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Abstract

The neurobiology of sexual preference is often discussed in terms of cerebral sex dimor-
phism. Yet, our knowledge about possible cerebral differences between homosexual men
(HoM), heterosexual men (HeM) and heterosexual women (HeW) are extremely limited. In
the present MRI study, we addressed this issue investigating measures of cerebral anatomy
and function, which were previously reported to show sex difference. Specifically, we asked
whether there were any signs of sex atypical cerebral dimorphism among HoM, if these
were widely distributed (providing substrate for more general ‘female’ behavioral character-
istics among HoM), or restricted to networks involved in self-referential sexual arousal. Cor-
tical thickness (Cth), surface area (SA), subcortical structural volumes, and resting state
functional connectivity were compared between 30 (HoM), 35 (HeM) and 38 (HeW). HoM
displayed a significantly thicker anterior cingulate cortex (ACC), precuneus, and the left
occipito-temporal cortex compared to both control groups. These differences seemed coor-
dinated, since HoM also displayed stronger cortico-cortical covariations between these
regions. Furthermore, functional connections within the default mode network, which medi-
ates self- referential processing, and includes the ACC and precuneus were significantly
weaker in HoM than HeM and HeW, whereas their functional connectivity between the thala-
mus and hypothalamus (important nodes for sexual behavior) was stronger. In addition to
these singular features, HoM displayed ‘female’ characteristics, with a similar Cth in the left
superior parietal and cuneus cortices as HeW, but different from HeM. These data suggest
both singular and sex atypical features and motivate further investigations of cerebral mid-
line structures in relation to male homosexuality.

Introduction

One of the more controversial questions in the neurobiology of human behavior relates to the
mechanisms of sexual orientation. Sexual orientation refers to sexual attraction toward persons
of the opposite sex or the same sex. Just like other behaviors, sexual orientation can be viewed
as interplay between specific cerebral processes. These processes encompass at least three
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levels: (1) perception (feeling of attraction triggered by sensory perception), (2) self-identity
(feeling that attraction is related to ‘self’), and (3) conscious action towards the desired sex.
Most of the hitherto performed studies related to sexual orientation focused on the first level,
using various brain imaging methods, and investigating cerebral activation during sexual
arousal, elicited by passive viewing of film clips. A majority of these brain imaging studies of
cue-induced sexual arousal seem to agree that the cerebral response is invariant to the pre-
ferred sex [1-3] and is primarily related to whether the stimulus is from the desired or non-
desired sex, although there are also some exceptions [3-6]. In a series of studies of subjects
smelling putative pheromones, we also noticed that activation of the anterior hypothalamus in
HoM was reciprocal to that of HeM and similar to the activation pattern of HeW [7,8]. Fur-
thermore, recently, Zhou et al. found that smelling a putative male pheromone enhanced the
visual perception of male figures in HoM and HeW, but not in HeM, indicating that hypotha-
lamic activation by the male putative pheromone in HoM and HeW had downstream effects
on visual perception with a potential impact on selection of sexual partner [9-11].

While intriguing, these studies only imaged perceptional processes, and could, merely
reflect learned behavior. However, by indicating a link to structures located along the antero-
posterior axis of the brain, several of which have been reported as sexually dimorphic (the thal-
amus, hypothalamus, amygdala), these studies raised important new questions. One is whether
MRI methodology could be used to investigate whether there are any structural brain differ-
ences between homo and heterosexual persons. Another important issue, which has not been
emphasized in earlier studies, is whether such differences, if existing, reflect a generally ‘sex-
atypical’ sexual dimorphism, or, if they are restricted to areas processing sexual cues and
arousal, and, thus, confined to the networks mediating sexual behavior. These regions vary in
different studies, but do, according to a recent meta analysis primarily include the thalamus,
hypothalamus, the pregenual anterior cingulate cortex (pACC), and the perirhinal cortex [12].

Several early post mortem studies suggest structural/histological differences between homo-
sexual men (HoM) and heterosexual men (HeM) along the cerebral midline. Zhou et al.,
reported that the size of vasopressin neurons was smaller in the suprachiasmatic nucleus of the
hypothalamus in HoM compared to HeM LeVay found that the size of the third interstitial
nucleus of the anterior hypothalamus was smaller in HoM than HeM, a finding that was later
criticized [13], and Allen and Gorski observed a larger cross-sectional area of the anterior
commissure [14] among HoM.

Subsequent in vivo brain imaging studies found that the isthmus of the corpus callosum
was larger in HoM than HeM [15], and that HoM and heterosexual women (HoW) had a sex-
reversed pattern of hemispheric volume asymmetry [8]. More recently, Hu et al. reported
increased homogeneity in resting state brain activity (suggested to reflect local functional con-
nections) in mid frontal lobe and decreased homogeneity in the middle and inferior occipital
lobe [1].

While congruently suggesting a less pronounced or atypical sexual differentiation of cere-
bral midline structures, most of these studies investigated a single structure, or used a single
metric, and none really addressed the question as to whether the detected differences between
homo- and hetero-sexual persons reflected a widespread atypical cerebral sex dimorphism,
including several different facets of brain structure, among HeM or restrictive changes around
the cerebral midline. Furthermore, to the best of our knowledge, none of these studies com-
bined structural and functional measures to investigate possible coordinated changes involved
in encoding sexual preference which would suggest that related neuroanatomical variations
are not merely epiphenomena. Several previous reports also relayed on mere comparisons
between homo-and heterosexual men, limiting the discussions about sex dimorphism.
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In the present study, which is part of a larger effort to elucidate the possible neurobiology of
sexual orientation and gender identity, structural and resting state functional MRI have been
utilized in tandem to investigate possible cerebral correlates to male homosexuality. We specif-
ically asked ourselves whether the brains of homo and heterosexual men were anatomically
different, and how these differences were related to the differences in corresponding measures
between HeM and HeW. At variance from our previous investigations [16] data analysis
included both cortical thickness (Cth) and surface area (SA), as each of these metrices have
been reported to differ between males and females [17-23]. Cth and SA also seem to have dif-
ferent genetic coding [24,25], and, could, thus, be modified independently. Cerebral dimor-
phism with respect to Cth and SA is supposed to be widespread [18]-therefore we used the
entire brain as search space. To further investigate how male sexual orientation was related to
cerebral sex dimorphism we also measured volumes of subcortical structures described to dif-
fer between men and women-the amygdala, hippocampus, caudate, putamen, and thalamus
[17,19,26-29]. The accumbens, which is also of interest in the context of sexual behavior, was
not selected as this is a small region difficult to accurately outline on MR images. In addition,
assuming that the direction of sexual attraction is inherently related to perception of self, and,
thus, should engage the self-referential neuronal networks [30,31], we investigated functional
connections within the so-called default mode network (DMN). This network is active during
rest and mind wandering, and consists of the pregenual cingulate cortex (pACC), the posterior
cingulate and precuneus cortex, the right and left inferior, lateral parietal cortex [32-35]. The
DMN was of special interest to investigate also because it covers the majority of structures/
regions inferred in sexual arousal and behavior (except for the amygdala, hypothalamus and
thalamus), allowing us to explore whether possible changes in structures mediating sexual
behavior were corresponded by changes in functional connections between these structures.
We also evaluated possible group differences in resting state functional connections from the
hypothalamus, and thalamus. This was done through seed region analyses. These regions were
of particular interest as they are reportedly sexually dimorphic, and also involved in sexual
arousal.

This study design allowed us to examine:

If HoM differed from HeM analogously to HeW, thus suggesting a ‘female typical’ dimor-
phism, or, to the contrary?

If such differences were located exclusively within the midbrain networks (preferably those
mediating sexual behavior and self-referential processing), but not otherwise.

If HoM differed from both heterosexual control groups.

Material and methods
Subjects

Thirty homosexual men (age 31+5.5, education 15.8+2.6 years) were investigated together
with 35 heterosexual men (age 32.3+6.4, education 16.5+2.6 years) and 38 heterosexual
women (age 31.3+6.7, education 17.2£3.0 years). Subjects were recruited through friends and
their close circles and local campus advertisements. The authors assert that all procedures con-
tributing to this work comply with the ethical standards of the relevant national and institu-
tional committees on human experimentation and with the Helsinki Declaration of 1975, as
revised in 2008. All participants were right handed [36], healthy, and HIV negative. HeM and
HeW scored 0-1 and HoM scored 5-6 on the Kinsey heterosexual/homosexual scale (0 = maxi-
mally heterosexual, 6 = maximally homosexual) [10,37]. In addition to scoring themselves on
the Kinsey scale, the subjects also participated in interviews addressing three dimensions of
their sexual orientation (fantasy, romantic attraction, and sexual behavior), divided into
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consecutive 5-year historical time periods, from age 16 to the present [10]. All decisions about
the sexual orientation of subjects were made without knowledge of the MR data. All the partic-
ipants had stable sexual orientation, which they were aware of before puberty.

Subjects were excluded if they had a previous history of psychosis, personality disorder, sex-
ual dysfunction, gender dysphoria, hypogonadism, HIV infection, paraphilia, or sexual
offences, major or bipolar depression, alcohol or substance abuse, chronic psychosocial stress,
major life traumas, chronic fatigue, chronic pain, or systemic disease. These exclusion factors
were tested for each subject using standard questionnaires described in one of our previous
publications [38]. Further exclusion criteria were head trauma and neurological disease. The
medical history was taken by a practicing physician (IS). No daily medication was allowed, and
none of the participants had previous or ongoing sex hormone medication, except for oral
contraceptives in HeW. Possible group differences in psychosocial stress were tested with
MBI-GS scores; In addition we compared the groups with regard to anxiety and depression
scores using Mongomery-Asberg questionnaires as described previously [39].

The study was approved by the Ethics Committee at Karolinska Institutet, and written
informed consent was received from each participant.

MRI acquisition

Magnetic resonance imaging data was acquired on a 3-Tesla MRI medical scanner (Discovery
3T GE-MR750, General Electric, Milwaukee, Wisconsin) equipped with a 32-channel and
8-channel phased array receiving coil. The 32-channel coil was used for all the sequences; The
8-channel coil was used, in addition, for acquisition of the 3D T1 images (see further) as we
found signal inhomogeniety at the frontal and occipital poles when employing the 32-channel
coil, not present when using the 8-channel col. The 32-channel coil was preferable for acquisi-
tion of the fMRI data. ALL the subjects were investigated with identical protocols. 3D
T1-weighted spoiled gradient (SPGR) images were acquired with 1 mm3 isotropic voxel size
(TE = 3.1ms, TR = 7.9ms, TI = 450ms, FoV = 24cm, 176 axial slices, flip angle of 12 deg.). MR
sequences included resting state functional MRI, (closed eyes, 10 minutes) performed with a
gradient echo pulse sequence using a voxel size of 3x3 mm, (TE = 30ms, TR = 2500m:s,
FoV = 28.8cm, 44 interleaved axial slices, 3mm thickness, flip angle of 90 deg.). Finally, there
was a clinical sagital FLAIR: TE/TR = 117/8000, TI = 2255, ETL = 140, ARC acceler. R=2x2
(slice, phase), FoV: 27cm, 224x224, slice thickness, 1.2 mm.

The female controls were tested day 10-14 of the menstrual cycle (all had regular 4 weeks
cycles).

MRI analyses

Cortical thickness, surface area, and subcortical structural volumes. The MR volumes
were processed using FreeSurfer software version 5.3 as described in our previous studies
[19,40]. Both SA and Cth were calculated. Possible group differences were evaluated for each
vertex using a 10 mm filter, and age as the nuisance variable (Monte Carlo correction, 5000
permutations, p<0.05) in qdec statistics, Qdec = query design estimate contrast is a software
package used to conduct a group analysis of morphometric data with Graphical User Interface
(GUI), and is powered by a general linear model-fitter. Because there are age-related changes
in Cth, and in some regions there seems to be an age by sex interaction on Cth (the age-cth
correlation slope may, thus, be different in males and females), [41], we used the QDEC option
of different slope and different intercept. This option takes into consideration the age by gen-
der interaction on Cth and calculates the intercept (= group difference in Cth) at the mean age
for both groups.
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For further information about the MRI protocol and data analysis, please see [42,43], our
previous publications [19,40], and the S1 Supplemental Information.

FreeSurfer pipeline was also used for subcortical segmentations. The subcortical structures
of interest were the amygdala, hippocampus, caudate, putamen, and thalamus, because they
have in previous studies shown sex differences (see introduction). In addition, we assessed
total intracranial volume (ICV). When required, the segmented brain structural masks were
modified manually by a rater who was not informed of the identities of the subjects. Data from
10 controls and 5 HoM needed manual corrections. These regarded over estimation of the hip-
pocampus volume at the expense of amygdala (the linea alba border) and the lateral outline of
putamen-separation from the claustrum. The same person analyzed all the subcortical
volumes.

Ratios between the respective VOIs and the total intracranial volume (TIV), retrieved from
the FreeSurfer program, were entered into the statistical analyses. After ensuring that the data
were normally distributed, group comparisons of relative structural volumes (VOI/TIV) were
performed with one- way ANOVAs using the individual relative values for each type of struc-
ture as input values (p < .005, with Bonferroni correction for the ten repeated tests, one for
each region). Possible differences between specific groups were tested with Scheffe’s post hoc
test (p < .05). The analyses were carried out with PASW Statistics 21 (SPSS Inc., Chicago, IL).

Conjunction analysis, cortical thickness and surface area. To investigate whether there
were common differences between two groups in relation to the third, conjunctional analyses
were carried out as described previously [19,40]; see also [44]. Conjunctional analysis was car-
ried out if the initial analysis o Cth and SA showed differences between HoM and controls, as
we were specifically interested in investigating whether HoM had Cth and SA patterns that
were more similar to that of HeM than HeW (p<0.05 corrected, after Monte Carlo
simulation).

Resting state fMRI. Spatial preprocessing of the functional images was performed using
SPM8 (Welcome Department of Cognitive Neurology) according to the standardized proce-
dure and by incorporating fieldmap correction. The functional images were slice-time cor-
rected, realigned, and registered to structural T1 SPGR images (acquired with the 32 channel
coil) for each participant. After segmenting the individual T1 SPGR images into gray matter,
white matter, and cerebrospinal fluid, the gray matter images were used to determine the nor-
malization parameters for the standard MNI gray matter template. At this point, the spatial
parameters were applied to the slice-timed and realigned functional volumes that were resam-
pled to 2.0 x 2.0 x 2.0 mm voxels and smoothed with a 6-mm FWHM kernel. Each voxel’s time
series was corrected for noise using the SPM standard 128-s high-pass filter combined with
AR auto correlation correction modeling. In addition, we employed voxel wise multidimen-
sional regression analysis in a standardized manner to remove artifacts resulting from motion
and changes in ventricle and white matter signals [45], by adding 18 movement regressors; 6
parameters obtained from rigid-body head motion correction (SPM 8 statistical package), and
their squares and cubes.

Movement correction was conducted also through the use of ICA-AROMA, which auto-
matically identifies and subsequently removes data-driven derived components that represent
motion-related artifacts [46]. Head movement > 1 mm was reason for exclusion of further
analyses (not needed in these study groups).

ROI analysis was carried out using the SPM 8 package as described in our previous studies
[18,47]. The seed regions of interest were placed in the thalamus, and the anterior hypothala-
mus. The rationale for choice of these specific seed regions was that they have been linked to
sexual orientation in previous experimental studies (see introduction). Due to signal loss in
the fMRI scans in the mesial amygdala we did not add amygdala seed, although this structure
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was of interest. The right and left thalamus seed was circular with a 5 mm radius, centered at
10-22-2, and -10-22-2. It covered primarily the pulvinar, because it is an ‘associative’ tha-
lamic nucleus, meaning that most of its input and output relationships are formed with the
cerebral cortex, and the centromedial thalamic nucleus because of the previously described dif-
ferences between HoM and HeM during sexually arousing visual activation [5]. The hypothal-
amus ROI was a circular 6 mm region, centered at (5 0-7), covering the anterior portion
including the preoptic nucleus, region showing a different pattern of putative pheromone acti-
vation in our previous studies [7]. The ROI placement was guided by WFU-pick atlas (http://
fmri.wfubmc.edu/software/Pick Atlas).

For all participants, the average fMRI time course within each seed region was used as the
regressor of interest. Individual time series in each seed region was extracted using MarsBar
toolbox (http://marsbar.sourceforge.net). The seed region time course for each participant was
then regressed voxel-wise against the participant’s fMRI time course using the entire brain as
the search space. This approach reveals the strength of functional connectivity with respect to
the seed region. Group comparisons were carried out using SPM8, and results are reported at
a cluster-level threshold of pPFWE < .05.

Independent component analysis. After an initial preprocessing with SPM8 (Welcome
Department of Cognitive Neurology), the data were analyzed in FSL v5.0 (FMRIB Software
Library, Oxford, http://fsl.tmrib.ox.ac.uk/), using a high-pass filter at 100s before running indi-
vidual independent component analyses (ICA) [48] as implemented in MELODIC (Multivari-
ate Exploratory Linear Decomposition into Independent Components, Version 3.14), with
automatic determination of dimensionality. The resulting component maps were then manu-
ally classified into components of interest and nuisance components in accordance with the
criteria proposed [49-51]. The nuisance components were subsequently regressed out of the
original data set using fsl_regfilt.

Group concat-ICA was performed on the entire cleaned dataset, resulting in 22 compo-
nents. These components were used to run dual-regression analysis and the resulting GLM
parameter estimate images were fed into the 'randomise’ nonparametric permutation infer-
ence in order to test hypotheses about differences between groups in regard to connectivity
within networks. In this particular study, we were only interested in the DMN (see introduc-
tion for the rationale), which represented one of the 22 independent components. The remain-
ing components represented other cerebral networks [51], and were not used for the further
analysis in the present report. The statistical comparisons included age and mean DVARS
(Root Mean Square intensity difference of volume N to volume N+1) as nuisance covariates, as
described in one of our previous studies [52]. The significance threshold was set at p < .05,
FWE corrected at cluster level, and possible differences were tested between HeM, HeW, and
HoM within the DMN.

Results
Demographical data

As expected, the groups differed with respect to the Kinsey scale (p < .0001), but not in age or
education (Table 1).

Cortical thickness

We first compared the three groups with respect to Cth and SA. Congruent with previous
reports, the parietal lobe cortex (including the postcentral gyrus and the right and left superior
parietal lobe), and sensory-motor cortex were thicker in HeW than HeM, whereas the left
superior/middle temporal gyrus and the left lateral occipital cortex were thinner (Fig 1,
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Table 1. Demographic data.

Unit
Education year
Education year
Right D2:D4 ratio
Left D2:D4 ratio

Kinsey scale

? Difference between HeM and HeW, p = .002
® Comparison between HeM and HoM, p = .070

HeM (N = 35) HeW (N = 38) HoM (N = 30) F(df)-value P-value
Mean Sd mean Sd Mean Sd

323 6.3 31.3 6.2 314 6.1 0.233(2,100); .793
16.5 2.7 17.2 3.2 15.7 2.7 1.974(2,100); 144
0.97 0.02 1.01 0.02 0.98 0.02 3.678 (2,100); .038*P
0.98 0.03 0.99 0.03 0.98 0.03 1.958(2,100); 147
0.47 0.83 0.63 0.94 5.70 0.48 418.2 (2,100); .000°

€ Comparison between HeM and HoM, and HeW and HoM p < .001

F-values from group comparisons (one way ANOVA). Possible differences in digit ratios between the separate groups were calculated with Scheffe’s post hoc test (p <

.05).

https://doi.org/10.1371/journal.pone.0203189.t001

Table 2). The left superior/middle temporal gyrus in HeW were thinner also compared to
HoM, whereas portions of the sensory motor cortex were thicker in HeW than HoM, with no
differences between HoM and HeM. However, there was also a deviation from this ‘sex typical
pattern’. First of all, HoM differed from both control groups by having thicker cortex in the
right ACC, the superior frontal gyrus and the precuneus (the latter differed only subsignifi-
cantly in comparison with HeM), as well as in the left occipito-temporal cortex (covering the
extrastriatal body area) (Fig 1, Table 2). Conjunctional analysis [showing shared clusters from
the contrast (HoM-HeW) and (HoM-HeM), p < .05 corrected for multiple comparisons after
Monte Carlo permutation] confirmed that HoM differed from both control groups by having

Group difference, cortical thickness

Fig 1. Group comparisons for Cth. The contrasts were calculated at p < .05, corrected for multiple comparisons
(Monte Carlo permutation), using age as the covariate of no interest. The projection of cerebral hemispheres (MR
images of the FreeSurfer atlas) is standardized. Scale is logarithmic and shows-log10(P), with cool colors indicating
negative contrast, warm colors positive contrast. The two smaller images at the bottom illustrate Cth in HeM-HoM
(left) and HeW-HoM (right) calculated without Monte Carlo correction; they were added to illustrate the HoM
differed from both control groups in a similar manner.

https://doi.org/10.1371/journal.pone.0203189.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0203189  October 2, 2018 7/19


https://doi.org/10.1371/journal.pone.0203189.t001
https://doi.org/10.1371/journal.pone.0203189.g001
https://doi.org/10.1371/journal.pone.0203189

@° PLOS | ONE

MRI and sexual orientation

Table 2. Clusters showing significant group difference in cortical thickness.

Cluster
Maximum
vertex-wise
-log10(p)
R superior + inferior 4.4
parietal + postcentral
gyrus
L superior + middle -4.2
temporal gyrus
L precuneus 2.5

+ superior parietal
cortex

L lateral occipital
cortex

R superior and
rostral frontal cortex

R cuneus,
pericalcarine cortex

HeW-HeM (positive -log10(p) values)
HeM-HeW (negative -log10(p) values)

Cluster

14.1

14.3

10.0

HeW-HoM (positive -log10 (p) values)
HoM-HeW (negative -log10(p) values)

HeM-HoM (positive -log10 (p) values)
HoM-HeM (negative -log10(p) values)

Talairach Maximum Cluster Talairach Maximum Cluster Talairach
size, cm”A2 | Coordinates vertex-wise size, cm/2 | Coordinates vertex-wise size, cm"2 | Coordinates
-log10(p) -log10(p)
18-46 57 2.5 11.0 5250
-58-25-7% -4.5 34.9 -48-25-7° -3.8 25.3 -55-58 5+
-8-68 50 -34 14.7 -7-59 18
-2.6 10.4 -24-63 28
-2.6 13.7 -12-67-18 -2.6 11.8 -48-64 1
-4.8 60.4 14 39 16° -3.8 14.9 153317
3.3 222 26-87-8 12.6 4-7110

Statistical threshold is p < .05, corrected for multiple comparisons (according to Monte Carlo permutations). Demeaned age was used as a nuisance covariate. The filter

was 10 mm. The Talairach’s coordinates indicate location of maximum difference, the ‘Region’ column describes the coverage of the respective cluster. Italics indicate

clusters calculated at p < .05 uncorrected.

R = right; L = left

 covers the L temporo-occipital cortex

® covers also the lateral occipital lobe

€ covers also the precuneus

https://doi.org/10.1371/journal.pone.0203189.t002

thicker cortex in the right ACC-midfrontal cortex and right precuneus (Fig 2), but showed no
significant cluster in the occipito-temporal cortex. No other conjunctional clusters were
detected. A further finding was that HoM differed from HeM, but not HeW, (thus, showing a
‘female’ pattern), in that their left superior parietal cortex was significantly thicker, and their
right cuneus was significantly thinner than in HeM, (Fig 1, Table 2).

Post hoc analyses: Cortico-cortical covariations in Cortical thickness. Several recent
studies have found that cerebral functional networks have an intrinsically cohesive modular

Cth, Conjunctional clusters, Controls -HoM

000

Fig 2. Cortical thickness, conjunctional clusters HoM- Controls. Sagital view of the standard brain MRI (atlas
retrieved from the FreeSurfer program’s pipeline), showing regions in which HoM differed from both control groups
with respect to Cth. Scale is logarithmic and shows-log10(P), with cool colors indicating negative contrast (thicker
cortex in HoM than both control groups), warm colors positive contrast (thicker cortex in control groups).

https://doi.org/10.1371/journal.pone.0203189.g002
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structure where the modules are composed of functionally as well as anatomically related
brain regions, and these networks can be identified by maps of covariance [53]. To investigate
whether the observed differences between HoM and the controls were interrelated, post hoc
cortico-cortical covariation analyses were performed using the two significant clusters detected
in conjunctional analyses (right midfrontal-cingulate cluster and right precuneus cluster, Fig
2) as seed regions (p < .05 after Monte Carlo correction for multiple comparisons), as previ-
ously described [40]. In short, the mean Cth from each region of interest (ROI) was first
extracted in each subject. Next, the data from each seed ROI was used as covariate of interest
to test possible group difference in the covariation pattern between the respective seed region
and the rest of the brain. Possible differences in covariation patterns were tested between HoM
and HeM, HoM and HeW, and between HeW and HeM (qdec statistics within the FreeSurfer
software, p < .05 after Monte Carlo correction for repeated comparisons). HoM showed a sig-
nificantly stronger correlation compared to both HeM and HeW between the Cth in the pre-
cuneus seed and the anterior and mid cingulate, the occipital cortex, the inferior frontal and
insular cortex, S1 Fig, S1 Supplemental Information). No difference was detected between
HeM and HeW, and no group differences were found with respect to the covariation pattern
from the midfrontal-cingulate seed.

Post hoc analyses: Correlation between Kinsey scores and cortical thickness. To assess
whether the differences in Cth between homo and heterosexual men were specifically linked to
sexual orientation, we carried out post hoc analyses including all three study groups (HoM,
HeM, and HeW), and testing whether there was any significant correlation between Cth and
Kinsey scores. Using the qdec statistics, Kinsey scores were employed as the covariate of inter-
est, (age was a nuisance covariate) in relation to Cth in each vertex of the brain (p < .05 with
Monte Carlo correction for multiple comparisons). The analysis showed a significant positive
correlation between Kinsey scores and the Cth in the occipito-parietal and precuneus cortex
(S2 Fig, S1 Supplemental Information). In addition, there was a sub significant (p < .05 uncor-
rected) cluster indicating a positive correlation between Kinsey scores and Cth of the ACC. No
clusters indicating inverse correlations were detected.

Surface area

Interestingly, and in contrast to the findings on cortical thickness, SA was larger in HeW than
in both male groups over larger portions of the frontal, and temporal lobes and, to a lesser
extent, the parietal cortex (Table 3 and Fig 3). No significant difference was detected between
HoM and HeM with exception for a small cuneus-cluster showing greater SA in HeM com-
pared to HoM and HeW, without significant difference between the two latter groups.

In summary, HoM displayed both sexes reversed dimorphism (in the left parietal cortex
and right cuneus), and singular features (differing from both male and female controls with
respect to ACC/superior frontal and precuneus cortex). Both findings were detected around
the cerebral midline and only for Cth. To the contrary there was no difference between HoM
and HeM with regard to SA.

Subcortical volumes

The data from subcortical analyses are presented in Table 4. The total brain volume was signif-
icantly smaller in HeW compared to the two male populations, which did not differ from each
other. Significant group differences were detected in the caudate, hippocampus and thalamus,
but not in the amygdala and putamen, Table 4, one-way ANOVA). The relative thalamus vol-
umes (corrected or the total intracranial volume (thalamus/ICV ratio) in HoM were smaller
than in HeW.
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Table 3. Clusters showing significant group difference in surface area.

Cluster

L superior frontal
cortex +L pars
opercularis+

L rostral middle frontal

cortex

L lateral occipital
+ cuneus

R superior frontal

(middle frontal

+ precentral) cortex

R superior, middle

temporal cortex

R caudal middle frontal
+ Orbitofrontal cortex

HeW-HeM (positive -log10(p) values)
HeM-HeW (negative -log10(p) values)

Maximum Cluster Talairach
vertex-wise size, cm”A2 | Coordinates
-log10(p)
33 23.8 -1045 38
-2.5 124 -13-9221°
3.1 12.1 43-2 50
3.0 36.0 46 6-27

HeW-HoM (positive -log10 (p) values)
HoM-HeW (negative -log10(p) values)

Maximum Cluster Talairach
vertex-wise size, cm”2 | Coordinates
-log10(p)
7.67.6 40.440.4 | -18 60 6-18 60
6
4.2 18.7 381945
-6.5 33.0 57-7-7
-4.3 18.5 381945
-3.5 41.9 28 29-11

HeM-HoM (positive -log10 (p) values)
HoM-HeM (negative -log10(p) values)

Maximum Cluster Talairach
vertex-wise size, cm"2 | Coordinates
-log10(p)
24 21.7 -5-91-16

Statistical threshold is p < .05, corrected for multiple comparisons (according to Monte Carlo permutations). Demeaned age was used as a nuisance covariate. The filter

was 10 mm. The Talairach’s coordinates indicate location of maximum difference, the ‘Region’ column describes the coverage of the respective cluster. Italics indicate

clusters calculated at p < .05 uncorrected.

R = right; L = left

* Covers fusiform gyrus, part of the inferior temporal gyrus

https://doi.org/10.1371/journal.pone.0203189.t003

Group differences, Surface area

HeM -

Fig 3. Group comparisons for surface area. The contrasts were calculated at p < .05, corrected for multiple
comparisons (Monte Carlo permutation), using age as the covariate of no interest. The projection of cerebral
hemispheres (MR images of the FreeSurfer atlas) is standardized. Scale is logarithmic and shows-log10(P), with cool
colors indicating negative contrast, warm colors positive contrast. The two smaller images at the bottom illustrate Cth
in HeM-HoM (left) and HeW-HoM (right) calculated without Monte Carlo correction; they were added to illustrate
the HoM differed from both control groups in a similar manner.

https://doi.org/10.1371/journal.pone.0203189.g003
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Table 4. Structural volumes.

Structural Volumes (cm3)
L caudate

R caudate

L putamen

R putamen

L hippocampus
R hippocampus
L amygdala

R amygdala

L thalamus

R thalamus
TIV

4.2+0.5
4.2+0.5
5.3+0.5
5.2+0.5
4.2+0.5
4.2+0.6
2.0+0.2
2.1+0.3
7.1+£0.4
7.2+0.7

1625.5+123.0

HoM HeM

4.2+0.5
4.2+0.5
5.4+0.7
5.2+0.6
4.3+0.4
4.4+0.6
2.0+0.2
2.0+0.3
7.4+0.6
7.5+0.7
1638.4+129.3

HeW
3.9+0.4
4.0£0.4
4.8£0.6
4.740.6
3.9+0.4
4.1+0.3
1.7£0.2
1.8+£0.2
6.8+0.6
6.7+0.6
1426.5£117.7

P and F(df) values

031 F =6.2(2,100)
=.002 F = 6.8(2,100)
=400 F = 0.9(2,100)
= 401 F = 0.8(2,100)
=026 F = 3.8(2,100)
=.003 F = 6.0(2,100)
=400 F = 0.7(2,100)
480 F = 0.8 (2,100)
=.002 F = 6.4(2,100)
=.043 F = 3.2(2,100)
.0001 F = 37.95(2,100)

TIV = total intracranial volume; P-values for structural volumes were based on calculations of ratios between the respective structural volume and the TIV.

HeW had smaller TIV than both male groups; There was no difference between HeM and HoM in TIV. Right caudate volume/TIV was larger in HeW compared to

HeM, p =.001 and HoM, p = .020; The corresponding p-values for the left caudate/TIV were .003 and .018. The right hippocampus volume/TIV was larger in HeW than

HeM (p = .007), and HoM (p = .007). For the left hippocampus/TIV the corresponding p-values were .036 and p = .063. There was no significant difference between
HeM and HoM in the caudate/TTV or hippocampus/TIV. The left thalamus volume/TIV was smaller in HoM compared to HeW (p =.003) but not to HeM (p = .053).

The corresponding p-values for the right thalamus volume/TIV were .044 and .420. No significant difference was detected between the two control groups in the

thalamus volumes.

https://doi.org/10.1371/journal.pone.0203189.t004

Group difference
in the DMN

HeW>HoM
HeM=>=HoM

Fig 4. Group differences in the default mode network (DMN). The network (DMN) is depicted in yellow. Decreased
connectivity in HoM compared to HeW is shown in pink, decreased connectivity in HoM compared to HeM in blue.
Clusters calculated at p<0.05 FEW corrected. There were no significant differences among the controls. Cluster
coordinates (MNI) in the figure are X = 10, Y = -42, Z = 28.

https://doi.org/10.1371/journal.pone.0203189.g004
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The caudate volume and the hippocampus volumes were larger in HeW compared to both
HeM and HoM, with no difference between the two latter groups. Thus, with respect to struc-
tural volumes, there were no signs of a sex atypical or singular pattern in HoM, despite the
threshold of p < .05 without Bonferroni correction. As shown in Table 4, the main results of
the subcortical volume analysis showed a similar pattern when correcting for the 10 repeated
analyses (thus using p < .005); we regarded, however, such correction unnecessary given the
primary hypothesis about sex differences in all the regions selected for analyses, implying that
differences between HoM and HeM could be expected in these same regions.

Resting state functional connectivity

HoM differed from HeM as well as HeW with respect to DMN connectivity, with weaker con-
nections in a cluster covering the posterior cingulate, and precuneus, (MNI co-ordinates for
the maximum difference, 4-26 35, p < .05 FWE corrected, cluster size 4,2 cc for HeM>HoM
comparison and 1.1 cc for the HeW-HoM comparison, Fig 4. HoM also differed from both
control groups with respect to thalamus connectivity, and showed stronger connection from
the thalamus seed region to the ipsilateral dorsomedial thalamus and contralateral pulvinar
and also the anterior hypothalamus, (Table 5, Fig 4). No significant differences in thalamus
connectivity were detected between the HeM and HeW, and all three groups displayed a simi-
lar connectivity pattern from the hypothalamus seed, with significant clusters in the anterior
hypothalamus, both caudate nuclei, and the superior colliculus.

Discussion

In the present study we investigated whether there are any differences between HoM, HeW,
and HeM with respect to various measures of cerebral anatomy and functional connectivity,
reported to differ between men and women. A key question was whether such differences, if
present, were global, or restricted to cerebral nodes mediating self-referential sexual arousal.
The generated data confirmed previous findings of regional sex dimorphism among the het-
erosexual controls in Cth, SA, and in structural volumes of the hippocampus, and caudate.
Whilst HoM showed ‘male’ typical features in SA and structural volumes, the Cth reveled both
‘female’ (thicker left superior parietal cortex and thinner right cuneus cortex compared to
HoM) and singular characteristics (thicker ACC, frontopolar and precuneus cortex than in
both HeM and HeW). The singular features seemed coordinated, given the significantly stron-
ger cortico-cortical covariations between the precuneus seed ROI and the frontal cortex in
HoM compared to both control groups (S1 Fig). These presumably coordinated singular fea-
tures in HoM were associated with a similarly singular functional hypo-connectivity between
the precuneus and the rest of the DMN, combined with an intra-thalamic and thalamo-hypo-
thalamic hyper-connectivity.

Considering that the three groups differed only with respect to their gender and sexual ori-
entation, it is plausible to consider that the potential neurobiological substrates of male homo-
sexuality may be located primarily in regions around the cerebral midline. The data are of
interest, because these particular regions (hypothalamus, thalamus) are known to process sex-
ual arousal [12,54,55] and the self-other distinction (the preunneus, and ACC), [30,56]. The
present findings argue against a ‘general cerebral feminization’ in HoM. The observed differ-
ence in Cth and functional connectivity in the precuneus, which was detected in relation to
both female and male controls, deserves special comment, as it arguably might be of relevance
for sexual behavior. Precuneus is a multi-associative node with strong reciprocal cortical con-
nections to the cuneus, and to the occipito-temporo parietal junction—regions processing body
cues. In addition, precuneus is connected to the ACC- a region believed to processes
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Table 5. Group differences in resting state functional connectivity from the selected seed regions.

Seed ROI Significant connection to: HeM-HoM HeW-HoM HeW-HeM
Peak level | Size Co- Peak level | Size Co- Peak level | Size Co-
Z cm/3 ordinate |Z cm/3 ordinate |Z cm/3 ordinate
Left thalamus | Left medio dorsal thalamic nucleus -5.2 3.2 -14-200 |-4.7 1.0 -10-202 NS
+anterior hypothalamus 8-102
Right Right medio dorsal thalamic nucleus -4.3 6.5 12-20 4 -6.6 2.0 10-224 NS
thalamus +left pulvinar -10-122 -4.1 0.5 -20-304
+ anterior hypothalamus
Hypothalamus NS NS NS NS
HeM HeW HoM
The anterior hypothalamus inf 27.0 8-4-4 inf 32.0 8-4-4 inf 25.0 8-4-4

Clusters were detected at p < .05 FWE corrected at cluster level. Negative Z-values indicate significant differences when running the respective contrast in opposite

direction. The thalamus clusters showing significant difference between HoM and HeW and HeM were located in the dorsomedial, dorso lateral thalamus and covered

also the pulvinar.

https://doi.org/10.1371/journal.pone.0203189.t005

perception of self [31] and to subcortical structures mediating sexual arousal (the pulvinar,
dorsomedial thalamus, and hypothalamus), [12,54,55,57]. Precuneus may, thus, represent a
pivotal hub for the processing of choice selective sexual behavior. Whether the coding of same
sex attraction vs. opposite sex un- attraction guiding this behavior occurs at the level of precu-
neus, or at several parts of the aforementioned networks is not evident from the present data.
Neither do we know the cause to the detected difference between HoM and controls.

Cth reflects neuronal size, number, dendritic connections in cortical column [58] and can
serve as a proxy marker of the integrity of the cerebral cortex. In male controls, the thickness
of the parietal and superior frontal lobe cortex is reported to be smaller than in female con-
trols), and inversely correlated to testosterone levels [19,59-61]. In contrast, the left superior
temporal and occipital cortices are, according to several studies, thicker than in female con-
trols, and positively correlated to testosterone levels [21]. It is, therefore, possible that the
thicker parietal and frontal lobe cortex, as well as the thinner cuneus cortex in HoM could
reflect regional hypoandrogenization. Given the normal testosterone levels in our HoM (S1
Supplemental Information, S1 Table), such a tentative hypoandrogenization might mirror a
weaker androgen receptor expression or function [62]. Again, the available data do not allow
further speculations about possible hormone effects. Cth may undergo dynamic changes, and
is reported to increase, as well as decrease with training and learning of a certain task [63].
Learning effects are, however, expected to be associated with an increased, rather than
decreased functional connectivity, and are, thus, unlikely to be a major factor behind the pres-
ent observations. One could speculate that a combined thickening of the parietal cortex, precu-
neus and ACC could be associated with a variant coding of sexually arousing body cues in
relation to self, and perhaps also with a weakened connectivity between the precuneus and the
other nodes of the DMN—the ACC and the parietal cortex. Theoretically, it is possible that
impaired inhibitory inputs from the precuneus to the pulvinar could have led to a more pro-
nounced connection between the pulvinar, the dorsal medial thalamus, and the anterior hypo-
thalamus, that was observed in our HoM.

Methodological considerations

The present findings relate only to male homosexuality and cannot be extrapolated to female
homosexuality, which requires separate studies. Standard methods were utilized in this study,
as described in several of our previous studies [40,47] and the sample size should be considered
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sufficient to allow conclusions about group differences [64]. In an earlier study from our
group, thinning of the cuneus was observed as well as a reduction in thalamus volume in HoM
[16]. This study relied on seed region analyses, which provided average thickness values from
relatively large cortical regions and, while being largely congruent with the present findings,
the data were generated from considerably smaller populations, and are, therefore, not fully
comparable. The present study is also regarded as more complete, as it encompassed both
structural and functional connectivity analysis. The reason to include functional connectivity
analysis was to investigate whether possible structural differences between HoM and controls
had any correlates in functional resting state connections in the networks connecting these
regions. Such a scenario would strengthen the hypothesis about an involvement of midline
networks in the biology of sexual orientation. To address this issue, it is preferable to investi-
gate the entire networks inter connecting the structures showing possible difference between
HoM and controls, rather than delineating separate seed regions corresponding to each ana-
tomical structure showing group difference in structural volumes. In this respect it is of inter-
est that the cortico-cortical covariation analysis showed clusters differing HoM and controls in
areas well corresponding to those showing a less pronounced functional connectivity.

The DMN cluster included a portion of cerebellar vermis (Fig 4). Part of the vermis, is usu-
ally not included in DMN, although is was included in the DMN in some studies [65]. Consid-
ering that the clusters showing significant group differences in the present study were strictly
incorporated in the classical DMN regions (pCC and precuneus), not in the cerebellum, why
choose accept the the DMN component without a further elaboration, (detected at a pFWE
corrected < 0.05).

Although the amygdala has been cited as a structure involved in sexual arousal we chose
not to use it as a seed region in the Rs-fMRI analysis. The rationale was the increased suscepti-
bility artifact found at 3 Tesla in this specific region, especially its medial portion, which lim-
ited the reliability of this measure.

Considering the potential impact of the results, it is essential to discuss alternative explana-
tions. One is the possibility of bias regarding the control populations, since some differences
were detected in relation to both HeM and HeW. Arguing against such a bias is that a subsam-
ple of this control sample has also been used in relation to other study groups applying an
identical methodology [e.g., occupational stress, [40]], producing entirely different results.
Another issue worth a comment is that some HeW were using oral contraceptives. However, if
anything, this would increase the variance, and lead to a thicker rather than thinner frontal
cortex in female controls [66] compared to HoM, which was not the case. In addition, the pres-
ent differences were detected in relation to both male and female heterosexual controls.

We detected normal testosterone levels, and also estrogen levels among HoM. We did not
measure plasma sex hormone levels in controls. However, the majority of controls participated
also in another study for which we collected testosterone and estrogen levels using saliva tests
(Salimetrics, Penn State, USA). The levels were within the normal range for each control but
are not presented as the method was different.

Increased Cth along the ACC and mesial prefrontal cortex has been detected in some popu-
lations with functional autism spectrum disorders [67]. None of our homo or heterosexual
subjects had such diagnoses, and there were no differences between HoM and HeM with
respect to Social Responsiveness Scores, which had been obtained for another study (S1 Sup-
plemental Information). We did not collect data on sexual activity, and it is theoretically possi-
ble that the groups differed in this regard. There is, however, to the best of our knowledge, no
support in the literature for sexual activity inducing structural changes along the cerebral mid-
line. While this is the first multimodal MRI study to suggest a link between cerebral networks
and male homosexuality, the present results do not distinguish environmental, genetic, and
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hormonal effects, [the HoM group had normal testosterone levels, as well as estrogen levels (S1
Supplemental Information, S1 Table)]. This important issue would be interesting to address in
specially designed longitudinal studies.

Conclusion

The present observations suggest that neuronal networks involved in sexual arousal and self-
referential processes (located along the cerebral midline) may be linked to male homosexuality.
To what extent the detected differences from controls mirror inherent or acquired processes
requires further investigation to elucidate.

Supporting information

S1 Fig. Group differences in cortico-cortical covariations of Cth from the precuneus ROL
The scale is is logarithmic and shows log10(P); Warm colors indicate positive contrast and
thus greater covariation in HoM than controls (HeM and HeW). Clusters calculated at p < .05
after Monte Carlo correction are superimposed on a standard MRI brain

(TIF)

S2 Fig. Correlation between Kinsey scores and cortical thickness. Sagittal view of the stan-
dard brain MRI (atlas retrieved from the FreeSurfer program’s pipeline), showing regions in
which Kinsey scores were significantly correlated with Cth. Scale is logarithmic and shows—
log10(P), with warm colors positive correlations (thicker cortex, higher Kinsey score), cool col-
ors indicating negative correlation.

(TIF)

S1 Supplemental Information.
(DOCX)

S1 Table. Scores in a test of social functions.
(DOCX)

S2 Table. Hormone levels in HoM (n = 30).
(DOCX)

Author Contributions
Conceptualization: Ivanka Savic.

Data curation: Amirhossein Manzouri.
Formal analysis: Amirhossein Manzouri.
Funding acquisition: Ivanka Savic.
Investigation: Ivanka Savic.
Methodology: Amirhossein Manzouri.
Project administration: Ivanka Savic.
Software: Amirhossein Manzouri.
Supervision: Ivanka Savic.

Validation: Ivanka Savic.

Writing - original draft: Ivanka Savic.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203189  October 2, 2018 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203189.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203189.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203189.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203189.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203189.s005
https://doi.org/10.1371/journal.pone.0203189

@° PLOS | ONE

MRI and sexual orientation

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Hu S, Xu D, Peterson B, Wang Q, He X, Hu J, et al. Association of Cerebral Networks in Resting State
with Sexual Preference of Homosexual Men: A Study of Regional Homogeneity and Functional Connec-
tivity. PLoS One. 2013; https://doi.org/10.1371/journal.pone.0059426 PMID: 23555670

Hu SH, Wei N, Wang QD, Yan LQ, Wei EQ, Zhang MM, et al. Patterns of brain activation during visually
evoked sexual arousal differ between homosexual and heterosexual men. Am J Neuroradiol. 2008;
https://doi.org/10.3174/ajnr.A1260 PMID: 18768725

Safron A, Barch B, Bailey JM, Gitelman DR, Parrish TB, Reber PJ. Neural Correlates of Sexual Arousal
in Homosexual and Heterosexual Men. Behav Neurosci. 2007; https://doi.org/10.1037/0735-7044.121.
2.237 PMID: 17469913

Paul T, Schiffer B, Zwarg T, Kriiger THC, Karama S, Schedlowski M, et al. Brain response to visual sex-
ual stimuli in heterosexual and homosexual males. Hum Brain Mapp. 2008; https://doi.org/10.1002/
hbm.20435 PMID: 17636559

Ponseti J, Bosinski HA, Wolff S, Peller M, Jansen O, Mehdorn HM, et al. A functional endophenotype
for sexual orientation in humans. Neuroimage. 2006; https://doi.org/10.1016/j.neuroimage.2006.08.002
PMID: 16979350

Sylva D, Safron A, Rosenthal AM, Reber PJ, Parrish TB, Bailey JM. Neural correlates of sexual arousal
in heterosexual and homosexual women and men. Horm Behav. 2013; https://doi.org/10.1016/j.yhbeh.
2013.08.003 PMID: 23958585

Savic |, Berglund H, Lindstrom P. Brain response to putative pheromones in homosexual men. Proc
Natl Acad Sci. 2005; https://doi.org/10.1073/pnas.0407998102 PMID: 15883379

Savic |, Lindstrom P. PET and MRI show differences in cerebral asymmetry and functional connectivity
between homo- and heterosexual subjects. Proc Natl Acad Sci. 2008; https://doi.org/10.1073/pnas.
0801566105 PMID: 18559854

Berglund H, Lindstrém P, Dhejne-Helmy C, Savic |. Male-to-female transsexuals show sex-atypical
hypothalamus activation when smelling odorous steroids. Cereb Cortex. 2008; https://doi.org/10.1093/
cercor/bhm216 PMID: 18056697

Berglund H, Lindstrom P, Savic |. Brain response to putative pheromones in lesbian women. Proc Natl
Acad Sci. 2006; https://doi.org/10.1073/pnas.0600331103 PMID: 16705035

Zhou W, Yang X, Chen K, Cai P, He S, Jiang Y. Chemosensory communication of gender through two
human steroids in a sexually dimorphic manner. Curr Biol. 2014; https://doi.org/10.1016/j.cub.2014.03.
035 PMID: 24794295

Poeppl TB, Langguth B, Rupprecht R, Safron A, Bzdok D, Laird AR, et al. The neural basis of sex differ-
ences in sexual behavior: A quantitative meta-analysis. Frontiers in Neuroendocrinology. 2016. https:/
doi.org/10.1016/j.yfrne.2016.10.001 PMID: 27742561

LeVay S. A difference in hypothalamic structure between heterosexual and homosexual men. Science
(80-). 1991; https://doi.org/10.1126/science.1887219

Allen LS, Gorski RA. Sexual dimorphism of the anterior commissure and massa intermedia of the
human brain. J Comp Neurol. 1991; https://doi.org/10.1002/cne.903120108 PMID: 1744245

Witelson SF, Kigar DL, Scamvougeras A, Kideckel DM, Buck B, Stanchev PL, et al. Corpus callosum
anatomy in right-handed homosexual and heterosexual men. Arch Sex Behav. 2008; https://doi.org/10.
1007/s10508-007-9276-y PMID: 17975723

Abé C, Johansson E, Allzén E, Savic |. Sexual orientation related differences in cortical thickness in
male individuals. PLoS One. 2014; https://doi.org/10.1371/journal.pone.0114721 PMID: 25479554

Luders E, Narr KL, Thompson PM, Rex DE, Woods RP, DeLuca H, et al. Gender effects on cortical
thickness and the influence of scaling. Hum Brain Mapp. 2006; https://doi.org/10.1002/hbm.20187
PMID: 16124013

Manzouri A, Kosidou K, Savic |. Anatomical and Functional Findings in Female-to-Male Transsexuals:
Testing a New Hypothesis. Cereb Cortex. 2017; https://doi.org/10.1093/cercor/bhv278 PMID:
26637450

Savic |, Arver S. Sex differences in cortical thickness and their possible genetic and sex hormonal
underpinnings. Cereb Cortex. 2014; https://doi.org/10.1093/cercor/bht180 PMID: 23926114

Savic |, Frisen L, Manzouri A, Nordenstrom A, Hirschberg AL. Role of testosterone and Y chromosome
genes for the masculinization of the human brain. Hum Brain Mapp. 2017; https://doi.org/10.1002/hbm.
23483 PMID: 28070912

Herting MM, Gautam P, Spielberg JM, Dahl RE, Sowell ER. A longitudinal study: Changes in cortical
thickness and surface area during pubertal maturation. PLoS One. 2015; https://doi.org/10.1371/
journal.pone.0119774 PMID: 25793383

PLOS ONE | https://doi.org/10.1371/journal.pone.0203189  October 2, 2018 16/19


https://doi.org/10.1371/journal.pone.0059426
http://www.ncbi.nlm.nih.gov/pubmed/23555670
https://doi.org/10.3174/ajnr.A1260
http://www.ncbi.nlm.nih.gov/pubmed/18768725
https://doi.org/10.1037/0735-7044.121.2.237
https://doi.org/10.1037/0735-7044.121.2.237
http://www.ncbi.nlm.nih.gov/pubmed/17469913
https://doi.org/10.1002/hbm.20435
https://doi.org/10.1002/hbm.20435
http://www.ncbi.nlm.nih.gov/pubmed/17636559
https://doi.org/10.1016/j.neuroimage.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16979350
https://doi.org/10.1016/j.yhbeh.2013.08.003
https://doi.org/10.1016/j.yhbeh.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23958585
https://doi.org/10.1073/pnas.0407998102
http://www.ncbi.nlm.nih.gov/pubmed/15883379
https://doi.org/10.1073/pnas.0801566105
https://doi.org/10.1073/pnas.0801566105
http://www.ncbi.nlm.nih.gov/pubmed/18559854
https://doi.org/10.1093/cercor/bhm216
https://doi.org/10.1093/cercor/bhm216
http://www.ncbi.nlm.nih.gov/pubmed/18056697
https://doi.org/10.1073/pnas.0600331103
http://www.ncbi.nlm.nih.gov/pubmed/16705035
https://doi.org/10.1016/j.cub.2014.03.035
https://doi.org/10.1016/j.cub.2014.03.035
http://www.ncbi.nlm.nih.gov/pubmed/24794295
https://doi.org/10.1016/j.yfrne.2016.10.001
https://doi.org/10.1016/j.yfrne.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27742561
https://doi.org/10.1126/science.1887219
https://doi.org/10.1002/cne.903120108
http://www.ncbi.nlm.nih.gov/pubmed/1744245
https://doi.org/10.1007/s10508-007-9276-y
https://doi.org/10.1007/s10508-007-9276-y
http://www.ncbi.nlm.nih.gov/pubmed/17975723
https://doi.org/10.1371/journal.pone.0114721
http://www.ncbi.nlm.nih.gov/pubmed/25479554
https://doi.org/10.1002/hbm.20187
http://www.ncbi.nlm.nih.gov/pubmed/16124013
https://doi.org/10.1093/cercor/bhv278
http://www.ncbi.nlm.nih.gov/pubmed/26637450
https://doi.org/10.1093/cercor/bht180
http://www.ncbi.nlm.nih.gov/pubmed/23926114
https://doi.org/10.1002/hbm.23483
https://doi.org/10.1002/hbm.23483
http://www.ncbi.nlm.nih.gov/pubmed/28070912
https://doi.org/10.1371/journal.pone.0119774
https://doi.org/10.1371/journal.pone.0119774
http://www.ncbi.nlm.nih.gov/pubmed/25793383
https://doi.org/10.1371/journal.pone.0203189

@° PLOS | ONE

MRI and sexual orientation

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Koolschijn PCMP Crone EA. Sex differences and structural brain maturation from childhood to early
adulthood. Dev Cogn Neurosci. 2013; https://doi.org/10.1016/j.dcn.2013.02.003 PMID: 23500670

Lv B, LiJ, He H, Li M, Zhao M, Ai L, et al. Gender consistency and difference in healthy adults revealed
by cortical thickness. Neuroimage. 2010; https://doi.org/10.1016/j.neuroimage.2010.05.020 PMID:
20493267

Panizzon MS, Fennema-Notestine C, Eyler LT, Jernigan TL, Prom-Wormley E, Neale M, et al. Distinct
genetic influences on cortical surface area and cortical thickness. Cereb Cortex. 2009; https://doi.org/
10.1093/cercor/bhp026 PMID: 19299253

Winkler AM, Kochunov P, Blangero J, Almasy L, Zilles K, Fox PT, et al. Cortical thickness or grey matter
volume? The importance of selecting the phenotype for imaging genetics studies. Neuroimage. 2010;
https://doi.org/10.1016/j.neuroimage.2009.12.028 PMID: 20006715

Lentini E, Kasahara M, Arver S, Savic |. Sex differences in the human brain and the impact of sex chro-
mosomes and sex hormones. Cereb Cortex. 2013; https://doi.org/10.1093/cercor/bhs222 PMID:
22891037

Paus T. Sex differences in the human brain. A developmental perspective. Prog Brain Res. 2010;
https://doi.org/10.1016/B978-0-444-53630-3.00002—-6

Raz N, Gunning-Dixon F, Head D, Rodrigue KM, Williamson A, Acker JD. Aging, sexual dimorphism,
and hemispheric asymmetry of the cerebral cortex: Replicability of regional differences in volume. Neu-
robiol Aging. 2004; https://doi.org/10.1016/S0197-4580(03)00118-0

Savic |, Arver S. Sex dimorphism of the brain in male-to-female transsexuals. Cerebral Cortex. 2011.
https://doi.org/10.1093/cercor/bhr032 PMID: 21467211

Burrows CA, Laird AR, Uddin LQ. Functional connectivity of brain regions for self- and other-evaluation
in children, adolescents and adults with autism. Dev Sci. 2016; https://doi.org/10.1111/desc.12400
PMID: 26750447

Northoff G. Self and brain: What is self-related processing? Trends in Cognitive Sciences. 2011. https://
doi.org/10.1016/j.tics.2011.03.001 PMID: 21458358

Bellec P, Perlbarg V, Jbabdi S, Pélégrini-Issac M, Anton JL, Doyon J, et al. Identification of large-scale
networks in the brain using fMRI. Neuroimage. 2006; https://doi.org/10.1016/j.neuroimage.2005.08.044
PMID: 16246590

Buckner RL, Vincent JL. Unrest at rest: Default activity and spontaneous network correlations. Neuro-
image. 2007; https://doi.org/10.1016/j.neuroimage.2007.01.010 PMID: 17368915

Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. From The Cover: The human
brain is intrinsically organized into dynamic, anticorrelated functional networks. Proc Natl Acad Sci.
2005; https://doi.org/10.1073/pnas.0504136102 PMID: 15976020

Greicius MD, Supekar K, Menon V, Dougherty RF. Resting-state functional connectivity reflects struc-
tural connectivity in the default mode network. Cereb Cortex. 2009; https://doi.org/10.1093/cercor/
bhn059 PMID: 18403396

Oldfield RC. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsycholo-
gia. 1971; https://doi.org/10.1016/0028-3932(71)90067-4

Kinsey AC, Pomeroy WBR, Martin CE. Sexual behavior in the human male. W. B. Saunders. 1948.
https://doi.org/10.2105/AJPH.93.6.894

Jovanovic H, Perski A, Berglund H, Savic I. Chronic stress is linked to 5-HT1Areceptor changes and
functional disintegration of the limbic networks. Neuroimage. 2011; https://doi.org/10.1016/j.
neuroimage.2010.12.060 PMID: 21211567

Savic |, Perski A, Osika W. MRI Shows that Exhaustion Syndrome Due to Chronic Occupational Stress
is Associated with Partially Reversible Cerebral Changes. Cereb Cortex. 2017; https://doi.org/10.1093/
cercor/bhw413 PMID: 28108490

Savic I. Structural changes of the brain in relation to occupational stress. Cereb Cortex. 2015; https://
doi.org/10.1093/cercor/bht348 PMID: 24352030

Sowell ER, Peterson BS, Kan E, Woods RP, Yoshii J, Bansal R, et al. Sex differences in cortical thick-
ness mapped in 176 healthy individuals between 7 and 87 years of age. Cereb Cortex. 2007; https://doi.
org/10.1093/cercor/bhl066 PMID: 16945978

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole brain segmentation: Auto-
mated labeling of neuroanatomical structures in the human brain. Neuron. 2002; https://doi.org/10.
1016/S0896-6273(02)00569-X

Fischl B, Van Der Kouwe A, Destrieux C, Halgren E, Ségonne F, Salat DH, et al. Automatically Parcel-
lating the Human Cerebral Cortex. Cereb Cortex. 2004; https://doi.org/10.1093/cercor/bhg087

PLOS ONE | https://doi.org/10.1371/journal.pone.0203189  October 2, 2018 17/19


https://doi.org/10.1016/j.dcn.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23500670
https://doi.org/10.1016/j.neuroimage.2010.05.020
http://www.ncbi.nlm.nih.gov/pubmed/20493267
https://doi.org/10.1093/cercor/bhp026
https://doi.org/10.1093/cercor/bhp026
http://www.ncbi.nlm.nih.gov/pubmed/19299253
https://doi.org/10.1016/j.neuroimage.2009.12.028
http://www.ncbi.nlm.nih.gov/pubmed/20006715
https://doi.org/10.1093/cercor/bhs222
http://www.ncbi.nlm.nih.gov/pubmed/22891037
https://doi.org/10.1016/B978-0-444-53630-3.000026
https://doi.org/10.1016/S0197-4580(03)00118-0
https://doi.org/10.1093/cercor/bhr032
http://www.ncbi.nlm.nih.gov/pubmed/21467211
https://doi.org/10.1111/desc.12400
http://www.ncbi.nlm.nih.gov/pubmed/26750447
https://doi.org/10.1016/j.tics.2011.03.001
https://doi.org/10.1016/j.tics.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/21458358
https://doi.org/10.1016/j.neuroimage.2005.08.044
http://www.ncbi.nlm.nih.gov/pubmed/16246590
https://doi.org/10.1016/j.neuroimage.2007.01.010
http://www.ncbi.nlm.nih.gov/pubmed/17368915
https://doi.org/10.1073/pnas.0504136102
http://www.ncbi.nlm.nih.gov/pubmed/15976020
https://doi.org/10.1093/cercor/bhn059
https://doi.org/10.1093/cercor/bhn059
http://www.ncbi.nlm.nih.gov/pubmed/18403396
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.2105/AJPH.93.6.894
https://doi.org/10.1016/j.neuroimage.2010.12.060
https://doi.org/10.1016/j.neuroimage.2010.12.060
http://www.ncbi.nlm.nih.gov/pubmed/21211567
https://doi.org/10.1093/cercor/bhw413
https://doi.org/10.1093/cercor/bhw413
http://www.ncbi.nlm.nih.gov/pubmed/28108490
https://doi.org/10.1093/cercor/bht348
https://doi.org/10.1093/cercor/bht348
http://www.ncbi.nlm.nih.gov/pubmed/24352030
https://doi.org/10.1093/cercor/bhl066
https://doi.org/10.1093/cercor/bhl066
http://www.ncbi.nlm.nih.gov/pubmed/16945978
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1093/cercor/bhg087
https://doi.org/10.1371/journal.pone.0203189

@° PLOS | ONE

MRI and sexual orientation

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Nichols T, Brett M, Andersson J, Wager T, Poline JB. Valid conjunction inference with the minimum sta-
tistic. Neuroimage. 2005; https://doi.org/10.1016/j.neuroimage.2004.12.005 PMID: 15808966

Verhagen L, Grol M, Dijkerman H TI. Studying visually-guided reach-to-grasp movements in an MR-
environment. Neuroimage. 2006; 31: S45.

Pruim RHR, Mennes M, van Rooij D, Llera A, Buitelaar JK, Beckmann CF. ICA-AROMA: A robust ICA-
based strategy for removing motion artifacts from fMRI data. Neuroimage. 2015; https://doi.org/10.
1016/j.neuroimage.2015.02.064 PMID: 25770991

Golkar A, Johansson E, Kasahara M, Osika W, Perski A, Savic |. The influence of work-related chronic
stress on the regulation of emotion and on functional connectivity in the brain. PLoS One. 2014; https://
doi.org/10.1371/journal.pone.0104550 PMID: 25184294

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ, Johansen-Berg H, et al.
Advances in functional and structural MR image analysis and implementation as FSL. Neuroimage.
2004; doi:S1053-8119(04)00393-3 [pii\nhttps://doi.org/10.1016/j.neuroimage.2004.07.051 PMID:
15501092

Kelly RE, Alexopoulos GS, Wang Z, Gunning FM, Murphy CF, Morimoto SS, et al. Visual inspection of
independent components: Defining a procedure for artifact removal from fMRI data. J Neurosci Meth-
ods. 2010; https://doi.org/10.1016/j.jneumeth.2010.03.028 PMID: 20381530

Griffanti L, Douaud G, Bijsterbosch J, Evangelisti S, Alfaro-Almagro F, Glasser MF, et al. Hand classifi-
cation of fMRI ICA noise components. Neuroimage. 2017; https://doi.org/10.1016/j.neuroimage.2016.
12.036 PMID: 27989777

Greicius MD, Krasnow B, Reiss AL, Menon V. Functional connectivity in the resting brain: a network
analysis of the default mode hypothesis. Proc Natl Acad Sci U S A. 2003; https://doi.org/10.1073/pnas.
0135058100 PMID: 12506194

Feusner JD, Lidstrém A, Moody TD, Dhejne C, Bookheimer SY, Savic |. Intrinsic network connectivity
and own body perception in gender dysphoria. Brain Imaging Behav. 2017; https://doi.org/10.1007/
s11682-016-9578-6 PMID: 27444730

HeY, Chen Z, Evans A. Structural Insights into Aberrant Topological Patterns of Large-Scale Cortical
Networks in Alzheimer’s Disease. J Neurosci. 2008; https://doi.org/10.1523/JNEUROSCI.0141-08.
2008 PMID: 18448652

Kim SW, Sohn DW, Cho YH, Yang WS, Lee KU, Juh R, et al. Brain activation by visual erotic stimuli in
healthy middle aged males. Int J Impot Res. 2006; https://doi.org/10.1038/sj.ijir.3901449 PMID:
16467858

Motofei IG, Rowland DL. The ventral-hypothalamic input route: A common neural network for abstract
cognition and sexuality. BJU International. 2014. https://doi.org/10.1111/bju.12399 PMID: 24053436

Downing PE, Jiang Y, Shuman M, Kanwisher N. A cortical area selective for visual processing of the
human body. Science. 2001; https://doi.org/10.1126/science.1063414 PMID: 11577239

Cavanna AE, Trimble MR. The precuneus: A review of its functional anatomy and behavioural corre-
lates. Brain. 2006. https://doi.org/10.1093/brain/awl004 PMID: 16399806

Rakic P. Specification of cerebral cortical areas. Science (80-). 1988; https://doi.org/10.1126/science.
3291116

Nguyen TV, McCracken J, Ducharme S, Botteron KN, Mahabir M, Johnson W, et al. Testosterone-
related cortical maturation across childhood and adolescence. Cereb Cortex. 2013; https://doi.org/10.
1093/cercor/bhs125 PMID: 22617851

Nopoulos P, Flaum M, O’Leary D, Andreasen NC. Sexual dimorphism in the human brain: Evaluation of
tissue volume, tissue composition and surface anatomy using magnetic resonance imaging. Psychiatry
Research—Neuroimaging. 2000. https://doi.org/10.1016/S0925-4927(99)00044-X

Bramen JE, Hranilovich JA, Dahl RE, Chen J, Rosso C, Forbes EE, et al. Sex matters during adoles-
cence: Testosterone-related cortical thickness maturation differs between boys and girls. PLoS One.
2012; 7. https://doi.org/10.1371/journal.pone.0033850 PMID: 22479458

Raznahan A, Lee Y, Stidd R, Long R, Greenstein D, Clasen L, et al. Longitudinally mapping the influ-
ence of sex and androgen signaling on the dynamics of human cortical maturation in adolescence. Proc
Natl Acad Sci. 2010; https://doi.org/10.1073/pnas.1006025107 PMID: 20841422

Metzler-Baddeley C, Caeyenberghs K, Foley S, Jones DK. Task complexity and location specific
changes of cortical thickness in executive and salience networks after working memory training. Neuro-
image. 2016; https://doi.org/10.1016/j.neuroimage.2016.01.007 PMID: 26806288

Liem F, Mérillat S, Bezzola L, Hirsiger S, Philipp M, Madhyastha T, et al. Reliability and statistical power
analysis of cortical and subcortical FreeSurfer metrics in a large sample of healthy elderly. Neuroimage.
2015; https://doi.org/10.1016/j.neuroimage.2014.12.035 PMID: 25534113

PLOS ONE | https://doi.org/10.1371/journal.pone.0203189  October 2, 2018 18/19


https://doi.org/10.1016/j.neuroimage.2004.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15808966
https://doi.org/10.1016/j.neuroimage.2015.02.064
https://doi.org/10.1016/j.neuroimage.2015.02.064
http://www.ncbi.nlm.nih.gov/pubmed/25770991
https://doi.org/10.1371/journal.pone.0104550
https://doi.org/10.1371/journal.pone.0104550
http://www.ncbi.nlm.nih.gov/pubmed/25184294
https://doi.org/10.1016/j.neuroimage.2004.07.051
http://www.ncbi.nlm.nih.gov/pubmed/15501092
https://doi.org/10.1016/j.jneumeth.2010.03.028
http://www.ncbi.nlm.nih.gov/pubmed/20381530
https://doi.org/10.1016/j.neuroimage.2016.12.036
https://doi.org/10.1016/j.neuroimage.2016.12.036
http://www.ncbi.nlm.nih.gov/pubmed/27989777
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1073/pnas.0135058100
http://www.ncbi.nlm.nih.gov/pubmed/12506194
https://doi.org/10.1007/s11682-016-9578-6
https://doi.org/10.1007/s11682-016-9578-6
http://www.ncbi.nlm.nih.gov/pubmed/27444730
https://doi.org/10.1523/JNEUROSCI.0141-08.2008
https://doi.org/10.1523/JNEUROSCI.0141-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18448652
https://doi.org/10.1038/sj.ijir.3901449
http://www.ncbi.nlm.nih.gov/pubmed/16467858
https://doi.org/10.1111/bju.12399
http://www.ncbi.nlm.nih.gov/pubmed/24053436
https://doi.org/10.1126/science.1063414
http://www.ncbi.nlm.nih.gov/pubmed/11577239
https://doi.org/10.1093/brain/awl004
http://www.ncbi.nlm.nih.gov/pubmed/16399806
https://doi.org/10.1126/science.3291116
https://doi.org/10.1126/science.3291116
https://doi.org/10.1093/cercor/bhs125
https://doi.org/10.1093/cercor/bhs125
http://www.ncbi.nlm.nih.gov/pubmed/22617851
https://doi.org/10.1016/S0925-4927(99)00044-X
https://doi.org/10.1371/journal.pone.0033850
http://www.ncbi.nlm.nih.gov/pubmed/22479458
https://doi.org/10.1073/pnas.1006025107
http://www.ncbi.nlm.nih.gov/pubmed/20841422
https://doi.org/10.1016/j.neuroimage.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26806288
https://doi.org/10.1016/j.neuroimage.2014.12.035
http://www.ncbi.nlm.nih.gov/pubmed/25534113
https://doi.org/10.1371/journal.pone.0203189

:@.’ PLOS | ONE MRI and sexual orientation

65. Habas C, Kamdar N, Nguyen D, Prater K, Beckmann CF, Menon V, et al. Distinct Cerebellar Contribu-
tions to Intrinsic Connectivity Networks. J Neurosci. 2009; https://doi.org/10.1523/JNEUROSCI.1868-
09.2009 PMID: 19571149

66. Pletzer B, Kronbichler M, Aichhorn M, Bergmann J, Ladurner G, Kerschbaum HH. Menstrual cycle and
hormonal contraceptive use modulate human brain structure. Brain Res. 2010; https://doi.org/10.1016/
j.brainres.2010.06.019 PMID: 20550945

67. Doyle-Thomas KAR, Duerden EG, Taylor MJ, Lerch JP, Soorya L V., Wang AT, et al. Effects of age and
symptomatology on cortical thickness in autism spectrum disorders. Res Autism Spectr Disord. 2013;
https://doi.org/10.1016/j.rasd.2012.08.004 PMID: 23678367

PLOS ONE | https://doi.org/10.1371/journal.pone.0203189  October 2, 2018 19/19


https://doi.org/10.1523/JNEUROSCI.1868-09.2009
https://doi.org/10.1523/JNEUROSCI.1868-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19571149
https://doi.org/10.1016/j.brainres.2010.06.019
https://doi.org/10.1016/j.brainres.2010.06.019
http://www.ncbi.nlm.nih.gov/pubmed/20550945
https://doi.org/10.1016/j.rasd.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/23678367
https://doi.org/10.1371/journal.pone.0203189

