>XXY 2) XX>XXY and XY>XXY as 

well as XXY>XX and XXY>XY.  The conjunction analysis was performed in order to detect 

female and males features of XXY patients’ brain. 

Impact of measured quadratic sex hormone levels on GM and WM volumes across female 

controls and male controls as a group were tested with a whole-brain multiple regression 

analyses (threshold p< 0.001). The analyses where controlled for age, TV and sex by using 

these factors as covariates of no interest. The hormonal levels were Z-normalized over the 

whole group, including both females and males. The Z-normalized hormonal levels were then 

made quadratic. The purpose of this analysis was to test for correlations between the regional 

GM and WM volumes and hormone levels. 

Impact of the X- chromosome on GM and WM volumes across female controls, male controls 

and XXY-patients as one group were tested with a whole-brain multiple regression analyses 

(threshold p <0.001), with age, TV and Z-normalized testosterone levels as covariates of no 

interest. 

Impact of the number (three in XXY patients and two in XX females and XY males) of sex 

chromosomes on GM and WM volumes across female controls, male controls and XXY-

patients as one group were tested with a whole-brain multiple regression analyses (threshold p 

<0.001), with age, TV and Z-normalized testosterone levels as covariates of no interest. 

We report all the coordinates in the Montreal Neurological Institute (MNI) space. 
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3. Results 

3.1 Group differences in volumes 

Both versions of SPM showed significant (p<0.001) group differences in GM, WM, and CSF 

volumes, TV and TIV (Table 1, Figures 6 and 7). Generally, the female controls had the 

smallest volumes, and male controls the largest, while XXY patients had intermediate 

volumes. However, the CSF volume was not significantly different in male-controls and XXY 

patients (Figures 6 and 7). In fact, patients showed larger total CSF volume than the male 

controls, despite their smaller TIV.  

Table 1. Age and volumes of different brain tissues for all groups (females, males and patient).  Group 
differences are tested with ANOVA and the F and p value are shown in the table. Letters a,b and c indicate 
significantly differences between groups from Tukey´s post-hoc test. Groups with different letters are 
significantlyly different (p<0.05) from each other. a = females are significantly different from both males and 
XXY patients, b= males are significantly different from both females and XXY patients, c= XXY patients are 
significantly different from both females and males, a,c= significantly different just to males, b,c=significantly 
different just to females, a,b,c = no significantly different to any other group.  

 

 

   Females Males Patients   

 Unit N Mean sd Mean sd Mean sd F value p value 

Age  Year 119 35.09a 7.27 34.98a 6.75 39.79b 10.48 4.08 0.019 

GM - SPM5  cm3 119 679.12a 62.26 768.48b 68.91 724.58c 65.55 19.97 <0.001 

WM - SPM5 cm3 119 440.35a 44.18 517.56b 51.15 473.6c 44.14 29.13 <0.001 

CSF - SPM5 cm3 119 312.9a 97.55 376.7b,c 67.65 372.94b,c 76.2 7.97 <0.001 

TV - SPM5 cm3 119 1119.46a 98.91 1286.04b 111.18 1183.83c 112.57 27.75 <0.001 

TIV -SPM5 cm3 119 1432.27a 136.94 1662.74b 135.33 1556.78c 139.08 30.69 <0.001 

GM - SPM8 cm3 119 667.08a 53.54 770.92b 58.22 725.96c 55.49 37.60 <0.001 

WM - SPM8 cm3 119 474.83a 42.22 555.29b 47.25 518.11c 44.28 35.10 <0.001 

CSF - SPM8 cm3 119 281.02a 24.66 331.52b,c 29.62 328.71b,c 42.70 32.83 <0.001 

TV -SPM8 cm3 119 1141.88a 94.00 1326.22b 103.84 1244.07c 97.87 37.78 <0.001 

TIV - SPM8 cm3 119 1422.90a 110.82 1657.74b 123.07 1572.78c 129.68 41.92 <0.001 

Left Hemisphere  cm3 45 547.31a,c 57.06 618.09b 41.48 551.35a,c 44.75 10.19 <0.001 

Right Hemisphere  cm3 45 545.23a,c 58.03 621.72b 39.98 551.51a,c 42.69 12.00 <0.001 

Left-Right ratio (L/R)  45 1.00a,c 0.01 0.99b,c 0.01 0.99a,b,c 0.01 3.86 <0.001 
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Figure 6. Differences in gray matter (GM), white matter (WM), cerebral spinal-fluid (CSF), tissue (TV) and total 
intracranial (TIV) volume between XX female controls (FCON), XY male controls (MCON) and XXY patients 
(PAT) calculated in SPM5. Letters a,b and c indicate significantly differences between groups from Tukey´s 
post-hoc test. Groups with different letters are significantly different (p<0.05) from each other.  a = females are 
significantly different from both males and XXY patients, b= males are significantly different from both females 
and XXY patients, c= XXY patients are significantly different from both females and males, b,c=significantly 
different just to females 

 

Figure 7. Differences in gray matter (GM), white matter (WM), cerebral spinal-fluid (CSF), tissue (TV) and total 
intracranial (TIV) volume between XX female controls (FCON), XY male controls (MCON) and XXY patients 
(PAT) calculated in SPM8. Letters a,b and c indicate significantly differences between groups from Tukey´s 
post-hoc test. Groups with different letters are significantlyly different (p<0.05) from each other. a = females are 
significantly different from both males and XXY patients, b= males are significantly different from both females 
and XXY patients, c= XXY patients are significantly different from both females and males, b,c=significantly 
different just to females. 
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There was a significant group difference in the total GM volume, relative to TIV (GM/TIV) 

(F=5.6, p=0.005), where larger volumes in females compared with XXY patients (p=0.003), 

but not compared with males (p= 0.15) were found. We found a group difference in relative 

WM volume to TIV (F=3.47, p=0.034), where larger relative WM volume to TIV was found 

in males in compared with XXY patients (p=0.03), but not compared with females (p=0.82). 

However, the XXY patient´s relative CSF volume to TIV was larger compared with both 

females (p=0.002) and males (p=0.02). There was no difference in CSF volumes relative to 

the TIV between females and males (p=0.67) (Figure 8).  

 

Figure 8. Differences in relative tissue volume (GM/TIV, WM/TIV and CSF/TIV) between XX female controls 
(FCON), XY male controls (MCON) and XXY patients (PAT) calculated in SPM8. Letters a, b, c indicate 
significantly differences between groups from Tukey´s post-hoc test. Groups with different letters are 
significantlyly different (p<0.05) from each other. c= XXY patients are significantly different from both females 
and males, a,c= significantly different just to males, b,c=significantly different just to females, a,b= significantly 
different just to XXY patients, a,b,c = no significantly different to any other group. 

 

There was a significant difference (p=0.019) in age between groups, where patients was older 

compared to males and females (Table 1). When the volume data from all groups were 

combined, only the CSF volume showed a significant (p<0.001) change (increase) with age 

(Figure 9 c). There was a treand of GM volume and the TV to decrease with age (Figure 9 

a,d), but the relationships were not statistically significant. The decline in WM volume with 

increasing age was even smaller (Figure 9 b). The TIV of the brain did not change with age 

(Figure 9 e). 
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Figure 9. Generalized linear regression model for men, women and patients combined, with age as the regressor 
and normalized GM volume (a), normalized WM volume (b), normalized CSF volume (c), normalized TV (d) 
and normalized TIV (e) as independent variables. Black dots represent females, red dots males and green dots 
patients.   

 

There were significant (p<0.001) differences in hemispheric volumes between the groups.  

Generally male controls had larger left and right hemispheric volume than female and 

patients. In terms of the left-right hemispheric ratios, it was found that male controls have 

larger right hemisphere (Lhemi/Rhemi <1), whereas females have almost the same size of 

both left and right hemisphere (Lhemi/Rhemi ≈1). There was a large variation in the 

hemispheric ratios in XXY patients and no clear differences compared with males and 

females was detected (Table 1 and Figure 10).  
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Figure 10. Differences in left and right hemispheric volume and the left-right hemispheric ratio between XX 
female controls (FCON), XY male controls (MCON) and XXY patients (PAT) calculated with MRIcro. Letters a 
and b indicate significantly differences between groups from Tukey´s post-hoc test. Groups with different letters 
are significantlyly different (p<0.05) from each other. b= males are significantly different from both females and 
XXY patients, a,c= significantly different just to males, b,c=significantly different just to females, a,b,c = no 
significantly different to any other group. 

 3.2 Differences between SPM5 and SPM8 

3.2.1 Differences between pre-processing steps 

We found differences in the accuracy of the pre-processing step between the two SPM 

versions. The most pronounced advantage of SPM8 was the more accurate segmentation of 

CSF. Furthermore, the non-brain tissue (fat, scalp, meninges) was more accurately removed 

when we used SPM8, compared with when we used SPM5 (Figure 11-13). 

 

Figure 11. Segmented grey matter from SPM5 (A) and SPM8 (B). The same female control brain is showing in 
top row and the same patient brain is showing in bottom row. The segmentation in SPM5 don’t succeed to 
remove scalp and fat from the tissue volume. 
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Figure 12. Segmented white matter from SPM5 (A) and SPM8(B). Top row is showing the same female control 
brain and the bottom row is showing the same patient brain. No clear differences between the both SPM versions 
are showed for WM. 

 

Figure 13. Segmented CSF from SPM5(A) and SPM8(B). Top row is showing the same female control brain and 
the bottom row is showing the same patients brain. The segmentation program didn’t succeed to remove the fat 
tissue and did not segment out all CSF fractions in SPM5 but did so in in SPM8. 

3.2.2 Volume differences between SPM5 and SPM8 
For all the volumes, the mean volume values were almost equal when we compared the values 

extracted from GM, WM and CSF volumes that were segmented using SPM5 and SPM8 

(Table 1, Figure 6 and Figure 7). However, the accuracy of segmentation appeared better in 

SPM8, as indicated by the lower standard deviation of the extracted volume values. The 

largest difference was found in the CSF volume, where the values derived from SPM5 

segmented CSF volumes appeared less accurate (Figure 6 and Figure 7). 
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3.2.3 Group differences in regional GM, WM and CSF calculated with SPM5 and 

SPM8 

The full-factorial analysis (with FWE correction, p<0.05) of GM shows differences between 

SPM5 and SPM8 in cluster size and brain regions detected to differ between the groups 

(Table 2, Figure 16-20).The most pronounced difference was that SPM8 showed GM clusters 

in the insular cortex in the XY>XXY contrast, as well as in the XX>XXY contrast, which was 

not shown in SPM5 (Table 2, Figure 14). Furthermore, SPM5 detected the GM difference in 

the subcalosum and the inferior frontal gyrus in the XX>XY contrast, which SPM8 did not 

(Table 2, Figure 15). Both differences were demonstrated in several previous studies in which 

comparisons of tissue volumes between XXY patients and controls are made (Good et al., 

2001; Patwardhan et al., 2002). 

 

Figure 14.  Pronounced difference in the GM insular cortex between SPM8 (A and B) and SPM5 (C), A shows 
the XY>XXY contrast and B the XX>XXY contrast. No significant clusters were found in the insular cortex in 
SPM5 (C). 

 

Figure 15.  The GM differences in the XX>XY contrast, where SPM5 detected differences in subcalosum and 
inferior frontal gyrus (B), which SPM8 did not (A) 
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Table 2. Grey matter volumes from full-factorial analysis with FWE correction in SPM8 and SPM5. Differences 
in brain regions between female (XX), males (XY) and patients (XXY). Empty blocks indicate that no 
significant difference between groups was found. All values shown have a p value less than 0.05.  

 SPM8- FWE, p<0.05 SPM5- FWE, p< 0.05 

Brain region 

 

Z 

level 

Cluster size 

(cm3) 

MNI coordinates 

(mm mm mm) 

Z  

Level 

Cluster size 

(cm3) 

MNI coordinates 

(mm mm mm) 

XX>XY       

R inferior frontal gyrus    4.8 0.02 41 38 19 
Subcalosum    4.8 0.02 -16 21 -18 
       
XY>XX       
R Lingual gyrus 6.8 2.30 13 -95 -22 6.61 0.74 17 -94 -24 
Cuneus 4.94 0.09 -2 -98 18    
L uncus 4.86 0.10 -14 -3 -34    
R Fusiform gyrus    4.95 0.74 3 -91 -19 
Cerebellum    5.32 0.12 55 -67 -18 
       
XY>XXY       
R Caudate, R putamen, R insular cortex 5.42 0.67 18 21 -7 6.85 1.82 21 22 -4 
L Amygdala, uncus 5.56 0.45 -18 21 -7 6.82 1.27 -18 21 -7 
Cerebellum, lingual gyrus 5.47 0.85 21 -93 -27    
Cerebellum  4.97 0.35 18 -68 -43 5.79 0.64 19 -93 -27 
Inferior temporal gyrus 4.76 0.03 -58 -3 -37    
Superior temporal gyrus 4.67 0.01 -39 13 -4    
Thalamus, hypothalamus 5.33 0.43 -6 -6 -4 4.82 0.02 -5 -5 -2 
Thalamus 6.01 2.93 -2 -30 -1    
R insular cortex 5.79 0.36 54 21 -19    
R insular cortex, temporal neocortex 5.17 0.22 49 6 -15    
L Orbifrontal cortex    5.06 0.24 -36 15 -6 
L Hippocampus, amygdala    5.03 0.03 -38 -4 -24 
L Hippocampus    4.74 0.01 -30 -10 -16 
       
XXY>XY       
Precuneus 6.45 5.57 -10 -68 57 6.28 4.82 -12 -69 58 
Precentral gyrus (bilateral) 4.65 0.01 45 -14 54 4.88 0.06 40 -23 60 
Postcentral gyrus 6.17 2.04 42 -23 62    
Superior temporal gyrus 4.92 0.16 -14 -83 44 5.05 0.05 -10 -62 38 
       
XX>XXY       
L Hippocampus, Amygdala 5.23 0.24 -16 -17 -21 4.95 0.02 -18 21 -11 
L Insular cortex 4.97 0.06 -46 9 -7    
R insular cortex, temporal neocortex 5.19 0.39 51 6 -13    
Thalamus 4.81 0.48 -8 -12 5    
       
XXY>XX       
Precuneus 5.56 0.93 -9 -69 57 4.89 0.03 -9 -56 53 
Lingual gyrus 5.84 0.48 0 -89 -21 5.35 0.40 1 -89 -19 
Cuneus 5.04 0.11 12 -78 42    
Postcentral gyrus (bilateral)    5.41 0.08 55 -26 57 

 



 
 

26 
 

 

Figure 16. Grey matter volume regions that are significantly (p<0.05) larger in male than female (XY>XX). A: 
results from SPM8, the big cluster is lingual gyrus and the small cluster in the second image top row is cuneus. 
B: results from SPM5, the big cluster is lingual gyrus and the small cluster is showing the cerebellum. The color 
bars indicate t-value from the full-factorial analysis. 

 

Figure 17. Grey matter volume regions significantly (p<0.05) larger in males compared with patients 
(XY>XXY). A: results from SPM8, the images are showing thalamus and a cluster of caudate, putamen, insular 
cortex and amygdala.  B: results from SPM5. The images are showing the orbitofrontal cortex and caudate, 
putamen and insular cortex. The color bars indicate t-value from the full-factorial analysis. 

 

Figure 18. Grey matter volume regions significantly (p<0.05) larger in patients than males (XXY>XY). A: 
Results from SPM8. The cross is on precentral gyrus and the cluster higher to the left (top row, far down- bottom 
row) is the postcentral gyrus. B: results from SPM5 showing precentral gyrus. The color bars indicate t-value 
from the full-factorial analysis. 
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Figure 19. Grey matter volume regions significantly (p<0.05) larger in females than patients (XX>XXY). A: 
Results from SPM8, The cross is on hippocampus/amygdala, the other cluster is showing thalamus. B: Results 
from SPM5, the cross is on hippocampus / amygdala. The color bar indicate t-value from the full-factorial 
analysis for both SPM5 and SPM8. 

 

Figure 20. Grey matter volume regions significantly (p<0.05) larger in patients than females (XXY>XX) A: 
Results from SPM8 showing precuneus. B: Results from SPM5 is showing the lingual gyrus. The color bars 
indicate t-values from the full-factorial analysis. 

 

The full-factorial analysis (with FWE correction, p<0.05) of WM showed that volumes 

calculated using SPM8 resulted in more regions with significant differences and larger cluster 

sizes, compared to the volumes calculated in SPM5 (Table 3, Figure 21-24). 
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Table 3. White matter volumes in SPM8 and SPM5. Differences in brain regions between female (XX), males 
(XY) and patients(XXY) from the full-factorial analysis. Empty blocks indicate that no significant differences 
between groups was found. All showed values have a p value less than 0.05. 

 SPM8- FWE p<0.05 SPM5 - FWE p<0.05 

Brain region 

 

Z 

level 

Cluster size 

(cm3) 

MNI coordinates 

(mm mm mm) 

Z 

level 

Cluster size 

(cm3) 

MNI coordinates 

(mm mm mm) 

XX>XY       

Hippocampus, amygdala 4.7 0.10 -33 -2 32    

       

XY>XXY       

Insular cortex 5.9 5.27 27 0 -13 5.12 2.32 28 0 -10 

Superior temporal gyrus 5.44 2.33 -40 -3 -12 5.44 1.76 -46 -10 -19 

Putamen  5.13 1.05 -21 3 -9 4.79 0.36 -13 1 -11 

       

XXY>XY       

Precuneus 5.27 0.20 -9 -51 45 4.66 0.03 -18 40 60 

Superior parietal 4.84 0.17 20 -62 41    

       

XX>XXY       

Insular cortex, hippocampus, amygdala 5.28 0.61 -40 -6 -13 4.86 0.08 -46 -7 -18 

Putamen  4.87 0.29 31 12 11    

Hippocampus, amygdala 4.58 0.03 -30 0 30    

       

XXY>XX       

Lingual gyrus 5.89 1.10 -12 -81 -9 4.89 0.11 -14 -82 -9 

Cuneus 5.11 0.71 13 -80 -10 5 0.25 12 -78 -10 

Precuneus 4.73 0.02 8 -60 42 4.87 0.03 8 -62 43 
 

 

Figure 21. White matter volume regions significantly (p<0.05) larger in males than patients (XY>XXY). A: 
Results from SPM8, Top row first image is showing insular cortex, second image is showing (from left) superior 
temporal gyrus, putamen and insular cortex. Bottom row is showing insular cortex and superior temporal gyrus. 
B: results from SPM5, showing insular cortex and superior temporal gyrus. The color bars indicate t-value from 
the full-factorial analysis. 
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Figure 22. White matter volume regions significantly (p<0.05) larger in patients than males (XXY>XY). A: 
Results from SPM8, showing precuneus. B: Results from SPM5, also shows precuneus. 

 

 

Figure 23. White matter volume regions significantly (p<0.05) larger in females than patients (XX>XXY). A: 
Results from SPM8, the cluster in the first image shows putamen and the second image is showing insular 
cortex/hippocampus/amygdala. B: Results from SPM5, the cross is on the insular cortex/hippocampus/amygdala 
cluster. 

 

  

Figure 24. White matter volume regions significantly (p<0.05) larger in patients than females (XXY>XX). A: 
Results from SPM8. The first image is showing the lingual gyrus, the second image is showing the lingual gyrus 
(left cluster) and cuneus (right cluster). B: Results from SPM5. The images are showing the same brain region as 
in SPM8.  

 

The results from the full-factorial analysis with CSF showed no differences between the two 

SPM versions (Figure 25), both showed significant results only in the third ventricle (MNI 

coordinates: -3 19 11), where it was found that patients had larger CSF volume than males. 
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Figure 25. The CSF results from the full-factorial analysis (FWE correction, threshold p<0.05) in SPM8 (left) 
and SPM5 (right). The images are showing that the third ventricle is larger in patients than males (XXY>XY), 
(MNI coordinates -3 19 11, cluster size: 0.36 cm3 / 1.38 cm3 (SPM8/SPM5), Z value:4.39/4.81 (SPM8/SPM5) 

 

3.3 Group differences in regional GM, WM and CSF 

We found several group differences in GM regions (Table 2). Males had larger volumes in the 

lingual gyrus, uncus and the cerebellum compared to females and patients. Males and females 

had larger regional GM volume than patients in the thalamus, hippocampus, amygdala and the 

insular cortex.  Patients had larger GM volumes in the precuneus and the postcentral gyrus 

compared to both males and females. 

We also found group differences in WM volumes (Table 3). Females had larger volumes in 

the hippocampus and the amygdala than both males and patients.  Patients had larger 

precuneus volume compared with both males and females. Females and males had larger 

volumes than patients in the insular cortex and the putamen. 

Difference between patients and males in CSF volume was found in the third ventricle, with 

patients having larger volume. 

3.3.1 Conjunction analysis 

The conjunction analysis for GM volume showed that both females and XXY patients 

differed from males in that they had larger GM volumes in the precentral cortex and smaller 

GM volumes in the cerebellum. XXY patients and males differed from females in which they 

both had larger GM volume in the occipital cortex (Table 4, Figure 26). The conjunction 

analysis for WM volume detected no significant female or male features in patients. 
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Table 4. Conjunction analysis for grey matter volumes (p<0.001). The table shows female or male features in 
patients. 

 Grey matter volumes 
Region 
 

Z 
level 

Cluster size 
(cm3) 

MNI coordinates 
(mm mm mm) 

XX>XY and XXY>XY    

Precentral cortex 4.27 3.3 39 -15 56 

XY>XX and XY>XXY    

Cerebellum 5.47 2.6 21 -93 -27 

Tectum 5.28 3.1 -3 -36 -21 

XXY>XX and XY>XX    

Occipital cortex 5.50 4.9 2 -89 -21 

    

 

Figure 26.  Full-factorial conjunction analysis (p< 0.001) in GM, A: (XX and XXY) > XY, B: XY > (XX and 
XXY), B1 shows cerebellum and B2 shows tectum C: (XXY and XY) > XX 

 

3.4 Differences in the regional brain volumes caused by hormonal levels and 

the X-chromosome 

3.4.1 Hormonal analysis 

There were differences in hormone levels between groups (Table 5, Figure 27), which makes 

Z-normalization necessary to make all groups comparable. Because XXY patients received 

testosterone supplements, we chose to exclude them from the analysis of possible hormonal 

impact on GM and WM volumes. The whole-brain multiple regression analysis of the 

association between the level of estradiol and brain volumes of GM and WM  showed no 

significant region, while several regional brain volumes showed significant non-linear 

(quadratic) relationship with  testosterone levels. We detected such positive quadratic 

relationship between testosterone and the GM volumes of the occipital cortex, the 

parahippocampal, the insular cortex and the putamen and a negative quadratic association of 

testosterone with the volume of precuneus (Table 6 and Figure 28). 
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Table 5.  Hormonal levels, age and tissue volume (TV) for all participants that gave blood, divided into groups 
(females, males and patients).  Group differences for the hormonal levels are tested with ANOVA and the F and 
p value are shown in the table. Letters a, b and c indicate significantly differences between groups from Tukey´s 
post-hoc test. Groups with different letters are significantlyly different (p<0.05) from each other. a = females are 
significantly different from both males and XXY patients, b= males are significantly different from both females 
and XXY patients, c= XXY patients are significantly different from both females and males, b,c=significantly 
different just to females 

   Females Males Patients   

 Unit N Mean sd Mean sd Mean sd F value p value 

Testosterone µmol/L 69 0.46a 0.28 6.1b 1.47 11.16c 6.48 43.12 <0.001 

Age Year 69 36.45 7.75 35.96 6.38 39.1 9.93   

TV cm3 69 1163.24 106.33 1316.58 97.97 1228 104.48   

Estradiol µmol/L 65 164.05a 107.48 75.81b,c 28.62 98.8b,c 47.32 10.1 <0.001 

Age Year 65 36.53 7.95 36.31 6.49 39 10.18   

TV cm3 65 1159.22 107.67 1319.3 101.28 1228.38 107.18   
 

  

Figure 27. Boxplots of the hormonal levels for different groups. Letters a, b and c indicate significantly 
differences between groups from Tukey´s post-hoc test. Groups with different letters are significantly different 
(p<0.05) from each other. a = females are significantly different from both males and XXY patients, b= males 
are significantly different from both females and XXY patients, c= XXY patients are significantly different from 
both females and males, b,c=significantly different just to females 
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Table 6.  Results from multiple regression analysis in SPM (threshold p<0.001) with females and males as one 
group, quadratic testosterone levels as covariate of interest and age, TV and sex as covariates of no interest. 

 Grey matter volumes 

Region 

 

Z 

level 

Cluster size 

(cm3) 

MNI coordinates 

(mm mm mm) 

QuadraticTestosterone level,  

positive correlation    

Occipital cortex 3.56 4.04 -2 -75 29 
Parahippocampal 
Insular cortex 
Putamen 

3.93 
3.37 
3.63 

2.00 
3.19 
6.79 

39 -41 -10 
36 22 5 
-36 6 8 

Quadratic Testosterone level, 

 negative correlation    

Precuneus 4.39 0.68 16 -57 72 
 

 

Figure 28.  Results for positive (A and B) and negative (C) correlated quadratic testosterone levels in GM from 
the multiple regression analysis (p<0.001), with females and males as one group. A: The results shown occipital 
cortex.  B: The cluster shown parahippocampal region C: The image of negative correlation in GM is showing 
precuneus. The color bar indicates t-values from the multiple regression analysis. 

 

3.4.2 X-chromosome analysis 

No correlations between the number of X-chromosomes and WM volume were found, while 

several regions showed significant correlations between the X-chromosome number and the 

regional GM volumes. The X-chromosome number was positively correlated with the GM 

volumes in the precentral gyrus and in the parital cortex and also negatively correlated with 

the GM volumes of the occipital cortex and the cerebellum (Table 7, Figure 29).  
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Table 7. Results from multiple regression analysis in SPM8 (threshold p<0.001) with females, males and XXY 
patients as one group, X-chromosome as covariate of interest and age, TV and Z-testosterone levels as covariates 
of no interest. 

 Grey matter volumes 
  

Region Z  Cluster size MNI coordinates 

 
Level (cm3) (mm mm mm) 

X-chromosome, positive correlation    
Precentral gyrus 4.26 3.2 37 -14 57 

Parietal cortex 3.96 4.68 -3 -47 58 

X-chromosome, negative correlation    
Occipital cortex, cerebellum 4.76 3.61 18 -93 -24 

Vermis 4.41 8.49 6 -42 -39 

 

 

Figure 29. Results for positive (A) and negative (B) X-chromosome correlation in GM from the multiple 
regression analysis (p<0.001), with females, males and XXY patients as one group. A: The results shown 
precentral gyrus and parietal cortex.  B: The image of negative correlation in GM is showing occipital cortex and 
cerebellum. The color bars indicate t-values from the multiple regression analysis. 

 

3.4.3 Impact of the number of sex chromosomes 

No correlation between the number of sex chromosomes and WM volume was detected, while 

several brain regions showed significant correlations between the number of sex 

chromosomes and the regional GM volumes. The number of X-chromosomes showed positive 

correlation with the GM volume of the precuneus, the postcentral gyrus, cuneus and the 

superior parietal (Table 8, Figure 30).  
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Table 8. Results from multiple regression analysis in SPM (threshold p<0.001) with females, males and XXY 
patients as one group, the number of sex chromosomes as covariate of interest and age, TV and Z-testosterone 
levels as covariates of no interest. 

Grey matter volumes 

Region Z  Cluster size MNI coordinates 

 
level (cm3) (mm mm mm) 

sex chromosomes, positive correlation    
Precuneus 4.68 8.22 -14 -69 60 

Postcentral gyrus 3.83 1.36 47 -9 57 

Cuneus 3.98 1.86 -15 -72 31 

Superior parietal 3.89 0.70 22 -59 50 

 

 

Figure 30. Results for the number of sex chromosomes correlation in GM from the multiple regression analysis 
(p<0.001), with females, males and XXY patients as one group. The results shown positive correlation with the 
precuneus and the postcentral gyrus. The color bar indicates t-values from the multiple regression analysis 
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4. Discussion 

4.1 Group differences in volumes and hemispheric asymmetry 

We found that male controls (XY) have larger GM, WM and CSF volumes than female 

controls (XX), which is in agreement with earlier published reports (Filipek et al., 1994, Witte 

et al., 2010) and is likely an effect of larger total body size in males (Filipek et al., 1994). We 

also found that XXY patients have smaller GM and WM volumes and greater CSF volume 

(relative to TIV) compared to males. Our results suggest that patients may have lower WM 

cell density (smaller WM/TIV) compared to males, and a lower GM cell density (smaller 

GM/TIV) compared to females. These differences are likely to be causing the larger CSF/TIV 

in patients, compared to both males and females, because the areas with lower GM and WM 

volumes would be replaced by CSF. Reduced GM volume may indicate neuronal shrinkage 

and cell loss, and both GM and WM volume reduction may be indicative of axonal shrinkage 

or myelin degeneration (Smith et al., 2007). The pattern in which GM and WM volumes are 

reduced can reflect the pattern in which the neuronal bodies and axonal connections are 

affected by a disease (Shen et al., 2004). No significant difference in the relative volumes 

between males and females was found. 

We found a significant increase of the CSF volume and no change of the WM volume with 

increasing age, which is in agreement with a published report (Smith et al., 2007). However, 

Smith et al. (2007) also found a significant decrease of the GM volume, while our result only 

showed a trend of such relationship (i.e. not statistically significant). The reason for this may 

be found in the narrow age distribution of our participants, which ranged 21-60 years, but 

most of them were 25-45 years old. A larger age span, especially with a higher number of old 

subjects, would probably increase the probability of finding a significant effect also for the 

GM volume. 

We found a difference in hemispheric volume between males and females, with males having 

greater right-ward asymmetry. This right-ward difference was not found in XXY patients, 

who had a large variation in the left-right hemispheric ratio. This was unexpected, as the left 

hemisphere in XXY patients has been reported to have a greater number of clusters of 

atrophy, compared to the right hemisphere (Shen et al., 2004). Increasing the number of 

subjects in the analysis may probably allow us to see clearer differences between the groups 

and also the right ward asymmetry in patients, which has been found in previous studies 

(Savic and Lindsröm, 2008) 
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4.2 SPM 

4.2.1 General advantages and disadvantages with SPM 
SPM/VBM is a fully automated method, therefore, it is quick and is relatively less vulnerable 

to human error and inconsistence compared with non-automated methods. The other 

advantages of the method is its unbiased and objective nature. SPM picks up volume 

differences at local scale and highlights structural differences and changes between groups of 

people. The limitations of SPM are mainly associated with the constraints in the data 

collection; the original images need to have been acquired on the same scanner with the same 

parameters (Mechelli et al., 2005). The tissue probability maps in SPM5 and SPM8 are from 

the ICBM atlas4, which is an average of 452 MRIs of normal young adult brains; this may 

cause less accurate segmentation for older subjects.  A large anatomical difference in one part 

of the brain can cause a change in other parts. When analyzing atypical brains, as in 

Klinefelter’s patients, the brains can contain features that are not present in the standard 

template images, which prevent an accurate match to be achieved. This mismatch may also 

spread to other brain regions in the smoothing step. If one group of participants moved more 

in the scanner, the images from this group may contain a greater number of motion artifacts. 

These motion artifacts can interact with the segmentation to cause systematic classification 

differences. In the cortex, high levels of GM volume can result from extensive folding. In 

summary, the results may be flawed by preprocessing step or by artifacts, which are not 

directly caused by the brain itself. All of these factors as described above need to be taken 

into account, and therefore every image has to be checked separately to have the best pre-

processing as possible.  Besides this, there are also statistical challenges, with multiple 

comparisons (leading to false positives and negatives) and extreme values that disrupt the 

normality assumption. 

4.2.2 Pros and cons of SPM5 and SPM8 
The main differences between SPM5 and SPM8 are in the image pre-processing steps. 

Unfortunately, there is no simple way to evaluate the strength of the normalization and 

segmentation, which can only be achieved by visual inspections. Our results indicate that 

SPM8 can achieve a better segmentation than SPM5, and can remove non-brain tissue more 

effectively. This is because of the extended set of tissue probability maps in SPM8, which 

allows different treatment of voxels outside the brain. This results in more accurate volume 

measures, which may, in turn, increase the probability of finding differences between groups. 

                                                           
4
 http://www.loni.ucla.edu/Atlases/ 
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SPM8 have joined several pre-processing steps that follow the segmentation step 

(normalization, modulation & smoothing), making it difficult to compare the quality of these 

steps with those in SPM5. However, this improvement makes SPM8 faster than SPM5, but 

the disadvantage of the combined steps in SPM8 is that it can be harder to regulate and to 

change the individual steps if necessary. The slightly poorer segmentation in SPM5 does not 

influence the result very much, especially when the analysis is carried out at the group level. 

Every image is segmented in the same way, and most artifacts and non- brain tissues are 

treated in the same way, and thus, most of the inaccuracies in segmentation disappears in the 

statistics. However, if there are systematic differences between the populations, the 

segmentation inaccuracies will not disappear in the statistics. The most crucial differences 

between the two versions of SPM that we found were the results from group comparison 

analyses on GM volumes, in which different regions and different cluster sizes appeared 

significant. A clear inaccuracy in segmentation in the temporal lobe in SPM5 seems to be 

affecting the results, where it seems as though XXY patients have larger volumes in this 

region than females, but in fact the significant cluster appear to be lying outside the template 

image. As the result of this, SPM5 showed no significant clusters in the insular cortex in the 

XY>XXY and XX>XXY contrasts (Figure 14). This discrepancy in the insular cortex is not 

an effect of miss-segmentation, because the cluster also appears in SPM5 when using a less 

strict correction for multiple testing. The results from WM volume differences also seem to be 

better in SPM8, which gives larger accurate clusters. The results from the group comparison 

analysis on CSF volume are almost the same in both SPM5 and SPM8. However, in SPM8, 

only one method to correct for multiple comparisons is available, FWE, that mainly correct 

for false positive results, while SPM5 also has FDR that mainly correct for false negative 

results. Thus, it is possible that more true differences may be missed when SPM8 is used. 

This is exemplified by the differences in XX>XY contrast (Figure 15). In conclusion, SPM8 

provides a better segmentation, resulting in a more accurate result, but it cannot be regulated 

in all of the pre-processing steps. SPM8 is more user-friendly and quicker compared to SPM5, 

and therefore also time saving. However, understanding the results, regardless of version, 

requires a good knowledge about the human brain and its anatomy.  

4.3 Group differences in regional GM, WM, CSF 

In the lingual gyrus, the uncus and the cerebellum we saw group difference in GM volumes 

between males and females, with males having larger volumes, which agrees with results 

reported in previous studies (Carne et al., 2006, Good et al., 2001).The only similarities 
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between XXY patients and XY men were observed in the lingual gyrus and the cuneus, where 

larger GM volumes compared to females. XXY patients showed larger GM volume in the 

precentral gyrus compared with males, which was also found in females. However, the GM 

volume of patients was interestingly larger in relation to females. Our results also show that 

patients are more similar to females in the temporal cortical regions, the motor cortex and the 

cerebellum, while they are more similar to males in the occipital cortex. The conjunction 

analysis indicates that the X-chromosome dosage seems to have an influence on the GM 

volume in the cerebellum, where males have larger volume compared with both females and 

patients. In the precentral gyrus, patients and females have larger volumes compared to males. 

However, it is difficult to know whether this was solely the effect of X-chromosome dosage 

or if the higher levels of testosterone in males during adolescent also play a role, since it has 

been shown that the high levels of testosterone in precentral cortex can cause decrease in cell 

density (Murphy et al., 1994).  

We show significantly larger GM volumes in the subcalosum and the inferior frontal gyrus in 

females than in males. However, we do not find larger GM volumes of the hippocampus in 

females, which have been reported in earlier studies (Good et al., 2001; Filipke et al., 1994) 

The differences between these and the present study may be caused by differences in scan 

acquisition parameters, tissue segmentation procedure or in the analysis methods. The age of 

the participants may also affect the results. The study by Filipke et al (1994) had younger 

subjects, between 17 and 37 years old and the study by Good et al. (2001) had participants 

with a wider range of ages, between 18 and 79 years. 

For WM, our results showed that females have larger volumes than both males and XXY 

patient in the hippocampus and the amygdala. Patients, on the other hand, have larger WM 

volumes in the precuneus and the lingual gyrus compared to both females and males. There 

were no significant results from the conjunction analysis, which indicate no similar pattern 

between patients and females. This indicates that the WM volumes are probably not affected 

by the X-chromosome.  

Differences in patients’ GM and WM volumes in the precuneus and the postcentral gyrus 

compared to both males and females may depend on the trisomy and these regions may show 

similar pattern in other trisomy diseases. From the analysis of the number of sex 

chromosomes we showed a positive correlation with the GM volumes in precuneus and 

postcentral gyrus. This confirms our assumptions that these regions are affected by trisomy.  
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4.4 Differences in the regional brain volumes caused by hormonal levels and 

the X-chromosome 

Few previous studies have analyzed human brain differences caused by hormonal levels. 

Therefore, in order to investigate whether testosterone and estradiol levels were related to 

normal sex dimorphism in GM and WM volumes, a regression analysis with female and male 

controls as one group was performed. We found positive quadratic correlation between the 

testosterone levels and GM volumes in the occipital cortex, parahippocampal, insular cortex 

and the putamen. The testosterone effect in the parahippocampal and the occipital cortex have 

been reported in a previous study (Neufang et al., 2009) and seems to be true for the present 

data, as the group comparison analysis showed that males and XXY patients have larger GM 

volumes in the lingual gyrus compared with females. Since the occipital cortex (lingual gyrus) 

appears also in the hormonal analysis we may be able to assume that these areas are affected 

by testosterone levels, and not by the X-chromosome. In the X-chromosome analysis (all 

three groups were taken into account) we found a negative correlation with the occipital 

cortex, which supports our assumptions of testosterone effects in this region. We detected a 

negative quadratic correlation between testosterone and the GM volume in the precuneus. 

This correlation in the precuneus is reasonable, as the precuneus is a part of the parietal 

cortex. It has been described that males have smaller GM volume in the parietal cortex, and it 

has been suggested that this is an effect of increased pruning due to high testosterone levels 

(Murphy et al., 1994). The analysis of the X-chromosome effects also showed positive 

correlation between the X-chromosome and the GM volume in the parietal cortex. It has been 

suggested that the X-chromosome has an inhibitory effect on testosterone production 

(Palaszynski et al., 2005). No significant correlation between X-chromosome and WM 

volume was detected, and the same was true in the conjunction analysis. This observation 

may indicate that the X-chromosome has no significant impact on the WM. For further 

studies, weight and length of every subject could be useful to take into account. For example, 

over-weight males may have hormone levels that are more similar to females, as fat cells can 

aromatize testosterone into estradiol (Perel and Killinger, 1979). 
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5. Future research  
To investigate the effect of the X-chromosome further, it would be interesting to add females 

with Turner’s syndrome (45, X0) to the analysis. Turner’s syndrome (TS) is a genetic disorder 

that arises from partial or complete X monosomy and is found in 1 of 2000 newborns (Brown 

et al., 2002). The missing X-chromosome may directly or indirectly contribute to differences 

in brain development and functioning. It has been shown that females with TS have abnormal 

volume pattern in the temporal cortex, the parietal and occipital regions (Murphy et al., 1997) 

as well as in hippocampus and the thalamus (Murphy et al., 1993). Therefore, a study also 

including TS females, will probably give a clearer image of how the X-chromosome is 

involved in the sexual dimorphism of the brain. The systematic comparison of the brain 

tissues in TS females with Klinefelter’s males’ may help us to understand the difference 

between the trisomy and X-chromosome effects further. 
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