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ABSTRACT

There is much interest in the relative importance of sex hormones and sex chromosome 
genes in the sexual differentiation of human brain structure and function. A unique oppor-
tunity to study this question is provided by women with complete androgen insensitivity 
syndrome (CAIS), who have a 46,XY karyotype but are resistant to androgens. Therefore, we 
compared regional gray matter (GM) volumes in 46,XY women with CAIS (n = 34) to control 
men (n = 56) and control women (n = 53), using both univariate and multivariate approaches. 
In regions that showed sex differences in the control groups, women with CAIS showed a 
female-typical regional GM volume in the right pre- and postcentral gyrus, arguing against 
a direct role for genes on the sex chromosomes in this region. However, the multivariate 
pattern recognition analyses showed that the overall pattern of spatially distributed GM 
volume throughout the brain was neither female- nor male-typical in women with CAIS. Our 
results suggest that sex differences in regional GM volume do not solely reflect differences 
in androgen exposure, but likely reflect a combination of sex hormone influences, direct 
effects of genes on the sex chromosomes, and socialization effects, with varying effects 
across brain regions.
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INTRODUCTION

Structural sex differences in the human brain have been consistently described. These in-
clude sex differences in overall brain structure and in specific brain regions. The male brain 
is on average 11% larger than the female brain (as seen in meta-analysis; Ruigrok et al., 
2014), which is only partially accounted for by differences in body size (Peters 1991; Ankney 
1992). With respect to sex differences in regional brain structure, a recent meta-analysis of 
16 whole-brain voxel-based magnetic resonance imaging (MRI) studies (Ruigrok et al. 2014) 
showed larger bilateral GM volumes in men in limbic regions, including the amygdala, hip-
pocampus, parahippocampal, and cingulate gyrus, the temporal pole, precuneus, putamen, 
and cerebellum but larger GM volumes in women in the bilateral thalamus and precuneus, 
right planum temporale/parietal operculum, insula, Heschl’s and anterior cingulate gyrus, 
parts of the frontal cortex, and in the left parahippocampal gyrus and lateral occipital cortex. 
Results from multivariate pattern recognition (MPR) methods, in which spatially distributed 
GM patterns are used to differentiate between the sexes, complement the findings obtained 
in studies using a mass-univariate statistical approach. A general advantage of MPR methods 
is that they can detect subtle, spatially distributed, patterns in the data (Schrouff et al. 2013), 
which might reflect differences between groups difficult to detect with a mass-univariate 
analysis. Based on neuroanatomical spatial patterns, male and female brains were seen to 
be discriminated with accuracies significantly above chance level (e.g., Feis et al. 2013), even 
when groups were matched for brain size (Wang et al. 2012). 

Delineating the mechanisms underlying sexual differentiation of the human brain is 
important for understanding origins of brain development and the etiology of neuropsy-
chiatric disorders with a sex difference in prevalence, such as depression, anxiety disorders, 
autism, and attention-deficit hyperactivity disorder (ADHD) (e.g., reviewed in Zahn-Waxler 
et al. 2006; Bao and Swaab 2011). The classic theory of brain sexual differentiation was first 
presented by Phoenix et al. (1959), who showed in rodents that exposure to high levels of 
testosterone during prenatal development permanently organizes reproductive behavior 
by masculinizing and/or defeminizing actions. These findings have now been replicated 
in many species with respect to brain and behavior (Wallen 2009), and in humans with 
respect to behavior (Hines 2010; Berenbaum and Beltz 2011). In rodents, androgens act 
through aromatization to estrogens for many of these organizational effects (reviewed in 
Baum 1979), whereas in nonhuman primates and humans, sexual differentiation of the 
brain is hypothesized to result from direct androgen actions (Cohen-Bendahan et al. 2005; 
Wallen 2005; Baum 2006; Hamann et al. 2014; van Hemmen, Veltman, et al. 2016). Although 
the classic theory of brain sexual differentiation further implied that steroid hormones only 
have activational (transient) effects on the brain during puberty and adulthood, puberty has 
more recently been proposed as a possible second period of brain organization (Sisk and 
Zehr 2005; Schulz et al. 2009).
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Evidence regarding early sex hormone effects on GM volume in sexually differentiated 
brain regions is inconsistent. In one study of boys (Lombardo et al. 2012), testosterone levels 
in amniotic fluid were associated with GM volume at age 8 to 11 in some, but not all, sexu-
ally differentiated brain regions. In contrast, no masculinizing effect of fetal testosterone 
was observed in brain structure of girls with congenital adrenal hyperplasia (CAH) due 
to 21α-hydroxylase deficiency (Merke et al. 2003), who are exposed to high (sex-atypical) 
prenatal androgens. However, findings in girls with CAH might be confounded by other 
factors related to the disease or its treatment, including altered glucocorticoids. In addition 
to early sex hormone effects, associations between regional GM volume and circulating 
sex hormones have been studied in (non-CAH) adolescents (Neufang et al. 2009; Peper et 
al. 2009; Bramen et al. 2011; Herting et al. 2014) and adults (Lessov-Schlaggar et al. 2005; 
Witte et al. 2010; Lentini et al. 2012). These studies showed associations between regional 
GM volume and circulating concentrations of estradiol, testosterone and, to a lesser extent, 
progesterone; some of these associations were found in GM regions that demonstrated sex 
differences. Unfortunately, results differed across studies, perhaps due to methodological 
variations, such as regression analyses performed within versus across the sexes and whole 
brain versus region of interest (ROI) approaches. Hormonal factors related to the menstrual 
cycle and hormonal contraceptive use also have been associated with changes in GM vol-
ume (Protopopescu et al. 2008; Pletzer et al. 2010; Hagemann et al. 2011; De Bondt et al. 
2013; Franke et al. 2015), which might modulate sex differences found in adults (Pletzer et 
al. 2010).

There is growing interest in the role of genes on the sex chromosomes in the sexual differ-
entiation of the brain (McCarthy and Arnold 2011). However, it is difficult to separate these 
genetic effects from sex hormone effects, because the genes on the sex chromosomes (in 
addition to many autosomal genes) are involved in aspects of gonadal development and 
are therefore intrinsically related to sex hormone levels. Therefore, most evidence comes 
from mouse models specifically created to disentangle effects of genes on the sex chro-
mosomes from hormonal effects (for review see Cox et al. 2014). Human studies of brain 
structure in individuals with sex chromosomal aneuploidies are difficult to interpret in terms 
of sex chromosome gene effects, because the sex chromosomal aneuploidies are usually 
accompanied by hormonal differences.

The complete androgen insensitivity syndrome (CAIS) provides a unique opportunity to 
investigate the role of sex hormones versus sex chromosome genes in the sexual differentia-
tion of the human brain. Women with CAIS have a 46,XY karyotype and normally function-
ing abdominal, pelvic or inguinal testes that secrete normal or exaggerated amounts of 
testosterone while in situ. However, mutation(s) in the androgen receptor (AR) gene lead to 
absent or dysfunctional androgen receptors and complete androgen resistance, resulting 
in a female phenotype regardless of testosterone concentrations within or above the male 
range (Melo et al. 2003; Doehnert et al. 2015). Nearly all women with CAIS are androphilic 
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(sexually attracted to men), have a female gender identity, and show female-typical gender 
role behavior (Masica et al. 1971; Wisniewski et al. 2000; Hines et al. 2003). Functional MRI 
(fMRI) studies revealed a female-typical neural activation pattern in women with CAIS in 
response to sexual images (Hamann et al. 2014) and during mental rotation (van Hemmen, 
Veltman, et al. 2016). These findings indicate that sex differences in regional brain function 
related to these tasks are most likely not directly driven by genes on the X and Y chro-
mosomes, but rather reflect differences in gonadal hormone exposure, or female-typical 
socialization. Specifically, they might reflect the absence of masculinizing actions through 
the androgen receptor, or the presence of feminizing actions by estrogens derived from 
androgens produced by the testes while still in situ, and/or estrogen replacement therapy 
following gonadectomy. A study of white matter microstructure showed similar overall 
findings; a female-typical fractional anisotropy in women with CAIS throughout extended 
white matter regions indicating a predominant role for sex hormones. In contrast, however, 
a more subtle contribution of sex chromosome genes or masculinizing androgen effects 
not mediated by the androgen receptor could not be ruled out for some aspects of white 
matter microstructure (van Hemmen, Saris, et al. 2016). 

In the present study we analyzed GM volume in women with CAIS. We used structural 
MRI scans from 34 women with CAIS, 56 control men, and 53 control women to investigate 
the role of sex hormones versus sex chromosome genes in the sexual differentiation of 
regional GM volume, using several approaches. First, we used voxel-based morphometry 
(VBM) in combination with a mass-univariate approach to compare regional GM volume of 
women with CAIS to control men and women within regions showing sex differences in the 
control groups. Second, we performed an MPR analysis in which we trained a classifier to 
differentiate control men and women based on spatially distributed GM volume patterns, 
and then applied the resulting classifier model to women with CAIS. 

MATERIALS AND METHODS

Subjects

A total of 143 subjects were included in this study; 34 women with CAIS (46,XY), 56 control 
men, and 53 control women. Subjects were scanned at two centers: 21 women with CAIS, 
43 control men, and 47 control women at the VU University Medical Center Amsterdam, the 
Netherlands (referred to as the NL sample or study) and 13 women with CAIS, 13 control 
men, and 6 control women at Emory University, Atlanta, USA (referred to as the USA sample 
or study). Initial samples were larger, but, data from 19 subjects were excluded because of 
left-handedness or ambidexterity (n = 9), the use of hormonal contraceptives in control 
women (n = 7), anatomical abnormalities seen on MRI (n = 2), or reduced image quality due 
to excessive head movement (n = 1). Participants included in the study were right-handed 
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(according to the Edinburgh Handedness Inventory (Oldfield 1971) or the Dutch Handed-
ness Inventory (van Strien 1992)), and control women did not use hormonal contraceptives. 
Previous data from these samples have been published, with respect to neural activation to 
sexual stimuli in the USA sample (Hamann et al. 2014) and neural activation during mental 
rotation and diffusion tensor imaging in the NL sample (van Hemmen, Saris, et al. 2016; van 
Hemmen, Veltman, et al. 2016).

In women with CAIS from the NL sample, the diagnosis of CAIS was based on clinical char-
acteristics, and mutation analysis of the androgen receptor (AR) gene using genomic DNA 
revealed a confirmed mutation in 13 women, an unclassified variant in 7 women, and was 
inconclusive in 1 woman. In the USA sample, the diagnosis of CAIS was based on self-report. 
Participants were recruited through the Androgen Insensitivity Syndrome-Differences 
of Sex Development (AIS-DSD) support group, and members are typically well educated 
about the specifics of their diagnosis, based on detailed research into their personal medical 
histories, including karyotype, hormonal profile, and clinical features. All women with CAIS 
were androphilic, i.e., sexually attracted to men. All women with CAIS from the NL sample 
were gonadectomized, and, with one exception, used hormone replacement therapy (HRT) 
consisting of estrogens (n = 16) or a combination of estrogens and progestins (n = 4) to 
compensate for the lack of gonadal sex hormone production. Information regarding HRT 
and whether or not a gonadectomy had been performed was not available for women with 
CAIS from the USA sample. 

For the NL sample, women with CAIS were recruited from the databases of the VU Univer-
sity Medical Center and the Erasmus University Medical Center-Sophia’s Children’s Hospital 
Rotterdam and from the support group DSDNederland. For the USA sample, women with 
CAIS were recruited from the AIS-DSD support group. Control subjects were recruited using 
flyers and advertisements. The NL study was approved by the Medical Ethics Committee 
of the VU University Medical Center Amsterdam (application number NL32740.029.10 + 
NL29233.029.09) and the Erasmus University Medical Center (application number MEC-
2010-350), and the USA study by the Institutional Review Boards of the participating institu-
tions. All participants gave their written informed consent according to the Declaration of 
Helsinki.

MRI data acquisition

For the NL sample, MRI data were acquired with a 3.0T GE Signa HDxt scanner (General Elec-
tric, Milwaukee, WI, USA). High-resolution T1-weighted anatomical images were acquired 
using a 3D fast spoiled gradient echo (FSPGR) sequence (TR 7.8 ms, TE 3.0 ms, inversion time 
(TI) 450 ms, 1 mm isotropic resolution). Scanning of the USA sample was conducted using 
a 3.0T Siemens Tim Trio MRI system with a 12-channel parallel head coil. A magnetization-
prepared rapid acquisition sequence with gradient echo (MPRAGE) was used to acquire 
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high-resolution T1-weighted images (TR 2,300 ms, TE 3.02 ms, inversion time (TI) 1,100 ms, 
1 mm isotropic resolution).

Data analysis

Sample characteristics and overall tissue volumes
Statistical analyses of the sample characteristics and overall tissue volumes derived from 
VBM preprocessing (see VBM preprocessing section for further details) were performed with 
IBM SPSS Statistics for Windows, Version 22 (IBM Corp., Armonk, NY, USA), using parametric 
tests (height, overall tissue volumes) and, when assumptions for parametric tests were vio-
lated, non-parametric tests (age, level of education). Between-group analyses for possible 
age differences were performed between the three groups for both the complete and NL 
sample, and in addition between the NL and USA sample to examine possible age differ-
ences between the samples from the two scan sites. Analyses of covariance (ANCOVA) were 
used to compare groups for overall tissue volumes, covarying age, age and height, or age 
and total intracranial volume (TIV). 

VBM preprocessing
Individual T1-weighted structural images were manually reoriented to roughly match the 
AC-PC line, and non-brain tissue was removed using the brain extraction tool (BET; Smith 
2002, implemented in FSL v5.04 http://www.fmrib.ox.au.uk/fsl, Smith et al. 2004) with image 
bias and residual neck voxel reduction and a 0.1 fractional intensity threshold. These images 
were further processed with a VBM approach (Ashburner and Friston 2000), using the VBM8 
toolbox (http://dbm.neuro.uni-jena.de/vbm8/) and Statistical Parametric Mapping 8 (SPM8; 
Wellcome Trust Center for Neuroimaging, Institute of Neurology at UCL, UK), implemented 
in MATLAB (version R2011a; The MathWorks, Inc., Natick, MA, USA). The default parameters 
for the VBM8 pipeline were used (for a detailed description see http://dbm.neuro.uni-jena.
de/vbm8/VBM8-Manual.pdf ). In short, images were segmented into different tissue classes 
and brought into standard space using high-dimensional DARTEL normalization (Ashburner 
2007) to the IXI550 template. The voxel values of the normalized GM images were then 
modulated using only the nonlinear component of the Jacobian determinant derived from 
spatial normalization. The resulting modulated normalized GM images, representing the 
absolute amount of tissue corrected for individual brain size, were smoothed with an 8 
mm full width at half maximum (FWHM) Gaussian kernel. In addition, the VBM8 pipeline 
estimated the raw overall volumes of GM, white matter (WM), and cerebrospinal fluid (CSF) 
segments, as well as total intracranial volume (TIV = GM + WM + CSF).
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Univariate analysis
For all group comparisons of regional GM volume an absolute threshold mask of 0.2 was 
applied, and age and scanner were included as covariates of no interest. First, we compared 
control men and women to identify sexually differentiated brain regions. A statistical voxel-
level threshold of P < 0.001 (uncorrected) and an extent threshold of k > 98 adjacent voxels 
(based on the expected number of voxels per cluster calculated by SPM) was applied, and 
only clusters with a cluster-level FWE-corrected P < 0.05 were considered significant. 

In line with our research question, we focused on regions that showed sex differences 
when comparing regional GM volume of women with CAIS to both control groups. There-
fore, the sex difference images, thresholded at P < 0.001 (uncorrected) and an extent 
threshold of k > 98 adjacent voxels, were used as a mask image and search region for these 
comparisons. An initial whole-brain uncorrected voxel-level threshold of P < 0.001 was used, 
and results were considered significant at a cluster-level P < 0.05 FWE-corrected for the size 
of the sex difference mask image. Because we had no a priori hypothesis about differences 
between women with CAIS and control groups outside regions showing sex differences, 
clusters outside the sex difference mask image were considered significant using a whole-
brain FWE-corrected P < 0.05 threshold at cluster-level.

Information regarding level of education was not available from women with CAIS in the USA 
sample. To examine whether any differences resulting from the comparisons involving women 
with CAIS were influenced by potential differences in level of education, these comparisons 
were repeated in the NL sample alone, in which groups were matched for level of education 
(Table 1). The results were masked with the same sex difference mask image as was used in 
the complete sample, and a more lenient uncorrected whole-brain threshold of P < 0.001 was 
applied given the reduced sample size and exploratory purpose of these comparisons. 

Multivariate pattern recognition analysis
In addition to the univariate analyses, a multivariate pattern recognition (MPR) analysis of the 
GM data was performed using the Pattern Recognition for Neuroimaging Toolbox (PRoNTo 
v2.0; www.mlnl.cs.ucl.ac.uk/pronto). In the current version of PRoNTo it is not yet possible to 
include covariates in the model. Therefore, we calculated residual GM images using a multiple 
regression model in SPM12 with all subjects’ smoothed modulated (non-linear only) normal-
ized GM images, covariates age and scanner, and a 0.2 absolute threshold. These residual 
images were used as input for the MPR analyses, and the whole-brain mask image created 
with this regression model was used as a mask image. Four clusters that showed higher voxel 
values in control men than women in non-GM areas (likely resulting from suboptimal segmen-
tation, see Table 2 and results section for further details) were removed from this mask image 
to prevent an erroneous contribution of these voxels to the classifier function. In order to also 
remove subthreshold voxels immediately surrounding these clusters, the clusters that were 
removed from the mask image were thresholded with an uncorrected P < 0.05. 
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We followed several steps in this MPR approach. First, we applied a classification model 
to assess the accuracy with which control men and control women could be distinguished 
based on their GM images. For this purpose, we selected the binary Gaussian Process 
Classification (GPC) machine, which is a probabilistic pattern recognition algorithm, and 
a leave-one-subject-out (LOSO) cross-validation strategy. LOSO cross-validation computes 
the accuracy of classifiers by excluding one subject for testing and using all other subjects 
for training. This procedure is repeated until all subjects have been tested. The performance 
of the classifier is expressed in balanced accuracy values, representing the percentage of 
correctly classified subjects while taking into account the number of subjects in each class, 
and the area under the ROC curve (AUC). Statistical significance of the classification result 
was determined by permutation testing, using 1000 permutations. A weight map averaged 
across all cross-validation folds was computed to display the contribution of each voxel to 
the model. 

Second, if the classification performance in the control groups was significantly above 
chance level, we used this classification function to predict group membership in women 
with CAIS. For this purpose, the binary GPC was used with a custom cross-validation scheme 
with 34 iterations. In each iteration one woman with CAIS was tested using the classifier 
that was trained using all control men and women. Individual function values, which are 
used for the binary class prediction, represent the class membership probability for each 
subject (we used control women as the reference class). A < 0.5 individual probability 
resulted in a classification prediction for class 1 (control men), while a > 0.5 probability 
resulted in a classification prediction for class 2 (control women). These individual function 
values were extracted for all participants to perform further statistical analyses by means of 
non-parametric tests, because assumptions for the use of parametric tests were violated. 
Class membership probabilities were compared between the three groups (Kruskal-Wallis 
and post hoc Mann-Whitney U tests), and a one-sample Wilcoxon singed rank test was used 
for each group independently to test if the median class membership probability differed 
significantly from 0.5.

Third, to further investigate the contribution of the sex difference regions from the uni-
variate analysis to the classification model, we repeated the same procedure using only 
information from voxels within the sexually differentiated brain regions. Therefore, the sex 
difference mask, which was used for women with CAIS versus control group comparisons 
in the univariate analyses, was applied to the MPR analysis. The classification of control men 
and women was performed only to establish whether this model produces a significant 
classification result, since this is a prerequisite to perform classification of women with CAIS. 
In addition to the statistical analyses performed on the class membership probabilities 
derived from this classification model (between-group comparisons and within-group 
comparisons against a probability of 0.5), we performed non-parametric between-model 
comparisons (Wilcoxon signed rank tests) for each group separately to examine differences 
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in class membership probabilities when using GM volume information from voxels within 
the whole-brain versus within sex difference regions.

RESULTS

Sample characteristics

Sample characteristics for both the complete and the NL sample are summarized in Table 
1. In both samples, groups did not differ significantly in age and level of education. Level 
of education was, however, unknown for the women with CAIS in the USA sample, so the 
comparison is based on the control groups from the complete sample and women with 
CAIS from the NL sample (n = 21). There was no age difference between the NL (mean age 
30.3; SD = 9.3) and USA (mean age 32.4; SD = 9.3) sample (U = 1487.00, P = 0.160). Groups 
differed significantly in height: control men were taller than control women and women 
with CAIS, and women with CAIS were taller than control women (all P’s < 0.001).

Neuroimaging data

Overall tissue volumes
Absolute and corrected overall tissue volume statistics are summarized in Table 1. Absolute 
TIV and tissue segment volumes showed no significant differences between control men and 
women with CAIS, but both groups had significantly larger volumes than control women. 
Similar results were found in TIV after correcting for differences in body height. To further 
characterize this finding in TIV, between-group comparisons of GM, WM, and CSF corrected 
for body height were performed. These showed significantly larger WM volume in control men 
and women with CAIS than in control women, significantly larger CSF volume in control men 
than in control women with no significant differences between women with CAIS and either 
control group for CSF volume, and no between-group differences in GM volume. When using 
TIV as a covariate, there were no between-group differences in GM, WM, and CSF volume. 

Univariate analysis
Results from the univariate analyses are summarized in Table 2 and 3 and displayed in 
Figure 1. First, differences in regional GM volume between control men and women were 
examined to define sex difference regions (Table 2 and Fig. 1A). Three clusters with larger 
GM volume in control women survived the cluster-level FWE-corrected threshold of P < 0.05 
and showed large effect sizes at peak-voxel level. These clusters were located bilaterally in 
the pre- and postcentral gyrus, also extending into the left inferior parietal gyrus, and in the 
bilateral cerebellum. In addition, a trend towards a significantly larger GM volume, with a 
medium effect size at peak-voxel level, was found in the left caudate nucleus. 



Regional gray matter volume in CAIS 75

4

Table 1 Sample characteristics for the complete sample and NL sample

M W CAIS
F/χ2 P-value Post hoc

Mean (SD)

COMPLETE SAMPLE

Demographics

N (USA/NL) 56 (13/43) 53 (6/47) 34 (13/21)

Age 29.4 (7.8) 29.9 (8.7) 34.2 (11.6) 3.747 c 0.156 —

Level of education 6.0 (1.7) 6.3 (1.4) 5.9 (1.6) b 1.082 c 0.589 —

Body height (cm) 181.4 (7.6) a 167.7 (6.1) 174.3 (7.8) 50.296 < 0.001 M>C>W

Absolute volumes

TIV (ml) 1525.7 (14.5) 1388.1 (14.8) 1496.6 (18.8) 23.737 < 0.001 M=C>W

GM (ml) 733.5 (8.0) 678.3 (8.2) 718.4 (10.3) 12.318 < 0.001 M=C>W

WM (ml) 565.5 (7.1) 505.0 (7.3) 561.0 (9.2) 20.628 < 0.001 M=C>W

CSF (ml) 226.7 (2.9) 204.9 (3.0) 217.2 (3.8) 14.024 < 0.001 M=C>W

Height-corrected volumes

TIV (ml) 1491.5 (16.4) a 1419.8 (16.5) 1499.4 (18.0) 6.117 0.003 M=C>W

GM (ml) 710.1 (8.7) a 700.0 (8.8) 720.3 (9.6) 1.230 0.295 —

WM (ml) 557.0 (8.4) a 512.8 (8.4) 561.7 (9.2) 8.882 < 0.001 M=C>W

CSF (ml) 224.4 (3.4) a 207.0 (3.5) 217.4 (3.8) 5.171 0.007 M>W, C=M/W

TIV-corrected volumes

GM (ml) 706.4 (4.4) 715.6 (4.7) 704.9 (5.5) 1.265 0.285 —

WM (ml) 541.4 (4.0) 538.2 (4.3) 549.0 (4.9) 1.382 0.254 —

CSF (ml) 220.0 (2.5) 214.1 (2.7) 213.9 (3.1) 1.678 0.190 —

NL SAMPLE

Demographics

N 43 47 21

Age 30.1 (8.4) 29.6 (8.9) 32.1 (11.8) 0.354 c 0.844 —

Level of education 5.8 (1.8) 6.2 (1.4) 5.9 (1.6) 1.077 c 0.586 —

Note: All volume means are estimated marginal means corrected for age (absolute volumes), age and body 
height (height-corrected volumes) or age and TIV (TIV-corrected volumes). Level of education ranged from 1 
(primary school) to 8 (university degree). Bold P-values represent a significant (P < 0.05) main effect of group. 
The post hoc column represents the results of post hoc pair-wise group comparisons; = indicates P’s > 0.05, > 
or < indicates direction of difference with P < 0.05, using a Bonferroni correction for multiple comparisons. M: 
control men; W: control women; C/CAIS: women with CAIS; TIV: Total intracranial volume (GM + WM + CSF); GM: 
Gray matter; WM: White matter; CSF: Cerebrospinal fluid
a for body height n = 55 (1 missing value)
b n = 21 (data only available for the NL sample)
c = χ2-test statistic
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Table 2 Whole-brain sex differences in GM volume

Comparison
Cluster size 

(mm3)
Brain region

Cluster-level P 
(FWE-corrected)

MNI-coordinates Peak-
level T

Peak-level 
Effect sizex y z

M > W 2379 — 0.061 2 -94 -9 6.56 0.76

1836 — 0.121 44 -79 -18 6.50 —

1272 — 0.254 -47 -72 -20 5.95 —

591 — 0.618 2 -45 9 5.96 —

W > M 8947 R Postcentral gyrus < 0.001 47 -10 39 6.60 1.00

R Precentral gyrus

6473 L Postcentral gyrus 0.001 -36 -25 39 5.78 0.86

L Inferior parietal gyrus

L Precentral gyrus

5704
L+R Superior posterior 
cerebellum

0.002 -5 -81 -45 5.44 0.81

2012 L Caudate nucleus 0.097 -11 14 12 3.89 0.59

1580 R Caudate nucleus 0.169 21 11 13 3.96 —

1374 L Anterior cerebellum 0.222 -12 -48 -12 3.96 —

Vermis

L Lingual gyrus

803 L+R Precuneus 0.474 8 -45 60 3.61 —

658 L+R Midcingulate cortex 0.569 2 -25 45 3.98 —

L+R Supplementary 
motor area

486
R Superior posterior 
cerebellum

0.697 29 -87 -33 3.94 —

466 L+R Precuneus 0.713 -2 -57 51 4.03 —

395 R Superior frontal gyrus 0.768 29 47 36 3.70 —

R Middle frontal gyrus

375
L Superior medial frontal 
gyrus

0.784 -11 63 24 3.91 —

L Superior frontal gyrus

   

Note: Results based on whole brain between-group comparisons using an uncorrected threshold of P < 0.001 
and an extent threshold of 98 voxels. Bold P-values represent significant clusters at a P < 0.05 FWE-corrected 
cluster-level threshold, P-values printed in italics show a trend towards significance. Peak-level effect sizes, ex-
pressed in Cohen’s d, are presented for all clusters with a cluster-level P < 0.1 FWE-corrected. M: control men; W: 
control women; L: left hemisphere; R: right hemisphere.
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None of the clusters from the comparison examining larger GM volumes in control men 
than women reached significance at the FWE-corrected cluster-level, although in one clus-
ter a trend was observed. More importantly, all four clusters resulting from this comparison 
using the uncorrected threshold (Table 2) appear to represent non-GM voxels. Based on the 
location of these clusters (Table 2 and Fig. 1A), they are most likely the result of imperfect 
segmentation of dural venous sinuses and veins (e.g., Good et al. 2001b). Therefore, no sex 
difference mask image based on this comparison was used for the subsequent comparisons 
of regional GM volume between control groups and women with CAIS, or for the multivari-
ate analysis.

Within the sex difference regions that showed a larger regional GM volume in control 
women, women with CAIS were compared with both control groups (Table 3 and Fig. 1B). 
Women with CAIS had more GM volume than control men in a cluster within the right pre- 
and postcentral gyrus, with a medium to large effect size at peak-voxel level. Although the 
other comparisons did not reveal any significant differences, a trend with a medium effect 
size at peak-voxel level was observed for a smaller GM volume in the left caudate nucleus 
compared with control women. Whole-brain comparisons between women with CAIS and 
both control groups did not reveal clusters with significant between-group differences 
outside these sex difference regions. 

Table 3 GM volume in women with CAIS versus control groups within sex difference regions

Comparison
Cluster size 

(mm3)
Brain region

Cluster-level P 
(FWE-corrected)

MNI-coordinates Peak-
level T

Peak-level 
Effect sizex y z

M > CAIS — — — — — — — —

CAIS > M 1745 R Precentral gyrus 0.010 47 -15 39 4.73 0.72

R Postcentral gyrus 44 -6 36 3.71

W > CAIS 358 L Caudate nucleus 0.099 -12 15 13 3.59 0.54

CAIS > W — — — — — — — —

Note: Results based on between-group comparisons using an initial whole-brain uncorrected threshold of P < 
0.001 and subsequent small volume correction for the size of the W > M mask image. All clusters with a mini-
mum cluster size of 98 voxels are presented. Bold P-values represent a significant difference using a cluster-level 
P < 0.05 FWE-corrected for the size of the W > M mask image. P-values printed in italics show a trend towards 
significance (P < 0.1 FWE-corrected). Peak-level effect sizes are expressed in Cohen’s d. M: control men; W: con-
trol women; CAIS: women with CAIS; L: left hemisphere; R: right hemisphere.

The comparisons within the sex difference regions were subsequently performed in sub-
jects from the NL sample only, in which groups were matched for level of education and, 
in addition, all women with CAIS were known to be gonadectomized (a factor unknown in 
the USA sample). These explorative comparisons revealed GM differences in similar brain 
regions as found in the complete sample, albeit in smaller clusters. A larger GM volume in 
women with CAIS than in control men was found within the right pre- and postcentral gyrus 
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(cluster size at P < 0.001 uncorrected = 172 mm3; peak-level T = 3.54; MNI-coordinates 48, 
-14, 41), and a smaller GM volume in women with CAIS than in control women was found 
in the left caudate nucleus (cluster size at P < 0.001 uncorrected = 294 mm3; peak-level T 
= 3.47; MNI-coordinates -14, 15, 14). Results were similar when the only woman with CAIS 
from the NL sample who was not using estrogen HRT was additionally excluded. These 
results substantiate that the differences in regional GM volume between women with CAIS 
and control groups in the complete sample are not due to factors related to potential differ-
ences in level of education and potential heterogeneity in gonadectomy and HRT.

Figure 1 Differences in regional GM volume between control men, control women and women with CAIS. A: 
Whole-brain sex differences in regional GM volume, displayed with a whole-brain uncorrected P < 0.001 (k = 
98). Red = control women (W) > control men (M); Blue = M > W. B: Differences in regional GM volume between 
control groups and women with CAIS within W > M sex difference regions (red in A), displayed with a whole-
brain uncorrected P < 0.001. Violet = CAIS > M; Green = W > CAIS.

Multivariate pattern recognition analysis
Based on the whole-brain GM information in the control groups, the binary GPC accurately 
discriminated between the sexes with a significant balanced accuracy of 73% and an AUC 
of 0.80 (Table 4). Therefore, a classifier trained with the GM information from the control 
groups was subsequently used to compute class predictions in women with CAIS. A total 
of 20 (59%) women with CAIS received a class prediction for the class representing control 
men and 14 (41%) for the class representing control women (Fig. 2A). 

The class membership probability scores, using the class representing control women 
as the reference class, showed significant differences for all between-group comparisons 
(Table 4). The probabilities were highest in control women, followed by women with CAIS, 
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and lowest in control men (all P’s < 0.05 Bonferroni-corrected). Class membership prob-
abilities were significantly higher than 0.5 in control women and lower than 0.5 in control 
men (P’s < 0.001 Bonferroni-corrected), and did not differ significantly from 0.5 in women 
with CAIS (P = 0.544 Bonferroni-corrected).

When using the sex difference mask (control women > control men), instead of the 
whole-brain mask, the binary GPC also resulted in accurate sex discrimination for subjects 
in the control groups (Table 4). Classification of women with CAIS according to this classifier 
resulted in a total of 15 (44%) women with CAIS receiving a class prediction for the class 
representing control men and 19 (56%) for the class representing control women (Fig. 2B). 

The class membership probabilities, using the class representing control women as 
the reference class, were again largest in control women, followed by women with CAIS, 
and lowest in control men (Table 4, all P’s < 0.05 Bonferroni-corrected). Class membership 
probabilities were significantly higher than 0.5 in control women, lower than 0.5 in control 
men, and did not differ significantly from 0.5 in women with CAIS (Bonferroni corrected 
P’s < 0.001, < 0.001, and 0.567, respectively). Comparisons of the use of GM information 
from voxels within the sex difference mask, rather than from the whole brain, tested with 
Wilcoxon signed rank tests, showed that these class membership probabilities were signifi-
cantly increased in control women (Z = -2.82, P = 0.015, Bonferroni-corrected), decreased 
in control men (Z = -3.09, P = 0.006, Bonferroni-corrected), but unchanged in women with 
CAIS (Z = -0.71, P = 1.000, Bonferroni-corrected).

Figure 2 Classification results. Confusion matrices resulting from binary GPC models using GM information from 
(A) the whole-brain, or (B) voxels within the sex difference mask (control women > control men). Weight map 
presented for the whole-brain model (A) is based on the classification of control groups. The bright yellow colors 
indicate voxels that drive the classifier towards class 1 (i.e., control men) and dark black colors indicate voxels 
that favor class 2 (i.e., control women). M: control men; W: control women; CAIS; women with CAIS.
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Table 4 Classifier performance and mean class membership probability per group

 
 Model

 
Group

M vs W classifier performance
 
 

Class probability 

AUC
Balanced 
accuracy

P-value Class W χ2 P-value Post hoc

Binary GPC: 
Whole brain

M
0.80 73% 0.001

0.36

31.362 < 0.001 W>CAIS>MW 0.62

CAIS N/A N/A N/A 0.49

Binary GPC: 
Sex difference regions

M
0.86 78% 0.001

0.29

45.436 < 0.001 W>CAIS>MW 0.69

CAIS N/A N/A N/A 0.52

                   

Note: Post hoc column represents the results of post hoc pair-wise Mann-Whitney U comparisons; > or < indi-
cates direction of difference with P < 0.05, using a Bonferroni correction for multiple comparisons. Class W: mean 
class membership probability with the class representing control women as the reference class.
AUC: area under the ROC curve; M: control men; W: control women; CAIS: women with CAIS.

DISCUSSION

The present study compared regional GM volume in 46,XY women with CAIS to control 
men and control women, with the goal to investigate the influence of sex hormones versus 
sex chromosome genes on the sexual differentiation of regional GM volume. Both a mass-
univariate and an MPR approach were used. The results demonstrate that GM sex differences 
are not solely driven by masculinizing androgenic, feminizing estrogenic, or socialization-
related effects, but likely also reflect other sex hormone influences and/or direct effects of 
sex chromosome genes. The relative role and importance of the underlying mechanisms is 
likely to vary across different brain regions.

The present findings replicated the sex difference in TIV in control subjects, also when 
accounting for differences in body size (Peters 1991; Ankney 1992). TIV in women with CAIS, 
also after correcting for height, was not significantly different from TIV in control men, and 
both groups had a larger TIV than did control women. This is predominantly explained 
by a larger WM volume in women with CAIS than in control women when correcting for 
body height, whereas GM volume did not differ between groups when taking height into 
account. This might indicate that overall WM volume, but not GM volume, is affected by 
direct genetic effects related to sex chromosome composition or by masculinizing effects of 
androgens after aromatization to estrogens, although allometric effects of body size cannot 
be ruled out. The sex differences in compartmental volumes did not survive a correction for 
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TIV, which is in agreement with previous studies that applied a similar correction (e.g., Chen 
et al. 2007; Leonard et al. 2008).

Regardless of similar TIV-corrected total GM volumes, region-specific sex differences in 
GM volume were observed. The most prominent sex differences were found in the bilateral 
pre- and postcentral gyrus, superior posterior lobes of the cerebellum, and a trend was ob-
served in the left caudate nucleus. In these regions, control women had larger GM volumes 
than did control men. These findings are broadly in line with findings from previous studies 
(Filipek et al. 1994; Goldstein et al. 2001; Good et al. 2001; Luders et al. 2009; Pletzer et al. 
2010; Savic and Arver 2011; Lentini et al. 2012; Den Braber et al. 2013; but see Rijpkema et al. 
2012; Tang et al. 2013), although our findings regarding the cerebellum are in the opposite 
direction of most (Ruigrok et al. 2014), but not all studies (Welborn et al. 2009). 

Within these regions that showed a sex difference, women with CAIS showed a female-
typical GM volume in a cluster covering part of the right pre- and postcentral gyrus. This 
female-typical neural characteristic is consistent with previous findings in the same women, 
showing female-typical neural activation patterns, albeit in other brain regions, in response 
to sexual images (Hamann et al. 2014) and mental rotation (van Hemmen, Veltman, et al. 
2016) and a predominantly, but not completely, female-typical white matter microstructure 
throughout extended white matter regions (van Hemmen, Saris, et al. 2016). The present 
finding suggests that the sexual differentiation of GM in the right pre- and postcentral gyrus 
is not directly influenced by genetic effects related to sex chromosomal composition, but 
is likely to be determined by sex differences in gonadal hormone exposure. This result is 
consistent with findings in other species showing a high density of sex steroid receptors in 
homologous brain regions during early development (see Goldstein et al. 2001). Due to the 
complete androgen resistance in women with CAIS, androgenic factors might play a key 
role in the sexually differentiated GM development of this brain region. A potential role for 
androgens was also found in boys with familial male precocious puberty (FMPP), who have 
early androgen excess and were found to have lower GM volume in the right precentral 
gyrus relative to control boys (Mueller et al. 2011). However, feminizing effects of estrogens 
cannot be ruled out based on the current results, because: a) women with CAIS produce 
androgens when the gonads are still in situ, which can be aromatized to estrogens, and 
b) after gonadectomy women with CAIS in general use estrogen HRT from adolescence 
onwards. Furthermore, all women with CAIS were reared as girls , so we cannot rule out a 
role for female-typical socialization in these findings. 

Data from individuals with sex chromosome aneuploidies have been interpreted to sug-
gest a role for X-chromosomal gene dosage in the sexual differentiation of the precentral 
gyrus, because a female-typical GM volume was observed in 47,XXY men with KS (Lentini et 
al. 2012). However, these findings might also reflect hypogonadism in men with KS before 
they start testosterone supplementation in adolescence or adulthood (Davis et al. 2015). In 
general, individuals with sex chromosome aneuploidies have atypical sex chromosomes 
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and early hormone exposure, making it difficult to disentangle sex chromosome dosage 
effects from early sex hormone deficiency.

With the exception of the findings in the right pre- and postcentral gyrus, regional GM 
volume in women with CAIS did not significantly differ from either control group in the 
other brain regions that demonstrated a sex difference in the control groups. Apart from 
the interpretation that women with CAIS indeed do not differ from the control groups in 
these brain regions, this could also be the result of lower statistical power for the com-
parisons involving women with CAIS, because this group was relatively small compared to 
the control groups. Although the absence of significant differences between women with 
CAIS and control groups prevents us from drawing any definite conclusions regarding the 
exact mechanisms underlying the sexual differentiation of these specific brain regions, it 
does not necessarily reflect a sub-threshold female-typical regional GM volume in women 
with CAIS that fails to reach significance due to a lack of power. This is indicated by the 
trend-level finding in the left caudate nucleus, in which regional GM volume in women with 
CAIS showed a non-significant deviation from control women in the direction of the male 
control group with a medium effect size. Thus, our findings from the univariate analysis 
support the hypothesis that sex differences in regional GM volume in the right pre- and 
postcentral gyrus predominantly reflect sex hormone effects, more specifically androgenic 
masculinizing and/or estrogenic feminizing effects, and potential effects related to female-
typical socialization. In other sexually differentiated brain regions we cannot rule out a direct 
role for sex chromosome genes or masculinizing effects of androgens that are not mediated 
by the androgen receptor. 

Results from the MPR analyses provide further insight into the factors involved in the 
sexual differentiation of GM volume. Although control men and women could be success-
fully discriminated from each other based on the whole-brain GM volume distribution, the 
classification of women with CAIS into either of the control groups was not above chance 
level. The absolute classification resulted in a small majority of women with CAIS receiv-
ing a class prediction for the class representing control men. However, the classification 
was based on a binary decision process, driven by individual class membership probability 
scores. These individual probability scores for women with CAIS did not differ significantly 
from 0.5, which indicates that women with CAIS were equally likely to belong to the class 
representing control men as to the class representing control women based on spatially 
distributed patterns of GM volume. Further, both control groups showed class membership 
probabilities in the direction of their own class, i.e., a high probability for control women and 
a low probability for control men when using the class representing control women as the 
reference class, but this probability score for women with CAIS was significantly in between 
that of the control groups.

When the MPR analysis was repeated while only using GM volume information from 
sexually differentiated brain regions, there was an increased classification performance for 
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the control groups. The individual class membership probabilities underlying the binary 
classification significantly increased in control women and decreased in control men when 
using the class representing control women as the reference class. These improved clas-
sification results in the control groups were expected based on the selected regions, which 
only include voxels showing a sex difference in GM volume. The classification of women 
with CAIS based on spatially distributed GM volume information within these regions was, 
however, unchanged. Although the absolute number of women with CAIS receiving a class 
prediction for the class representing control men was reduced, the probability score under-
lying this binary classification process was still close to 0.5 and was unchanged relative to 
the whole-brain classification procedure. If effective androgen exposure is the prominent 
factor underlying the spatially distributed GM volume patterns that resulted in the accurate 
discrimination of control men and women, the majority of women with CAIS would be in 
the class representing control women. In addition, this classification would be based on 
probability scores resembling those in control women. However, the classification results in 
women with CAIS, both whole-brain and within sex difference regions, neither resembled 
the female nor the male control subjects. These findings argue against a dominant role for 
one factor in the overall sexual differentiation of GM volume, and rather show that this is 
more likely the result of a combination of influences.

A limitation of the present study is the absence of brain regions in which the GM volume 
was found to be larger in control men than in control women, while this has been reported 
previously (Ruigrok et al. 2014). This prevented us from analyzing GM volume in women 
with CAIS relative to both control groups in these specific regions. Nevertheless, this limita-
tion was balanced by the strength of the whole-brain MPR analysis, allowing us to detect 
differences between groups with a higher sensitivity than the conventional univariate 
approach. Therefore, subtle sex differences that might not have been detected using the 
mass-univariate analysis may have contributed to the classifier function that was able to 
successfully discriminate control men from control women.

Taken together, the present results from univariate and multivariate analyses of GM vol-
ume in women with CAIS demonstrate that complete androgen resistance in the presence 
of a 46,XY karyotype results in a female-typical regional GM volume in the right pre- and 
postcentral gyrus, while the overall pattern of regional GM volume throughout the brain is 
neither predominantly female- nor male-typical. This indicates that the sexual differentia-
tion of regional GM volume is not only under the influence of masculinizing androgenic 
effects, feminizing estrogenic effects and/or effects related to female-typical socialization, 
as observed in the right pre- and postcentral gyrus. Instead, these findings suggest that sex 
differences in GM volume develop under the influence of a more complex combination of 
factors. These factors might include the sex hormone and/or socialization-related effects 
as described with regard to the right pre- and postcentral gyrus, as well as direct effects of 
genes carried on the sex chromosomes and/or masculinizing androgen effects that are not 
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mediated by the androgen receptor. It is important to note that the pattern we observed 
could reflect multiple influences acting on all regions, or different influences acting on dif-
ferent regions (e.g., androgen effects on some regions, sex chromosome gene effects on 
others). Thus, the relative influence of these factors might vary throughout different brain 
regions.
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